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 A B S T R A C T

Small islands encounter major obstacles in the path toward energy sustainability, mainly due to their 
dependence on isolated grids and imported fossil fuels. The intermittency of solar and wave energy systems 
can be mitigated relying on Renewable Energy Communities, whose main aim is to share the renewable 
energy produced among community members. Although Renewable Energy Communities are mainly based on 
electricity sharing, further advantages might be attained by introducing a multi-energy approach, exploiting 
also thermal, freshwater, and hydrogen final consumption. This study proposes a method for the integration of 
a Renewable Energy Community on small islands based on multi-energy systems analysis and optimization. As 
applicative case study, the methodology is here applied to Favignana, a small island in the Mediterranean Sea. 
The research analyzes step by step various scenarios aimed at increasing the share of renewables, particularly 
solar and wave energy. All the scenarios were evaluated exploiting a multi-objective mixed-integer linear 
programming algorithm coordinating many equipments to minimize annual costs, annual primary energy 
use and annual carbon emissions. The analysis shows that renewable energy penetration increases from 
13–18% in the baseline up to 75% with the integration of electrical storage and hydrogen-based technologies. 
Consequently, a huge reduction of fossil fuels can be obtained through an advanced Renewable Energy 
Community and the integration of hydrogen use for mobility. Smart management of desalination plants for 
freshwater production can be fully integrated to enhance the energy sharing and the decarbonization of these 
energy systems.
1. Introduction

This section provides the overall context of the study and outlines 
the challenges associated with renewable energy integration in small 
non-interconnected islands. The following subsections introduce the 
motivation, review the relevant literature, and highlight the research 
gaps addressed in this work.

1.1. Motivation

Energy production from Renewable Energy Sources (RES) represents 
one of the main challenges for ensuring energy sustainability. Small 
non-interconnected islands, due to their variety of renewable resources, 
small size, and seasonal energy fluctuations, can be considered open-
air laboratories for the research of the best energy mix. One of the 
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main challenges that these islands face is the lack of connection to 
the mainland power grid that usually prevents a large integration of 
intermittent renewable energies that could endanger the power system 
secure operation [1]. In detail, despite the availability of commercial 
technologies and the results achieved worldwide, the energy sector in 
small non-interconnected islands still depends heavily on fossil fuel 
power plants [2]. Furthermore, the lack of interconnection makes it 
difficult to manage fluctuations in energy demand and supply, es-
pecially during peak seasons of tourism [3]. Being isolated, small 
non-interconnected islands do not benefit from the economies of scale 
or the stability that an interconnected grid could offer. This increases 
the costs and environmental impact of the fossil fuel-based energy 
mix [4]. Therefore, adopting solutions based on renewable energy, 
such as solar, wind, and marine power, combined with energy storage 
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systems, is essential, since this would reduce dependence on fossil fuel 
imports and improve energy resilience.

1.2. Literature review

Previous studies have shown that small islands are subject to envi-
ronmental and technological constraints that limit large-scale adoption 
of renewable energy. From a technical perspective, small islands are 
often subject to strong seasonal demand swings, since their population 
ranges from a winter minimum to a summer maximum because of 
tourism [5].

Numerous studies have shown that the large-scale deployment of 
renewable energy sources (RES) in small islands is hindered by a combi-
nation of environmental and technological constraints. Curto et al. [6] 
highlighted that restrictions related to landscape protection and land-
use planning significantly limit the installation of wind turbines in 
Mediterranean islands. De Luca et al. [7] analyzed the optimal manage-
ment of renewable energy in combination with hydrogen production 
systems and desalination plants, showing how a multi-technology in-
tegration can enhance system sustainability despite local constraints. 
Curto et al. [8] investigated the provision of flexibility services on the 
island of Pantelleria, demonstrating that an appropriate management 
of RES, storage systems, and the desalination plant can reduce both 
operational costs and the emissions associated with fossil-fuel-based 
electricity generation. Croce et al. [9] proposed a decentralized load 
control architecture specifically designed for small islands, highlighting 
how intelligent demand-side management can mitigate grid instabil-
ity and enable higher penetration of intermittent renewable sources. 
Beccali et al. [10] characterized the electricity consumption profiles of 
end-users in a Mediterranean island, showing how the unique demand 
patterns of isolated systems pose further challenges to the large-scale 
integration of intermittent RES.

By minimizing RES curtailment and integrating energy storage so-
lutions, the authors estimated that the maximum achievable RES pene-
tration could reach about 60%. Liu et al. [1] assessed the prospects of 
powering the Maldives with renewable sources, emphasizing not only 
the achievable benefits but also the substantial obstacles that must be 
addressed. Curto et al. [11] and Milone et al. [12] investigated the 
optimization of renewable energy mixes for small islands, addressing 
both economic and technical factors and discussing the limitations as 
well as potential pathways for improvement. In Kafetzis et al. [13], an 
energy management strategy is proposed based on renewable energy 
sources and storage systems. The proposed supervisory control frame-
work is based on an algorithm that describes the transitions between 
different operational states of the components within the integrated 
system. Judge et al. [14] offer a case study on renewable energy 
sources in small islands in the Pacific, while Bizuayehu et al. [15] 
gathered technologies and applications of Electrical Storage System 
(ESS) related to small islands, studying their compatibility based on 
the specific characteristics of each location. A broader perspective 
on renewable energy transitions in islands is provided by Meschede 
et al. [16], who conducted a comprehensive review of 100% renewable 
energy scenarios in small islands worldwide. The study analyzes 97 case 
studies and highlights that, while fully renewable island systems are 
technically feasible, their implementation is still constrained by storage 
limitations, variability of renewable resources, insufficient grid flexibil-
ity, and policy or economic barriers. This review also emphasizes the 
need for integrated multi-energy approaches and advanced operational 
strategies to ensure system stability under high RES penetration. The 
intrinsic intermittency related to some RES can be easily handled in-
troducing Renewable Energy Communities (RECs), entities whose main 
aim is to locally consume the renewable production as much as possible 
through the energy sharing among the community members [17]. 
Although their introduction is relatively recent, the relevance of the 
RECs topic allowed them gaining a rapid popularity in the international 
literature. Di Silvestre et al. [18] examined the emergence of energy 
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self-consumers and RECs in the Italian power system, outlining their 
potential role as new actors in electricity markets. Barabino et al. [19] 
provided a comprehensive review of energy communities, highlighting 
current trends, modeling approaches, business models, and optimiza-
tion objectives, while identifying the main research gaps. Coignard 
et al. [20] investigated the coexistence of individual and collective 
objectives within an energy community operating under network con-
straints, showing how stakeholder goals influence the optimal system 
configuration. Mussawar et al. [21] explored the role of energy storage 
in enabling RECs, proposing an urban context-aware modeling and 
optimization framework and demonstrating its effectiveness through an 
agent-based case study.

The main benefit of RECs is that they can support the widespread 
diffusion of intermittent renewable energy systems, reducing their im-
pact on HV grids due to the local energy balance between production 
and load.

A notable study on RECs introduction in small islands was devel-
oped in 2023 for the Italian island of Ponza [22], where researchers 
applied a multi-objective optimization study aimed at maximizing en-
ergy sharing and net present value of the investment. The results show 
that a PV-based community might help covering about 20% of the 
domestic load. In an additional scenario where a desalination unit is 
included in the REC, the optimization allowed sharing energy up to 
40% of the final load. In the first months of 2025, a PV-based REC was 
actually developed in the Elba island, also in Italy.[23] This community 
covers the whole island territory and was principally promoted by the 
local hotel companies and tour operators, being Elba a very attractive 
touristic place. Being very recent, no data on the energy sharing are 
available [24].

RECs are commonly conceived with respect to electrical energy, 
since it is easier to produce and inject into the public grid. Never-
theless, in addiction to final electrical load, additional energy uses 
might be exploited to enhance the energy sharing. Using the renewable 
energy surplus generated in winter or off-season to produce hydrogen 
for mobility or power desalination plants would help avoid curtail-
ment, namely the reduction of renewable energy production when 
it exceeds demand. In detail, in non-interconnected islands, thermal 
energy is commonly produced from fossil fuels or from electricity using 
electrical water heaters. Furthermore, decarbonization could also be 
implemented in the mobility sector relying on hydrogen vehicles. For 
example, in the article [25], Massaro et al. demonstrated how hydrogen 
produced through electrolysis powered by renewable energy can be 
effectively integrated into energy systems. This improves both sustain-
ability and grid flexibility. The proposed energy hub model is highly 
flexible and can be adapted to address the specific energy challenges of 
regions like small islands, reducing reliance on external energy sources. 
Hydrogen energy projects are increasingly being implemented also 
on small islands to improve energy independence, decarbonize local 
economies, and reduce the reliance on fossil fuels. These initiatives 
often utilize surplus renewable energy to produce green hydrogen, 
which is then used for electricity generation, heating, or transportation, 
as illustrated in the following examples.

In Utsira (Norway), a wind/hydrogen energy demonstration system 
was implemented back in 2004, where hydrogen is used as electricity 
storage system. This island is particularly rich in wind energy. When 
wind power generation overcomes the final load, hydrogen is produced, 
compressed and stored. When the production is low or absent, hydro-
gen is converted in electricity using a fuel cell. Nevertheless, this project 
proved that the wind energy utilization was only 20% due to the low 
hydrogen-electricity conversion efficiency. Moreover, fuel cell system 
experienced some technical issues and was shut down after less than 
100 h [26].

In 2007, on the Danish island of Lolland, EU’s first residential 
hydrogen demonstration facility was tested. Excess wind power was 
used to electrolyze water, producing hydrogen to be later sent to a fuel 
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cell-based micro cogeneration system. Heat and power were then used 
for homes and public buildings [27].

The BIG HIT project (Building Innovative Green Hydrogen Systems 
in Isolated Territories), part of the Horizon 2020 initiatives, took place 
in the Orkney Islands, Scotland. This study focused on the integration 
of hydrogen systems in small islands. It demonstrated how hydrogen, 
produced through electrolysis powered by wind and tidal energy, can 
supply various systems. In particular, it was used for heating, mobility, 
and energy production in the islands [28].

Last, the Comprehensive hydrogen applications on island (CHYAO) 
project aims at decarbonizing the small Italian island of Ventotene. 
The initiative explores the feasibility of using hydrogen to power 
small ferries and manage waste disposal through hydrogen-activated 
pyrolysis. The project also includes expanding solar power capacity and 
integrating electric mobility solutions [29].

Regarding islands with poor water resources, freshwater is usually 
produced locally with desalination plants, or, as a back-up, imported 
with tankers. Desalination systems in small islands are among the 
largest electrical loads and they can be considered as a flexible load to a 
large extent. Ritschel and Esan [2] examined renewable-energy-based 
desalination in small islands, underlining the critical contribution of 
RES to long-term sustainability. Gulagi et al. [30] analyze a transition 
pathway for the Philippines, highlighting how integrating the sectors of 
electricity, heating, transport, and desalination can facilitate this shift. 
Other authors, such as Bogdanov et al. [31] or Curto et al. [7], further 
explored this topic, proposing transition scenarios of the energy sector 
in small islands towards renewables, including desalination.

To better integrate these plants into the weak power system of a 
small non-interconnected island, desalination units may be operated ac-
cording to the current electrical load so as to provide ancillary services. 
Only a limited number of authors have already explored this technique. 
Onda et al. [32] examined the feasibility of controlling the power con-
sumption of desalination plants under mechanical constraints. Imanaka 
et al. [33] further investigated the capability of desalination systems 
to compensate renewable energy fluctuations in small islands, employ-
ing both mathematical modeling and experimental analyses. Crainz 
et al. [3] evaluated the economic and environmental benefits of op-
erating desalination units to maximize the efficiency of diesel genera-
tors, considering scenarios with and without RES and battery systems. 
Curto et al. [8] also analyzed the provision of flexibility services in a 
Mediterranean island, demonstrating how coordinated management of 
desalination plants can reduce both operational costs and emissions 
associated with fossil-fuel electricity production. desalination system 
to maximize the diesel power plant efficiency, with and without the 
presence of RES and batteries.

This brief literature review allowed highlighting the main ap-
proaches commonly used in the introduction of renewable energies in 
small non-interconnected islands.

As a recap, the following provides a comparison of main aspects 
included in the relevant literature, showing that a comprehensive re-
search including all these aspect is still missing, to the best of authors’ 
knowledge.

1.3. Research gaps and innovations

The present study allows overcoming the research gaps identified 
in Table  1, approaching the analysis of RECs based on small non-
interconnected islands with a multi-objective optimization approach 
and performing a multi-energy analysis in a single study. In detail, 
the main innovations involve the optimal exploitation of solar and 
marine energy sources, approached through an uncertainty assessment 
method, the evaluation of many energy vectors and demands (electric-
ity, heating, hydrogen, freshwater) to further improve energy saving, 
the assessment of uncertain demands, since small islands do not benefit 
from large scale smoothing, and also a detailed economic analysis 
involving the inclusion of subsidies for RECs. Moreover, involving 
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the management of local equipment such as desalination systems for 
freshwater production or electrical water heaters for domestic hot 
water production allowed the investigation of useful resources for local 
demand response services. With respect to the time discretization, the 
study uses twelve standard days with hourly detail, in lieu to the more 
common approach of peak day or seasonal standard days.

To improve the contribution of RES, a set of progressive scenarios 
was analyzed and compared, where each step adds to the previous 
configuration:

• Installation of electrical RES systems
• Installation of electrical storage systems to allow larger RES pen-
etration

• Installation of an integrated green hydrogen production and stor-
age plant fed by the surplus renewable energy production

• Installation of thermal RES plants and thermal storage systems to 
reduce electrical energy demand

• Management of desalination unit to improve electrical RES pene-
tration

This analysis was performed with a multi-energy, Mixed-Integer 
Linear Programming (MILP) model implementing a multi-objective 
optimization approach. Moreover, in order to take into account for 
the uncertainty related to the intermittent renewable energies and to 
the final loads, a Monte Carlo algorithm was included in the study, 
generating several scenarios to be optimized. This approach was al-
ready illustrated by some of the authors in [34]. The objective functions 
alternatively assessed are the annualized economic cost, the annual 
primary energy use and the annual carbon equivalent emissions for 
the island energy system. Thus, a total number of 1500 MILP annual 
optimization runs were performed and analyzed for the present study.

In addition to the optimization studies, the authors performed a 
detailed grid modeling and power flow analysis in order to assess the 
actual feasibility of the results obtained by the optimization model, 
which is based on the energy flows and neglects the grid topology.

The methodology proposed in this work can be readily applied 
to other small islands, both within the same geographical area and 
abroad, given the common features that usually define such contexts. 
The scenarios focused on environmental and technical aspects, using 
the island of Favignana as a case study. This island, situated near Sicily 
in the Mediterranean Sea, served as the reference site. The map in Fig. 
1 shows the location of the case study.

The paper is structured as follows: Section 2 illustrates the method-
ology adopted for the development of the optimization mathematical 
model. In Section 3, the island selected for the case studies is described 
and the various scenarios are fully described. Section 4 shows the main 
results of this study, while Section 5 provides a discussion of the results 
obtained and Section 6 the conclusions of the article.

2. Methodology

For this study, a multi-energy MILP model integrated with a Monte 
Carlo algorithm for the assessment of economic and environmental 
benefits was developed. In this section, the main assumptions, strengths 
and drawbacks are illustrated and discussed.

2.1. Mathematical model description

The mathematical model is composed by linear equations, in order 
to ensure the uniqueness of the optimal solution. Variables of the 
problem are related to the sizing and operation of main equipment 
and to the energy and mass flows exchanges with the main grids and 
networks. Most of these variables are real values, although some integer 
variables were introduced, thus requiring a MILP algorithm.

An energy hub model was selected due to its high capacity to 
simulate time-dependent energy systems resorting to energy and mass 
balance equations related to each timestep [35]. The main assumptions 
considered in the model are as follows:
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Table 1
Main features of the studies from the literature review.
 Ref. Small Islands Renewables energies RECs Hydrogen Desalination Optimization Multi-Objective 
 [1] Yes Yes No No Yes No No  
 [2] Yes Yes No No No Yes No  
 [3] Yes Yes No No Yes Yes No  
 [6] Yes Yes No No No Yes No  
 [7] Yes Yes No Yes Yes Yes Yes  
 [8] Yes Yes No No Yes Yes Yes  
 [9] Yes Yes Yes No No No No  
 [11] Yes Yes No No No No No  
 [12] Yes Yes No No No Yes No  
 [10] Yes Yes No No No No No  
 [13] Yes Yes No Yes No Yes Yes  
 [14] Yes Yes No No Yes No No  
 [15] Yes Yes No No No Yes Yes  
 [22] Yes Yes Yes No Yes Yes Yes  
 [26] Yes Yes No Yes No No No  
 [27] Yes Yes No Yes No No No  
 [20] No Yes Yes No No No No  
 [28] Yes Yes No Yes No No No  
 [29] Yes Yes No Yes No No No  
 [30] No Yes No Yes Yes Yes No  
 [31] No Yes No No Yes No No  
 [32] No No No No Yes No No  
 [33] No Yes No No Yes No No  
Fig. 1. Aegadian islands in the Mediterranean sea (Italy).

• Linear equations to describe objective functions and constraints;
• Balance equations evaluated in steady state conditions;
• Efficiency and loss parameters are considered only for equipment 
(no grid losses);

• The energy system performance were evaluated according to 
twelve standard days with hourly time-steps.

Errors introduced by these assumptions were considered as neg-
ligible since the energy systems in non-interconnected islands can 
be considered with limited extensions and limited losses. Moreover, 
authors relied on gross final demands, thus incorporating also grid 
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losses. Regarding the annual variation of generation and load, referring 
to a standard day for each month of the year is a common strategy in 
renewable energy planning studies.

2.2. Objective functions

The sizing and operation of the REC can be optimized according to 
three objective functions:

• Annualized Cost, given by the sum of the CAPital EXpenditure 
(CAPEX) and the annual OPerating EXpenditure (OPEX). CAPEX 
are related to the purchase of new equipment and were annu-
alized using the Capital Recovery Factor (CRF) of each invest-
ment, while OPEX include equipment operation, the supply of 
energy from the main grid, and economic incentives (considered 
as negative costs).

• Annual Primary Energy Use, given by the sum of the Embodied 
Energy (EE) and the annual Operating Energy (OE). EE is related 
to the purchase of new equipment and was annualized dividing 
each term for the respective technical life, while OE include 
equipment operation and the supply of energy from the main 
grid. This quantity was evaluated resorting to average Life Cycle 
Assessment indicators from literature.

• Annual Carbon Equivalent Emissions, given by the sum of the 
Embodied Carbon (EC) and the annual Operating Carbon (OC). EC 
is related to the purchase of new equipment and was annualized 
dividing each term for the respective technical life, while OC 
include equipment operation and the supply of energy from the 
main grid. This quantity was evaluated resorting to average Life 
Cycle Assessment indicators from literature.

2.3. Renewable energy production

This section introduces the key equations employed to evaluate 
renewable energy production based on climatic data.

Since landscape preservation goal set by Italian law prevents the 
installation of large plants on small islands, the assessment of wind 
turbines or concentrating solar power was excluded from the present 
study. Conversely, the installation of PhotoVoltaic (PV) panels, Wave 
Energy Converters (WEC), and Solar Thermal Collectors (STC) was 
assessed.
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2.3.1. Photovoltaic system
The electrical energy generated by PVs accounts for losses depend-

ing on the external air temperature and on the solar radiation. For each 
time-step and Monte Carlo scenario, the temperature of photovoltaic 
cells was estimated using Eq. (1): 

𝑇cell(𝑡) = 𝑇air(𝑡) +
𝐺sol(𝑡)
𝐺NOCT

⋅ (NOCT − 𝑇𝑎,NOCT) (1)

Here, 𝑇air represents the ambient air temperature, 𝐺sol is the global 
solar radiation consisting of the three primary radiation components, 
and NOCT (Nominal Operating Cell Temperature) is the operational 
temperature of the cell under standard irradiance 𝐺NOCT of 800 W/m2

and an air temperature 𝑇𝑎,NOCT of 20 ◦C.
Once the cell temperature is determined, the PV system’s efficiency 

𝜂PV is calculated using Eq. (2): 

𝜂PV(𝑡) = 𝜂PV,0 ⋅
[

1 + 𝛽PV ⋅
(

𝑇cell(𝑡) − 𝑇ref
)]

(2)

where 𝜂PV,0 is the PV cell efficiency in standard conditions, 𝑇ref is the 
reference temperature equal to 25 ◦C, and 𝛽PV is the PV cell temperature 
coefficient.

The power generated by the PV system is then obtained by multi-
plying several factors, including solar radiation, PV system efficiency, 
Balance Of Plant (BOP) efficiency, the area of a single module, and 
the number of modules to be installed. The power is calculated using 
Eq. (3): 
𝐸PV(𝑡) = 𝜂PV(𝑡) ⋅ 𝜂BOP ⋅ 𝐺sol(𝑡) ⋅ 𝐴PV ⋅𝑁PV (3)

In order to take into account for the proper spacing among two close 
rows, the following formula was used to assess the minimum distance 
𝑑𝑃𝑉  with respect to the average tilt angle 𝛽 and the sun declination 𝛿: 

𝑑𝑃𝑉 = 𝑠𝑖𝑛𝛽 ⋅ 𝑡𝑔(𝛽 + 𝛿) + 𝑐𝑜𝑠(𝛽) (4)

In Eq. (4), a value of 𝛿 = 23.5 was selected, using the value relative 
to the winter solstice.

2.3.2. Solar thermal collector systems
The thermal energy generated by STCs accounts for heat losses to 

the surrounding air, which depend on the external air temperature. For 
each time step and Monte Carlo scenario, the collector efficiency is 
expressed by the following Eq. (5): 

𝜂STC(𝑡) = 𝜂0 − 𝑎1 ⋅
𝑇𝑚 − 𝑇air(𝑡)
𝐺sol(𝑡)

− 𝑎2 ⋅

[

𝑇𝑚 − 𝑇air(𝑡)
]2

𝐺sol(𝑡)
(5)

Here, 𝑇𝑚 represents the average temperature of the heat transfer fluid 
inside the collector, while 𝜂0, 𝑎1, and 𝑎2 are performance coefficients 
specific to the collector.

The thermal energy output is calculated based on collector effi-
ciency, global solar radiation, the collector’s surface area, and the 
number of units to be installed, following Eq.  (5): 
𝐻STC(𝑡) = 𝜂STC(𝑡) ⋅ 𝐺sol(𝑡) ⋅ 𝐴STC ⋅𝑁STC (6)

2.3.3. Sea wave energy converter systems
The electrical energy generated by WECs depends on key parame-

ters such as significant wave height (𝐻𝑠) and peak period (𝑇𝑝). For each 
time step and Monte Carlo scenario, the available specific wave power 
𝑃𝑤 in shallow water conditions, namely the situation that is commonly 
realized in small islands, is expressed by the following Eq. (7) [36]: 

𝑃𝑤 =
𝜌 ⋅ 𝑔1.5

16
⋅𝐻2

𝑠 (𝑡) ⋅
√

𝑑𝑤 (7)

where 𝜌 is the seawater density (1025 kg/m3), 𝑔 is the gravity accel-
eration (9.81 m/s2), 𝐻𝑠 indicates the significant wave height, which is 
the average height of the highest one-third of the waves (m), and 𝑑𝑤
indicates the local average water depth (m).
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The energy generated by the WEC system is then obtained by 
multiplying the specific wave power, the length of the WEC device, its 
conversion efficiency, and the length of the time-step, and the number 
of units to be installed, as in Eq. (8): 
𝐸𝑊𝐸𝐶 = 𝑃𝑤(𝑡) ⋅ 𝐿𝑊𝐸𝐶 ⋅ 𝜂𝑊𝐸𝐶 ⋅ 𝛥𝑡 ⋅𝑁𝑊𝐸𝐶 (8)

2.4. Constraints

In the optimization model, each equipment to be simulated was 
described using specific constraints. Equipment were thus divided in 
generators, converters and storage systems. Generators are equipment 
producing renewable energy, whose operation was already described. 
These components cannot be operated according to any specific logic 
since they are constrained at producing when the renewable energy is 
available. Thus, these components are characterized only with a sizing 
variable (number of units). Converters are equipment converting a form 
of energy into another. Equipment falling into this category are water 
ELectrolyzer (EL), hydrogen Fuel Cell (FC), DEsalination System (DES), 
and Electric Water Heater (EWH). These components are described with 
constant conversion terms, one operational variable for each time-step 
and with a rated size variable. Operational variables for converters are 
constrained to be between zero and the rated size of the components. 
An example of constraints for a converter is provided in Eqs. (9)–(11) 
with reference to EL. 
𝐻2,𝐸𝐿(𝑡) = 𝐾𝐸𝐿,𝑒ℎ2 ⋅ 𝐸𝐸𝐿(𝑡) (9)

𝑊𝐸𝐿(𝑡) = 𝐾𝐸𝐿,𝑒𝑤 ⋅ 𝐸𝐸𝐿(𝑡) (10)

𝐸𝐸𝐿(𝑡) ≤ 𝑆𝐸𝐿 (11)

In the above equations, 𝐸 are the electrical energy flows, 𝐻2 are 
the hydrogen flows, 𝑊  are the water flows, 𝐾 are the conversion 
parameters, and 𝑆 is the rated size. In the subscripts, 𝑒ℎ2 means ‘‘from 
electricity to hydrogen’’ while 𝑒𝑤 stands for ‘‘from electricity to water’’. 
A detailed description of the constraints included in this model is 
available in [25].

Storage systems were described as equipment able to collect a 
specific amount of energy or mass during a specific time-step and 
releasing it during a different time-step. Storage systems were con-
sidered for electricity (ESS), thermal energy (TSS), hydrogen (H2SS) 
and freshwater (WSS). These components are described with constant 
charging and discharging efficiencies, a self-discharge rate, five opera-
tional variables for each time-step (state of charge, input flow, output 
flow, and two Boolean variables) and with a rated capacity variable. 
Boolean variables were included to implement the logic condition that 
the system could not charge and discharge at the same time-step. 
Additional constraints impose the balance between two subsequent 
time-steps, to link the inlet or outlet flows to the capacity of the system 
through a Depth of Charge (DOC) and a Depth of Discharge (DOD) 
rate, and to permit the repetition of the standard day. An example 
of constraints for a storage system is provided in Eqs. (12)–(17) with 
reference to ESS. 
𝛿𝐸𝑆𝑆,𝑖𝑛(𝑡) + 𝛿𝐸𝑆𝑆,𝑜𝑢𝑡(𝑡) ≤ 1 (12)

𝐸𝐸𝑆𝑆,𝑖𝑛(𝑡) ≤ 𝑄𝐸𝑆𝑆 ⋅ 𝛿𝐸𝑆𝑆,𝑖𝑛(𝑡) (13)

𝐸𝐸𝑆𝑆,𝑜𝑢𝑡(𝑡) ≤ 𝑄𝐸𝑆𝑆 ⋅ 𝛿𝐸𝑆𝑆,𝑜𝑢𝑡(𝑡) (14)

𝑆𝑂𝐶𝐸𝑆𝑆 (𝑡+1) = 𝑆𝑂𝐶𝐸𝑆𝑆 (𝑡) ⋅ (1−𝐾𝐸𝑆𝑆,𝑙𝑜𝑠𝑠)+𝐾𝑐ℎ𝐸𝐸𝑆𝑆,𝑖𝑛(𝑡)−
𝐸𝐸𝑆𝑆,𝑜𝑢𝑡(𝑡)
𝐾𝑑𝑖𝑠𝑐ℎ

(15)

𝐷𝑜𝐷𝑆 ≤ 𝑆𝑂𝐶(𝑡) ≤ 𝐷𝑜𝐶𝑆 (16)
𝐸𝑆𝑆 𝐸𝑆𝑆
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𝑆𝑂𝐶(1) = 𝑆𝑂𝐶(24),∀ 𝑑𝑎𝑦𝑠 (17)

In the previous equations, 𝛿𝐸𝑆𝑆,𝑖𝑛 and 𝛿𝐸𝑆𝑆,𝑜𝑢𝑡 are Boolean variables 
indicating the status of the storage system. In detail, 𝛿𝐸𝑆𝑆,𝑖𝑛 is equal to 
zero if the system is not charging, conversely it is equal to one. 𝐸𝐸𝑆𝑆,𝑖𝑛
and 𝐸𝐸𝑆𝑆,𝑜𝑢𝑡 are the input and output flows of the battery, 𝑄𝐸𝑆𝑆 is 
the upper limit for the system capacity, 𝑆𝑂𝐶 is the state of charge of 
the storage system, 𝐾𝑐ℎ and 𝐾𝑑𝑖𝑠𝑐ℎ are the charging and discharging 
efficiencies, respectively, 𝐾𝐸𝑆𝑆,𝑙𝑜𝑠𝑠 is the self-discharge rate.

In addition to the constraints describing equipment, the energy hub 
model was simulated setting that, for each time-step, energy and mass 
balances had to be respected. These constraints were set for electrical 
energy, thermal energy, hydrogen and freshwater, and are illustrated 
in Eqs. (18)–(21).
𝐸𝑃𝑉 (𝑡) + 𝐸𝑊𝐸𝐶 (𝑡) + 𝐸𝐹𝐶 (𝑡) − 𝐸𝐸𝑆𝑆,𝑖𝑛(𝑡) + 𝐸𝐸𝑆𝑆,𝑜𝑢𝑡(𝑡) + 𝐸𝑃𝑃 (𝑡) =

= 𝐸𝑙𝑜𝑎𝑑 (𝑡) + 𝐸𝐸𝐿(𝑡) + 𝐸𝐷𝐸𝑆 (𝑡) + 𝐸𝐸𝐻 (𝑡) (18)

𝐻𝑆𝑇𝐶 (𝑡) +𝐾𝐸𝐻,𝑒ℎ ⋅ 𝐸𝐸𝐻 (𝑡) −𝐻𝑇𝑆𝑆,𝑖𝑛(𝑡) +𝐻𝑇𝑆𝑆,𝑜𝑢𝑡 = 𝐻𝑙𝑜𝑎𝑑 (𝑡) (19)

𝐾𝐸𝐿,𝑒ℎ2 ⋅𝐸𝐸𝐿(𝑡) −𝐻2,𝐻𝑆𝑆,𝑖𝑛(𝑡) +𝐻2,𝐻𝑆𝑆,𝑜𝑢𝑡(𝑡) = 𝐻2,𝑑𝑒𝑚𝑎𝑛𝑑 (𝑡) +𝐾𝐹𝐶,𝑒ℎ2 ⋅𝐸𝐹𝐶 (𝑡)

(20)

𝐾𝐷𝐸𝑆,𝑒𝑤𝐸𝐷𝐸𝑆 (𝑡) +𝑊𝑔𝑟𝑖𝑑 (𝑡) −𝑊𝑊𝑆𝑆,𝑖𝑛(𝑡) +𝑊𝑊𝑆𝑆,𝑜𝑢𝑡 = 𝑊𝑑𝑒𝑚𝑎𝑛𝑑 (𝑡) (21)

In the previous equations, 𝐸, 𝐻 , 𝐻2, and 𝑊  indicate electricity 
flow, heating flow, hydrogen flow and freshwater flow, respectively. 
Subscripts commonly indicate the name of the equipment whose the 
flow is related, where PP stands for Power Plant and the other symbols 
were already explained. Otherwise, subscripts indicate that the flow is 
from the grid or is a final load/demand.

2.4.1. Energy sharing
The main aim of a REC is sharing the renewable electricity produc-

tion among the community members. According to the Italian incentive 
scheme, the sharing of renewable electricity occurs when a production 
system is injecting into the grid and, in the same hour, at least another 
community member is consuming energy. This is considered as virtual 
energy sharing since the unique geographical limit for two users being 
members of the same community is that they belong to the grid under 
the same primary station. In this study, the whole island territory 
constitutes a REC and the energy sharing occurs through the island 
distribution grid. Since the whole island constitutes the community, 
and the island is not connected to the mainland, the whole production 
is shared within the community. It is worth mentioning that electricity 
from the fuel cell was included in the community renewable energy 
production together with energy from PV and WEC systems since the 
combination of water electrolyzer, hydrogen storage system and fuel 
cell can be considered as an equivalent renewable electricity storage 
system.

2.5. Uncertainty

As mentioned in the Introduction, the optimization performed for 
this study considers the uncertainty related to renewable energy avail-
ability and to final demands using a Monte Carlo algorithm. In detail, a 
proper Probability Distribution Function (PDF) was employed for each 
of these quantities and for each time-step. The Monte Carlo algorithm 
generates several scenarios according to the values allowed by the PDF 
and uses these values as input parameters for the optimization study. 
The optimal solutions are then treated with statistical methods and 
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compared in terms of rated sizes and energy production to evaluate 
the effective benefits.

In this study, the uncertainty of solar irradiance was assessed using 
the Beta distribution function [25,37,38]. The Beta distribution func-
tion depends on two parameters, 𝜔 and 𝜓 , and on the non dimensional 
solar irradiance 𝛩, evaluated as the ratio between the average hourly 
solar irradiance and the solar constant. When 𝜔 and 𝜓 ≥ 0 and 0 ≥ 𝛩 ≥
1, 

𝑓 (𝛩) =
𝛤 (𝜔)𝛤 (𝜓)
𝛤 (𝜔) + 𝛤 (𝜓)

𝛩𝜔−1(1 − 𝛩)𝜓−1 (22)

where 𝛤  is the Euler Gamma function.
The input parameters 𝜔 and 𝜓 were evaluated from the average 

value 𝜇 and the standard deviation 𝜎 according to Eqs. (23)–(24)

𝜔 =
𝜇2 ⋅ (1 − 𝜇)

𝜎2
− 1 (23)

𝜓 =
𝜇 ⋅ (1 − 𝜇)2

𝜎2
− 1 (24)

Regarding the uncertainty related to air temperature, wave height, 
as well as all the final demands, these quantities were modeled through 
the normal distribution function, which depends on 𝜇 and 𝜎 as illus-
trated in Eq. (25) for the temperature [25,37]. 

𝑓 (𝑇 ) = 1

𝜎
√

2𝜋
𝑒−

1
2 (

𝑇−𝜇
𝜎 )2 (25)

3. Case study: Favignana island

This section presents the case study selected for the analysis, fo-
cusing on the island of Favignana. The following subsections describe 
the existing energy and resource systems and introduce the scenarios 
assessed in the optimization framework.

3.1. Existing system description

Favignana, a small island situated close to Sicily and belonging to 
the Aegadian Islands archipelago, was selected as the case study for 
this analysis. The economy of the Aegadian Islands is primarily based 
on tourism, particularly during the summer season, which attracts up 
to 102 million visitors annually. This pronounced seasonality leads to 
a highly variable energy demand, presenting significant challenges for 
the island’s energy sustainability.

As with many other small Italian islands, Favignana has an au-
tonomous electrical grid that is not connected to the mainland. Since 
1970, energy production and distribution on the island has been man-
aged by S.E.A. S.p.A., with an annual energy output of around 15 
million kWh [39]. The thermoelectric power plant, located approxi-
mately 100 m from the coast, consists of seven diesel engines, with an 
installed capacity of 12 MW [40].

The island’s transport system relies primarily on private vehicles. 
Despite some initiatives to promote sustainable mobility, the situa-
tion remains critical, especially during the summer months when the 
number of visitors increases. Among the measures implemented are 
traffic restrictions during the peak season and the activation of a 
public transport service consisting of three bus lines that connect the 
island’s main areas. Additionally, the Municipality of Favignana has 
developed a Sustainable Mobility Plan, which reports that in August, 
around 1500 private cars land on the island, adding to those already 
present. Data also show that 59% of tourists use rental vehicles, with 
a clear preference for bicycles (63%), followed by motorbikes (29%) 
and cars (8%). 28% of visitors use their own vehicles, while only 
13% opt for public transport, mainly due to limited schedules and 
infrequent service. To address these issues, a new ministerial decree has 
been introduced, further tightening restrictions on vehicle access. As of 
summer 2024, motor vehicles owned by non-residents are banned from 
entering and circulating on the island during the high season, with the 
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aim of preserving the environment and improving quality of life during 
the tourist peak [41,42].

The production of domestic hot water in Favignana is currently 
mainly reliant on traditional electric water heaters [43], installed in 
private homes, tourist accommodations, and public services. However, 
in some more modern or recently renovated structures, high-efficiency 
electric water heaters and solar panels are used. Although the transition 
towards more sustainable hot water production systems is underway, it 
remains limited. Currently, about 15%–20% of renovated homes have 
adopted more advanced technologies, such as solar thermal or high-
efficiency water heaters. However, the majority of families still depend 
on traditional systems, which incur high costs and have a significant 
environmental impact.

Regarding freshwater uses, the island of Favignana has no internal 
freshwater sources, which results in a complete dependence on exter-
nal water resources. Although a desalination plant is installed in the 
island [43], the water supply is currently provided by tanker ships 
coming from the mainland. This solution highlights several critical 
issues, such as the reliance on non-local resources, the high cost of 
transportation, and the environmental impact of these activities. To 
address these challenges, and as part of the ‘‘Green Islands’’ project, 
a plan has been initiated for the construction of a new desalination 
plant. This facility will convert seawater into freshwater, improving 
the island’s water self-sufficiency while also reducing the associated 
environmental impacts and emissions [44].

In Favignana and across the other islands of the archipelago, the 
development of renewable energy is restricted by national laws safe-
guarding the environment and natural heritage. Currently, the installed 
capacity of photovoltaic systems on the island is about 880 kW. To 
enhance the archipelago’s energy sustainability, local administration 
of the Aegadian Islands joined several initiatives promoted by the 
European Union, such as the Pact of Islands [45] and the Covenant 
of Mayors [46], while the local electrical company is active in several 
research projects. The European Union promotes these measures to 
enhance energy efficiency in small islands, decrease reliance on fossil 
fuels, and thereby lower CO2 emissions. The installation of renewable 
energy systems on Favignana is strongly influenced by the environmen-
tal and landscape constraints imposed by the island’s unique territorial 
characteristics [47]. For this reason, the urban center, located in the 
northern-central part of the island, was identified as a potentially suit-
able area for photovoltaic installations. However, important historical 
buildings, such as the Florio tuna factory and other structures dating 
back to the late 19th century, have been excluded from consideration 
due to conservation restrictions. The installation site of wave energy 
converters has been identified offshore, in response to the coastal 
erosion affecting many of the island’s shorelines. This approach allows 
for an increase in renewable energy production while minimizing visual 
and environmental impacts and preserving the cultural and architec-
tural heritage of the urban area. Local authorities, in collaboration 
with relevant institutions, are already working on targeted measures to 
mitigate this erosion, and the installation of WEC devices will further 
help to protect the most vulnerable coastal areas. Fig.  2 shows a satellite 
image of the island, where the yellow shaded circle marks the urban 
area designated for photovoltaic installations, the red lines highlight 
coastal zones exposed to seabed erosion risk, and the light blue circle 
outlines the area allocated for WEC deployment.rea for the installation 
of WECs.

3.2. Scenarios assessment

In order to assess possible decarbonization strategies for Favignana, 
the following five scenarios were investigated:

• Scenario 1: Electrical Renewable Generation. This scenario 
considers the installation of two complementary renewable en-
ergy technologies: photovoltaic and sea wave converters. The 
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analysis focuses on energy production from these sources and 
their ability to meet the energy demand in an isolated grid, 
without using storage systems. The goal is to evaluate the amount 
of energy that can be optimally generated from these renewable 
sources and their ability to meet the energy demand of the 
isolated grid within a renewable energy community.

• Scenario 2: Electrical Renewable Generation and Storage. 
This scenario includes the integration of the same renewable 
energy sources but with the addition of battery storage systems. 
The excess energy produced during high generation periods is 
stored and used when renewable production is low or insuffi-
cient. The energy stored in the batteries reduces the need for 
non-renewable energy in load-peak hours, optimizing the use of 
renewable resources and increasing the efficiency of the isolated 
grid.

• Scenario 3: Electrical Renewables + Hydrogen. This scenario 
adds to the previous configuration a hydrogen production sys-
tem made up of an electrolyzer powered by excess energy from 
renewable sources. The produced green hydrogen is compressed 
and stored in a hydrogen tank to be used later for electricity 
generation through fuel cells or to decarbonize the island mobility 
system powering hydrogen vehicles. The energy demand expands 
to include the energy needed for hydrogen production and sus-
tainable mobility. Hydrogen provides a long-term storage solution 
and increased flexibility in managing the isolated grid.

• Scenario 4: Electrical and Thermal Renewables + Hydrogen. 
In this scenario, all elements from the previous configurations are 
integrated, with the addition of solar thermal collectors, which 
contribute to meeting the domestic hot water demand. Since hot 
water is commonly produced using electric water heaters, this 
approach allows reducing the final electricity load relying on 
locally produced renewable thermal energy. The excess thermal 
energy produced by the collectors can be stored in the thermal 
storage systems to be used at later times, during periods of low 
production. Electric heater is still considered as back-up system, 
with its usage evaluated to satisfy the residual thermal demand. 
The management of the available electrical and thermal energy 
is optimized by the mathematical model, which determines the 
optimal balance between the use of solar thermal collectors, 
thermal storage, and electric heating to meet the overall energy 
demand for both thermal and electrical needs.

• Scenario 5: Electrical and Thermal Renewables + Hydrogen 
+ Smart Water Management. In this scenario, all the elements 
considered in the previous scenarios are maintained, but with 
the addition of a desalination management system. In detail, 
local desalination system is managed to meet the final demand 
producing when electricity is not produced by the local power 
plant, thus exploiting renewable energies or storage systems. A 
key aspect of this configuration is the reduction of dependence on 
water transport from tankers, which causes high costs and carbon 
equivalent emissions.

3.3. Data collection

In order to analyze and optimize the energy system in Favignana, 
datasets on energy use patterns, renewable resources, and available 
infrastructure were compiled.

3.3.1. Final loads
The average electrical load was evaluated using the actual load 

data every 15 min measured in three years that were provided by the 
local electrical company, S.E.A. S.p.A. These data were used to evaluate 
a standard day for each month with hourly detail. As the load data 
were collected from the substations located on the island, the values 
already include the share supplied by the existing PV installations. 
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Fig. 2. Favignana island satellite view with indication of RES installation sites.
Moreover, these data also take into account for the distribution grid 
losses, that were neglected in the model development phase. Having 
data spanning for three years allowed evaluating average values and 
standard deviation for each hour of the monthly standard days.

Final load data were reduced to 75% to guarantee a minimum 
spinning reserve from the fossil fuel power plant [5]. In addition, when 
domestic hot water and freshwater production were included in the 
optimization, electricity used for these services was excluded from the 
final electrical load to be satisfied.

The average daily water demand for the island was estimated based 
on a per capita requirement of 215 liters/inhabitant/day, aligned with 
ISTAT data [48]. The resident population was set at 1800 inhabitants, 
combined with monthly tourist inflows. For each month, the average 
water demand was determined by multiplying the total number of 
people (residents and tourists) by the per capita requirement and the 
number of days in the month. Hourly distribution was derived by ap-
plying percentage coefficients to the daily demand, with peaks during 
high-usage hours (8 AM–10 AM and 7 PM–9 PM). Uncertainty related 
to water demand was estimated as ranging between ± 10% of the 
average value for each hour of the monthly standard days. The water 
cost was set at 11.67 €/m3 (excluding VAT), based on information 
gathered from a dedicated report [49].

The average thermal demand for domestic hot water production was 
determined by applying an energy conversion coefficient of 0.25 kWh 
per liter of hot water consumed. Uncertainty related to domestic hot 
water demand was estimated as ranging between ± 10% of the average 
value for each hour of the monthly standard days.

The hydrogen demand for mobility on the island of Favignana was 
estimated based on a projected adoption rate of hydrogen cars by 
both residents and tourists, combined with usage patterns and seasonal 
fluctuations. The resident population was set at 1800 inhabitants, with 
a 0.8% adoption rate (14 vehicles), each consuming 1.667 kg/day 
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and used for 22 days/month, resulting in a fixed monthly demand of 
513.33 kg/car. Tourist demand was calculated assuming a 5% adoption 
rate (capped at 100 available vehicles), with each vehicle used for 3 
days/month and consuming 2.500 kg/day. For each month, the total 
hydrogen demand was determined by summing resident and tourist 
contributions. Uncertainty related to water demand was estimated as 
ranging between ± 10% of the average value for each hour of the 
monthly standard days.

3.3.2. Solar energy
The hourly solar radiation, divided on its three components, and 

hourly average air temperature were gathered using the PVGIS
database [50]. Values were collected for the period 2005–2023 and 
then used to evaluate average values and standard deviation for each 
hour of the monthly standard days.

The potential area for PV and STC installation was assessed through 
GIS tools combined with building data provided by the Italian Revenue 
Agency database [51], resulting in 394,148 m2 for the entire island and 
162,727 m2 for the urban sector. According to the approach outlined 
in [52], the latter estimate was corrected for roof sections already used 
by other installations or affected by shading, yielding a final value of 
73,227 m2.

3.3.3. Sea wave energy
Hourly WEC output for a typical year was calculated through 

Eq. (7), using significant wave height and mean water depth data from 
the Italian Sea Waves Network [53], under the assumption of a 15% 
converter efficiency.

The available wave power was calculated based on data gathered 
from WERATLAS database [54].

The main parameters used for the case studies are recapped in Table 
2 for the equipment and in Table  3 for the carriers.
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Table 2
Main parameters for the equipment used in the case studies.
 Component Investment Embodied primary Embodied carbon Useful
 cost energy emissions life
 [e/unit] [MJ/unit] [kg CO2-eq/unit] [years]

 PV [kW𝑒𝑙] 779.87 4581.48 357.73 25  
 WEC [kW𝑒𝑙] 4017.60 3153.24 670538.10 15  
 ESS [kWh𝑒𝑙] 44.59 540.00 76.28 8  
 EL [kW𝑒𝑙] 1274.00 168635.00 28.00 20  
 FC [kW𝑒𝑙] 1532.44 71466.13 11.87 12  
 HSS [kg] 171.33 3222.22 0.05 50  
 EH [kW𝑒𝑙] 0 0 0 15  
 STC [m2] 500.00 3745.52 210.56 16  
 TSS [kWh𝑡ℎ] 26.18 201.54 10.97 20  
 DES [kWh] 0 0 0 25  
 WSS [kg] 195.50 10545.38 573.85 12  

Table 3
Main parameters for the carriers used in the case studies.
 Carrier Operating Operating primary Operating carbon
 cost energy emissions
 [e/unit] [MJ/unit] [kg CO2-eq/unit]
 Electricity [kWh] 0.3031 11.8 0.7089  
 Hydrogen [kg] 20 213.52 11.9478  
 Water [kg] 14.2374 0 0  

4. Results

This study evaluated the possible benefits deriving from the in-
tegration of renewable energies, hydrogen and smart management 
technologies in isolated grids as the island of Favignana through five 
incremental scenarios. The optimization model was applied to the five 
scenarios in order to compare the differential change in performance in 
terms of the three objective functions, namely annualized cost, annual 
primary energy use and annual carbon equivalent emissions. For each 
analysis, 100 uncertainty runs were simulated and optimized. Main 
detail on each scenario are discussed in the following subsections. Thus, 
a total number of 1500 MILP annual optimization runs were performed 
and analyzed for the present study.

The generic consideration is that introducing renewable energies 
in the Favignana energy system contributes in the reduction of costs, 
primary energy use and carbon emissions to a large extent. More-
over, the inclusion of the citizens in a renewable energy community 
makes the investments highly profitable, leading to an annual subsidy 
that overcomes the annualized costs. For this reason, the annualized 
cost evaluated for each objective function, each scenario and each 
uncertainty case is always negative, meaning that there is a net income.

Scenario 1

The renewable energy production is always very limited, between 
13% and 18% of the island final load. This result is justified by the 
fact that the load in winter is very lower than in summer, forcing 
the algorithm to identify as optimal low values of rated sizes. On a 
seasonal basis, RES share in winter is equal to 25%–30%, but it lowers 
down to 8% in July. This result allows keeping a sufficient spinning 
reserve. In economic optimization, PV sizes are slightly higher than in 
other optimization criteria. PV size is always way much higher than 
WEC’s, demonstrating that the latter technology still needs a significant 
improvement in terms of manufacturing process, reducing costs and 
impacts.

Scenario 2

The installation of electrical energy storage systems allows a huge 
increase in the RES installation. In detail, the renewable energy share 
9 
Fig. 3. Average battery state of charge trend over the twelve standard days 
in Scenario 2.

over the load is between 71% and 75% of the island final load, inde-
pendently on the optimization criterion. The upper limit was imposed 
by the threshold set to keep a minimum spinning reserve.

PV size on average is between 950 kWp in minimum cost studies 
and 1000 kWp in minimum primary energy and carbon emissions 
studies. WEC is almost never installed, with only two cases over 100 in 
minimum cost studies and zero cases in minimum primary energy and 
carbon emissions studies. Battery cumulated capacity is independent 
on the optimization criterion and its value is almost always equal to 
the upper bound set for the study, equal to about 33,300 kWh. The 
daily trend of battery schedule, illustrated in Fig.  3, shows that these 
systems are used every day of the year, with charging phase by day and 
discharge by night. Moreover, ESS progressively accumulates energy 
from January to May helping in Summer months, when the demand is 
higher due to the tourists. This trend is almost the same independently 
on the optimization criterion and uncertain conditions.

Scenario 3

In this scenario, where the local mobility is integrated using hy-
drogen cars, there is the largest variability among equipment sizes 
depending on the optimization criterion.

In detail, hydrogen-based technologies allow always keeping the 
target of 75% renewable energy penetration. On average, photovoltaic 
production by day is exploited to charge batteries and feed the elec-
trolyzer, with fuel cells being employed to cover load peaks and batter-
ies being discharged by night. In all the optimization studies, hydrogen 
production is between 530 and 545 tons/year over an average demand 
of 44 tons/year, meaning that hydrogen production is exploited as 
electrical energy storage system for a large extent, in addition to 
meeting mobility demand. One possible reason can be that, in both 
Scenarios 2 and 3, battery storage systems already reached the upper 
bound allowed in the optimization study. This is also proven by the 
fact that the PV size is almost three times higher with respect to the 
previous scenario, on average.

A graphical representation of average daily trend of electricity flows 
is shown in Fig.  4. Although this graph is related to minimum carbon 
emission studies, these results are valid also for studies with the other 
objective functions.

PV size is between 2650 kWp and 2850 kWp independently on 
the objective function. The unique exceptions are two scenarios in 
minimum primary energy studies, where a value of 1000 kWp was 
selected as optimal. WEC technology is almost always disregarded. 
Nevertheless, it was selected as optimal in two minimum cost studies 
and in two minimum primary energy studies, with rated size up to 110 
kW , corresponding to minimum primary energy studies with lower PV 
p
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Fig. 4. Average daily trend of electricity flows in Scenario 3 with minimum carbon emissions.
size. Battery cumulated capacity is almost always equal to the upper 
bound set for the study, equal to 33,300 kWh, although in minimum 
primary energy studies this technology was not selected as optimal in 
a single uncertain case.

Primary energy studies tend to rely less on exploiting hydrogen 
technologies for energy storage, with rated size of electrolyzers and fuel 
cells being almost the half with respect to minimum carbon emissions 
studies. In detail, fuel cell size spans between 1400 and 2500 kW, while 
electrolyzers size spans between 6000 and 14,500 kW, with higher 
values being preferred in minimum carbon emissions studies and lower 
values in minimum primary energy studies.

Scenario 4

In this scenario, where thermal energy demand is included in the 
optimization process, solar thermal collectors provide a negligible con-
tribution to domestic hot water production independently on the op-
timization criterion. In detail, they are effectively unused (installed 
surface: 0m2) in minimum cost and minimum primary energy studies, 
while 1m2 of STC is installed in a single minimum emission study over 
100. Consequently, the hot water demand is primarily met using pre-
installed electric water heaters, requiring a cumulative thermal storage 
capacity of 2807 kWh.

Renewable energy penetration is mainly ensured by photovoltaic 
systems, which maintain consistent sizing across all optimization cases, 
ranging from 2838 to 3262 kWp. This confirms the central role of PV 
in the system’s energy balance. Again, wave energy converters are not 
considered in any of the configurations.

Energy storage system (ESS) are installed almost at their maximum 
considered size, roughly 32,000 kWh, in minimum primary energy and 
minimum emission studies, highlighting their importance as energy 
storage systems for excess PV electricity. In minimum cost studies, the 
optimal size is reduced to about 27,000 kWh, with two only uncertain 
cases with lower values.

Hydrogen storage (HSS) is also consistently present, with a capacity 
of 223.7 kg, as well as in Scenario 3. This aspect shown that this 
storage system plays a secondary role compared to ESS. Fuel cells 
(FC) help cover peak electrical demands, with installed capacity of 
about 1300 kWel in minimum primary energy studies and between 
2400 and 2500 kWel in the others. From an environmental perspective, 
CO2 emissions remain relatively high, particularly from the electric 
component, with values between 13,000 and 14,000 kg CO2. Additional 
emissions come from hydrogen systems and fuel cells, reflecting the 
energy-intensive nature of electric water heating without the support 
of solar thermal systems.
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Economically, this scenario reflects a trade-off between reliability 
and investment cost. While the exclusion of STC reduces capital ex-
penditure, reliability is ensured by higher-cost technologies such as 
PV and ESS. The associated investment ranges from 2070 to 3262 
€ for PV and from 16,299 to 27,368 € for ESS, depending on the 
optimization objective. In cost-minimization cases, a slight downsizing 
of these technologies is observed, suggesting a compromise between 
performance and affordability.

Scenario 5

Including freshwater final demand to the optimization study al-
lowed finding a very interesting result: in minimum primary energy 
and minimum carbon emission studies, hydrogen-based technologies 
are downsized, with respect to the previous Scenario 3 and 4, in order 
to produce also freshwater for the island! Although the water flows 
related to electrolyzer and fuel cell were integrated in the study in 
order to quantify these flows and compare them with the current water 
demand, the outcome was that the amount of water produced by the 
fuel cell during its operation was highly over the usual island demand.

Regarding heat technologies, since renewable electricity is also used 
for freshwater production in this scenario, STC is installed, although 
with limited penetration.

PV and ESS are also downsized since electricity final load related to 
desalination unit was highly reduced.

Storage systems are always considered optimal technologies, with 
only freshwater storage being disregarded.

Scenarios comparison

In the following Fig.  5, main results are collected with respect to 
the rated size of each equipment. In detail, mean, max, min, mode and 
median values of rated values are here presented.

Moreover, results in terms of objective functions are illustrated in 
Fig.  6.

In detail, it is evident that the optimal solutions in scenarios 1 and 
2 are almost independent on the optimization criteria, since the clouds 
are overlapped. These results start to differ from Scenario 3 onward, as 
additional final loads are introduced in the analysis. More in detail, re-
sults related to minimum primary energy studies and minimum carbon 
emissions studies are almost always very close, highlighting that these 
functions are bounded to each other, while costs in different scenarios 
depend on different aspects. Last, the percentage contribution of single 
energy carrier or equipment to the objective function for each Scenario 
and each optimization study is illustrated in Fig.  5. It is evident that 
the power plant still contributes to primary energy use and carbon 
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Fig. 5. Mean, max, min, mode and median values of rated size of equipment in the five scenarios according to three objective functions minimization alternatives 
over 100 uncertainty simulations.
emissions for a large extent, although the retrofit alternatives signifi-
cantly reduce the total impact related to the Favignana energy system. 
The second highest contribution, on average, is given by the embodied 
impact of batteries, due to their complex production process and the 
very large capacity that should be installed in many optimal solutions. 
Last, WEC contribution in terms of embodied carbon is quite high in 
the few cases when this component is selected in optimal solution, 
due to its non-standardized manufacturing process. Fig.  7 shows the 
comparative analysis of the impact of the different technologies on 
costs, primary energy use, and carbon equivalent emissions.

Renewable energy community contribution

The various scenarios and optimization studies analyzed under un-
certain production and consumption conditions assessed in the present 
paper rely on the fundamental hypothesis of making the whole Favig-
nana island a renewable energy community. This aspect is allowed by 
the current Italian regulation, with specific reference to small islands, 
stating that a single REC covering the whole islands can be constituted 
in case of small non interconnected islands [55]. Since the current 
calculation method for REC subsidy depends on the hourly price in 
the single power market zone (in this case, the Sicilian market zone), 
an average subsidy value equal to 110 €/MWh was set in the simula-
tions. This contribution allows making the annualized cost in each of 
the 1500 optimization studies always negative, meaning that incomes 
overcome costs due to the electricity purchase from the grid and 
equipment supply. In particular, Scenario 1 includes exclusively elec-
trical renewable energy technologies, which represent the only energy 
carrier directly incentivized within the Renewable Energy Community 
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(REC) framework. In this scenario, the economic benefit associated with 
energy sharing reaches an average value of approximately 1.17 million 
euros per year. This value, obtained as the average of simulations 
conducted under uncertainty conditions, is representative of the order 
of magnitude of the economic contribution associated with the REC 
mechanism.

With the progressive introduction of additional technologies and en-
ergy services in the subsequent scenarios, the overall economic benefit 
further increases. This confirms that the impact observed in Scenario 
1 represents a lower bound of the achievable REC contribution, rather 
than an upper limit. In detail, incomes are about 2 orders of magnitude 
higher than costs, making the introduction of a REC in Favignana, as 
well as in other small non interconnected islands, highly attractive. 
Moreover, it becomes on average more attractive progressing from 
Scenario 1 to Scenario 4, while Scenario 5 appears as less appealing. 
Nevertheless, this apparent growth of costs is due to the fact that 
Scenario 5 also includes costs for water supply management.

5. Grid stability analysis under optimal scenarios

It is well known that intermittent renewable energy technologies 
provoke congestions and voltage fluctuations into power systems. This 
aspect is more evident the lower the grid is wide and meshed. For this 
reason, once the optimization results were obtained and analyzed, the 
authors further investigated the feasibility of these optimal solutions 
with respect to voltage rise, grid congestions and frequency stability. 
First, the existing 20 kV electrical grid of Favignana was modeled on 
NEPLAN environment, also including the local power plant and the 
residential loads.
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Fig. 6. Values of objective functions in the five scenarios according to three objective functions minimization alternatives over 100 uncertainty simulations.
A load flow analysis was performed for the most critical standard 
days in Scenario 3 and 5, assessing how the voltage was influenced by 

the inclusion of the equipment according to the optimization results.
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Moreover, a transient analysis was also performed on the grid, 
assuming that the renewable energy production or the hydrogen tech-

nologies might be subject to a fault and be suddenly disconnected 
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Fig. 7. Comparative analysis of the impact of technologies on costs, primary energy use, and carbon equivalent emissions.
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Fig. 8. Underfrequency transient that occurs in the event of sudden disconnection of one of the photovoltaic systems. As can be seen from the graph, the frequency 
remains above the minimum permitted value of 47.5 Hz.
from the main grid, analyzing the influence on the grid frequency. The 
analyses show that the voltage at the nodes ranges between 99.7% and 
101.8% of the nominal value. The variability falls within an acceptable 
range. However, the grid is subject to overloads in 151 out of 288 
simulations and should be upgraded by installing new parallel lines in 
some sections. The additional investment required to improve the net-
work has been estimated based on the unit cost data for single-circuit 
high-voltage overhead lines reported in [56]. From these, the cost per 
kilometer for a 20 kV line was calculated using linear regression. Given 
the length of the sections affected by the overload and the number of 
parallel lines to be added, the additional investment for upgrading the 
grid was estimated at 453,000 euros, that reduces the annual revenue.

With respect to the frequency analysis, the grid is able to support 
the fault of these components, as shown in Figs.  8 and 9.

6. Discussion

The energy transition of small islands requires an integrated ap-
proach that considers multiple technological, economic, and environ-
mental factors. A key aspect related to small islands energy systems 
is that reducing fuel consumption simultaneously contributes in mini-
mizing the three objective functions selected for this study. Thus, each 
retrofit intervention tend to reduce these three criteria, making them 
non-conflicting objectives. It is worth noting that the environmental 
indicators are evaluated using average life-cycle assessment coefficients 
derived from literature, which are inherently subject to uncertainty; 
however, since the same coefficients are consistently applied across 
all scenarios, the comparative assessment and the relative ranking of 
the solutions remain robust. Nevertheless, an interesting outcome from 
this study is that, although Fig.  6 shows that the clouds of results are 
quite concentrated, these results are achieved with different equipment 
combinations and schedules, as demonstrated by Fig.  5.

Furthermore, the study highlights the importance of storage systems 
for island-based energy systems. In detail, energy and water demand on 
islands is heavily influenced by tourism, with summer peaks tripling 
winter consumptions of energy and water resources. This requires scal-
able and flexible solutions allowing seasonal energy storage, in order to 
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accumulate extra production during winter to be exploited in summer. 
The outcome of this study is that, in the optimal solutions, batteries 
and hydrogen storage systems are used to overcome renewable energy 
penetration limits, since their installation is crucial to compensate the 
intermittency of renewable sources. Additionally, thermal energy and 
water storage systems are also used to better integrate island resources, 
in this case helping in matching production and consumption trends. 
Nevertheless, their use is also related to intermittency of renewables, 
since TES accumulates hot water produced by electric heaters powered 
by PV and WEC, while WSS stores water produced during PV extra 
production periods.

With respect to Scenario 5, the optimal solutions in terms of min-
imum primary energy use and minimum carbon equivalent emissions 
involved that the water demand was covered by the production from 
the fuel cell. In detail, renewable electricity is exploited to produce 
green hydrogen in the water electrolyzers, which is then converted into 
electricity exploiting the fuel cell. In this way, the desalination unit is 
employed only to restore water reserves when hydrogen is not used 
into the fuel cell but fuels cars. Nevertheless, an important quantity 
of feedback water from an external source (i.e., the mainland) is also 
necessary during summer.

This result might suggest an innovative employment for hydrogen-
based technologies, integrating the water generated as by-product into 
the water distribution system. It is worth to mention that, according to 
the study described in [57] related to polymer electrolyte membrane 
fuel cells and molten carbonate fuel cells, water produced in these 
devices could effectively be used as a source of clean freshwater, if 
properly treated.

Although it is unlikely to exploit water from fuel cells for public 
water production, this is for sure an important warning for regions 
where water infrastructures are poor, since important quantities of 
additional wastewater might be included into pipelines.

7. Conclusion

This study presents and applies an optimal planning approach for 
integrating RECs on small non-interconnected islands, focusing on the 
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Fig. 9. Overfrequency transient that occurs in the event of sudden disconnection of the node where the electrolyzer and fuel cell are installed and from which 
part of the users’ electricity demand is drawn. The frequency reaches a peak of approximately 50.68 Hz, which is below the maximum limit of 51.5 Hz.
Table 4
Abbreviations.
 Acronym Definition  
 BOP Balance Of Plant  
 CAPEX Capital Expenditure  
 CHP Combined Heat Power  
 CRF Capital Recovery Factor  
 DES Desalination System  
 DoC Depth of Charge  
 DoD Depth of Discharge  
 EC Embodied Carbon  
 EE Embodied Energy  
 EL Water Electrolyzer  
 ESS Energy Storage System  
 EWH Electric Water Heater  
 FC Fuel Cell  
 GIS Geographic Information System  
 H2SS Hydrogen Storage System  
 HV High Voltage  
 ISTAT Italian National Institute of Statistics 
 MILP Mixed-Integer Linear Programming  
 NOCT Nominal Operating Cell Temperature 
 OC Operating Carbon  
 OE Operating Energy  
 OPEX Operating Expenditure  
 PDF Probability Distribution Function  
 PP Power Plant  
 PV Photovoltaic  
 RECs Renewable Energy Communities  
 RES Renewable Energy Sources  
 SOC State of Charge  
 STC Solar Thermal Collectors  
 TSS Thermal Storage System  
 WEC Wave Energy Converters  
 WSS Water Storage System  
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use of a well-established technology—photovoltaics —and an emerging 
one—wave energy converters. The integration of RES on the island 
notably enhances the economic viability of renewable energy adoption. 
Integration was assessed through five progressive scenarios taking into 
account for different equipment and final demands of the island.

The investigation method was based on an energy hub simulation 
and optimization model with linear equations and a MILP solution 
algorithm. Three among the most common objective functions were 
selected for this study: annualized costs, annual primary energy use 
and primary carbon equivalent emissions. These functions were eval-
uated according to a Life Cycle assessment perspective, including both 
embodied and operating contributions. A total number of 1500 MILP 
annual optimization runs were performed and analyzed for the present 
study. Input parameters such as renewable energy availability and final 
demands were subject to uncertainty analysis, in order to repeat each 
optimization study 100 times under different conditions, resorting to a 
Monte Carlo algorithm.

The analysis indicates that coupling diesel generators with such 
technologies leads to lower costs, fewer emissions, and reduced primary 
energy requirements, with the best-performing solution revealing that 
each intervention tends to improve all three goals. Furthermore, it 
was demonstrated that the more aspects and loads are included in the 
analysis, the more appealing the solution becomes. Moreover, relying 
on a REC allows the island to receive national subsidies to cover 
the costs for energy bills and reinvest them in social projects for the 
community.

Additional research studies to the present paper should involve 
conducting similar analyses on other small islands worldwide to com-
pare the main outcomes. Additionally, a comprehensive grid stability 
assessment will be carried out, along with an evaluation of the optimal 
placement of equipment on the island.

Nevertheless, since each of the small non interconnected island 
possesses peculiar features, comparisons between different locations 
can be risky or misleading. For this reason, a further improvement of 
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Table 5
Latin symbols.
 Symbol Description  
 𝑎1 Linear heat loss coefficient  
 𝑎2 Quadratic heat loss coefficient  
 𝐴𝑃𝑉 Surface area of one PV module  
 𝐴𝑆𝑇𝐶 Surface area of one solar thermal collector  
 𝑑𝑃𝑉 Minimum normalized distance between PV rows 
 𝑑𝑤 Average water depth  
 𝐷𝑜𝐶𝐸𝑆𝑆 Depth of charge limit  
 𝐷𝑜𝐷𝐸𝑆𝑆 Depth of discharge limit  
 𝐸 Electrical energy flows  
 𝐸𝐷𝐸𝑆 (𝑡) Electrical energy to desalination unit at time 𝑡  
 𝐸𝐸𝐻 (𝑡) Electrical energy to electric heater at time 𝑡  
 𝐸𝐸𝐿(𝑡) Electrical energy to electrolyzer at time 𝑡  
 𝐸𝐸𝑆𝑆,𝑖𝑛(𝑡) Energy charged into storage at time 𝑡  
 𝐸𝐸𝑆𝑆,𝑜𝑢𝑡(𝑡) Energy discharged from storage at time 𝑡  
 𝐸𝐹𝐶 (𝑡) Electrical energy from fuel cell at time 𝑡  
 𝐸𝑙𝑜𝑎𝑑 (𝑡) Electrical energy demand at time 𝑡  
 𝐸𝑃𝑃 (𝑡) Electrical energy from power plant at time 𝑡  
 𝐸𝑃𝑉 (𝑡) Electrical energy from PV system at time 𝑡  
 𝐸𝑃𝑉 (𝑡) Power generated by the PV system  
 𝐸𝑊𝐸𝐶 (𝑡) Electrical energy from WECs at time 𝑡  
 𝑓 (𝑇 ) Probability density function of temperature  
 𝑓 (𝛩) PDF of solar irradiance (Beta distribution)  
 𝐺𝑠𝑜𝑙 Global solar radiation  
 𝐺𝑠𝑜𝑙(𝑡) Solar irradiance on collector surface at time 𝑡  
 𝑔 Gravity acceleration  
 𝐻 Heating flow  
 𝐻2 , 𝑑𝑒𝑚𝑎𝑛𝑑(𝑡) Hydrogen demand at time 𝑡  
 𝐻2 , 𝐸𝐿(𝑡) Hydrogen flow from electrolyzer at time 𝑡  
 𝐻2 ,𝐻𝑆𝑆, 𝑖𝑛(𝑡) Hydrogen stored at time 𝑡  
 𝐻2 ,𝐻𝑆𝑆, 𝑜𝑢𝑡(𝑡) Hydrogen released from storage at time 𝑡  
 𝐻𝑙𝑜𝑎𝑑 (𝑡) Thermal energy demand at time 𝑡  
 𝐻𝑆𝑇𝐶 (𝑡) Thermal energy from solar collectors at time 𝑡  
 𝐻𝑇𝑆𝑆,𝑖𝑛(𝑡) Thermal energy stored at time 𝑡  
 𝐻𝑇𝑆𝑆,𝑜𝑢𝑡(𝑡) Thermal energy discharged at time 𝑡  
 𝐻𝑠 Wave height  
 𝐻𝑠(𝑡) Significant wave height at time 𝑡  
 𝐾 Conversion parameters  
 𝐾𝑐ℎ Charging efficiency  
 𝐾𝐷𝐸𝑆,𝑒𝑤 Conversion factor electricity to freshwater  
 𝐾𝑑𝑖𝑠𝑐ℎ Discharging efficiency  
 𝐾𝐸𝐻,𝑒ℎ Conversion factor electricity to thermal energy  
 𝐾𝐸𝐿,𝑒ℎ2 Conversion factor electricity to hydrogen  
 𝐾𝐸𝐿,𝑒𝑤 Conversion factor electricity to water  
 𝐾𝐸𝑆𝑆,𝑙𝑜𝑠𝑠 Self-discharge rate of storage system  
 𝐾𝐹𝐶,𝑒ℎ2 Conversion factor hydrogen to electricity  
 𝐿𝑊𝐸𝐶 Length of WEC device  
 𝑁𝑃𝑉 Total number of PV modules  
 𝑁𝑆𝑇𝐶 Number of solar thermal collectors  
 𝑁𝑊𝐸𝐶 Number of WEC units  
 𝑃𝑤 Wave Power  
 𝑃𝑤(𝑡) Wave power per unit length at time 𝑡  
 𝑄𝐸𝑆𝑆 Maximum energy capacity of storage system  
 𝑆 Rated size  
 𝑆𝐸𝐿 Rated power capacity of electrolyzer  
 𝑆𝑂𝐶𝐸𝑆𝑆 (𝑡) State of charge of storage at time 𝑡  
 𝑇 Random variable for temperature  
 𝑇𝑎𝑖𝑟 Ambient air temperature  
 𝑇𝑎𝑖𝑟(𝑡) Ambient air temperature at time 𝑡  
 𝑇𝑐𝑒𝑙𝑙 PV cell temperature  
 𝑇𝑚 Mean temperature of heat transfer fluid  
 𝑇𝑝 Peak wave period  
 𝑇𝑟𝑒𝑓 Reference temperature  
 𝑊 Water flows  
 𝑊𝑑𝑒𝑚𝑎𝑛𝑑 (𝑡) Freshwater demand at time 𝑡  
 𝑊𝐸𝐿(𝑡) Water flow consumed by electrolyzer at time 𝑡  
 𝑊𝑔𝑟𝑖𝑑 (𝑡) Freshwater from grid at time 𝑡  
 𝑊𝑊𝑆𝑆,𝑖𝑛(𝑡) Freshwater stored at time 𝑡  
 𝑊𝑊𝑆𝑆,𝑜𝑢𝑡(𝑡) Freshwater released from storage at time 𝑡  
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Table 6
Greek symbols.
 Symbol Description  
 𝛽 PV tilt angle  
 𝛽𝑃𝑉 Temperature coefficient  
 𝛤 (⋅) Euler Gamma function  
 𝛿 Solar declination angle  
 𝛿𝐸𝑆𝑆,𝑖𝑛(𝑡) Binary variable for storage charging at time 𝑡  
 𝛿𝐸𝑆𝑆,𝑜𝑢𝑡(𝑡) Binary variable for storage discharging at time 𝑡 
 𝛥𝑡 Time step  
 𝜂0 Zero-loss efficiency of collector  
 𝜂𝑃𝑉 Efficiency in standard conditions  
 𝜂𝑆𝑇𝐶 (𝑡) Efficiency of solar collector at time 𝑡  
 𝜂𝑊𝐸𝐶 WEC conversion efficiency  
 𝛩 Non-dimensional solar irradiance  
 𝜇 Mean value of input variable  
 𝜌 Seawater density  
 𝜎 Standard deviation of input variable  
 𝜓 Second parameter of Beta distribution  
 𝜔 First parameter of Beta distribution  

this research could involve the development of proper indicators for 
the quantification of energy saving potentials in small islands.

CRediT authorship contribution statement

Domenico Curto: Writing – review & editing, Writing – original 
draft, Visualization, Software, Resources, Methodology, Investigation, 
Data curation, Conceptualization. Maria Luisa Di Silvestre: Super-
vision, Software, Project administration, Methodology, Investigation, 
Funding acquisition. Miriam Mantegna: Writing – review & editing, 
Writing – original draft, Visualization, Validation, Software, Method-
ology, Investigation, Formal analysis, Conceptualization. Daniele 
Milone: Supervision, Software, Project administration, Methodology, 
Investigation, Funding acquisition, Conceptualization. Francesco 
Montana: Writing – review & editing, Writing – original draft, 
Validation, Software, Resources, Methodology, Investigation, Formal 
analysis, Data curation, Conceptualization. Salvatore Ruffino: 
Writing – review & editing, Writing – original draft, Validation, 
Software, Resources, Methodology, Investigation, Formal analysis, 
Data curation, Conceptualization. Gaetano Zizzo: Writing – review 
& editing, Writing – original draft, Software, Project administration, 
Methodology, Investigation, Funding acquisition, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to 
influence the work reported in this paper.

Acknowledgments

Authors wish to thank S.E.A. S.p.A., the electricity distribution 
company of Favignana island, for providing data and information on 
the local distribution grid and on the final loads.

Authors M.L.D.S. and F.M. wish to acknowledge that this study 
was developed in the framework of the research activities carried 
out within the Project ‘‘Network 4 Energy Sustainable Transition — 
NEST’’, Spoke 8: Final use optimization, sustainability & resilience in 
energy supply chain, Project code PE0000021, Concession No. 1561 
of 11.10.2022 adopted by Ministero dell’Universitá e della Ricerca 
(MUR), CUP B73C22001280006. Project funded under the National 
Recovery and Resilience Plan (NRRP), Italy, Mission 4 Component 2 
Investment 1.3 - Call for tender No. 341 of 15.03.2022 of Ministero 
dell’Universitá e della Ricerca (MUR); funded by the European Union 
– NextGenerationEU.



D. Curto et al. Energy 347 (2026) 140469 
Author M.M. wishes to acknowledge that this work was supported 
by the National Recovery and Resilience Plan (NRRP), Italy, Mission 
4 Component 1 Investment 4.1; DM 118 4.1 generici - Dottorati di 
ricerca PNRR - funded by the European Union – NextGenerationEU - 
CUP B74C23001080007 - DOT1320917.

Data availability

The data that has been used is confidential.

References

[1] Liu Jiahong, Mei Chao, Wang Hao, Shao Weiwei, Xiang Chenyao. Powering an 
island system by renewable energy—A feasibility analysis in the Maldives. Appl 
Energy 2018;227:18–27, Transformative Innovations for a Sustainable Future – 
Part III.

[2] Ritschel A, Esan O. Renewable energy desalination for small islands. In: IRENA– 
MARTINIQUE conference on island energy transitions: pathways for accelerated 
uptake of renewables. 2015.

[3] Crainz Manfredi, Curto Domenico, Franzitta Vincenzo, Longo Sonia, Mon-
tana Francesco, Musca Rossano, Riva Sanseverino Eleonora, Telaretti Enrico. 
Flexibility services to minimize the electricity production from fossil fuels. A 
case study in a mediterranean small island. Energies 2019;12(18). http://dx.doi.
org/10.3390/en12183492.

[4] Clemente Giorgio, Martorana Pierluca, Curto Domenico, Kumar Dhirendran Mu-
nith, Mantegna Miriam, Trapanese Marco. Marine biomass as potential energy 
source. the state of art. In: OCEANS 2023 - limerick. 2023, p. 1–7. http:
//dx.doi.org/10.1109/OCEANSLimerick52467.2023.10244440.

[5] Curto D, Franzitta V, Guercio A, Sanseverino ER, Vasile A, Zizzo G. Assessing 
optimal energy mix and stability in the island of favignana. In: 13th mediter-
ranean conference on power generation, transmission, distribution and energy 
conversion (MEDPOWER 2022), vol. 2022, 2022, p. 425–9. http://dx.doi.org/
10.1049/icp.2023.0030.

[6] Curto Domenico, De Luca Alessandra, Mantegna Miriam, Montana Francesco. 
Potential solutions to increase the sustainability of the energy sector in small 
islands. a case study in the mediterranean sea. In: OCEANS 2024 - halifax. 2024, 
p. 1–6. http://dx.doi.org/10.1109/OCEANS55160.2024.10754317.

[7] De Luca Alessandra, Mantegna Miriam, Martorana Pierluca, Guercio Andrea, 
Di Silvestre Maria Luisa, Montana Francesco, Curto Domenico. Renewable energy 
optimal management with hydrogen production and desalination systems. In: 
OCEANS 2024 - halifax. 2024, p. 1–8. http://dx.doi.org/10.1109/OCEANS55160.
2024.10754555.

[8] Curto D, Franzitta V, Longo S, Montana F, Riva Sanseverino E, Telaretti E. 
Flexibility services in a mediterranean small island to minimize costs and 
emissions related to electricity production from fossil fuels. In: 2020 IEEE 20th 
mediterranean electrotechnical conference. 2020, p. 453–8. http://dx.doi.org/10.
1109/MELECON48756.2020.9140616.

[9] Croce D, Giuliano F, Bonomolo M, Leone G, Musca R, Tinnirello I. A decentral-
ized load control architecture for smart energy consumption in small islands. Sus-
tain Cities Soc 2020;53:101902. http://dx.doi.org/10.1016/j.scs.2019.101902, 
URL https://www.sciencedirect.com/science/article/pii/S2210670719315835.

[10] Beccali M, Bonomolo M, Di Pietra B, Ippolito MG, La Cascia D, Leone G, Lo 
Brano V, Monteleone F, Zizzo G. Characterization of a small mediterranean island 
end-users’ electricity consumption: The case of lampedusa. Sustain Cities Soc 
2017;35:1–12. http://dx.doi.org/10.1016/j.scs.2017.07.015, URL https://www.
sciencedirect.com/science/article/pii/S2210670717303657.

[11] Curto Domenico, Favuzza Salvatore, Franzitta Vincenzo, Musca Rossano, Navarro 
Navia Milagros Amparo, Zizzo Gaetano. Evaluation of the optimal renewable 
electricity mix for lampedusa island: the adoption of a technical and econom-
ical methodology. J Clean Prod 2020;263:121404. http://dx.doi.org/10.1016/j.
jclepro.2020.121404.

[12] Milone Daniele, Curto Domenico, Franzitta Vincenzo, Guercio Andrea, Cirrin-
cione Maurizio, Mohammadi Ali. An economic approach to size of a renewable 
energy mix in small islands. Energies 2022;15(6). http://dx.doi.org/10.3390/
en15062005.

[13] Kafetzis A, Ziogou C, Panopoulos KD, Papadopoulou S, Seferlis P, Voutetakis S. 
Energy management strategies based on hybrid automata for islanded microgrids 
with renewable sources, batteries and hydrogen. Renew Sustain Energy Rev 
2020;134:110118. http://dx.doi.org/10.1016/j.rser.2020.110118.

[14] Judge Malik Ali, Guercio Andrea, Cuto Domenico, Mohammadi Ali, Frazitta Vin-
cenzo, Cirrincione Maurizio, Trapanese Marco. Renewable energy sources for 
small islands: a case study in the Pacific oceans. In: OCEANS 2023 - MTS/IEEE 
U.S. gulf coast. 2023, p. 1–5. http://dx.doi.org/10.23919/OCEANS52994.2023.
10337019.

[15] Bizuayehu AW, Medina P, Catalão João PS, Rodrigues EMG, Contreras J. Analysis 
of electrical energy storage technologies’ state-of-the-art and applications on 
islanded grid systems. In: 2014 IEEE PES t & d conference and exposition. 2014, 
p. 1–5. http://dx.doi.org/10.1109/TDC.2014.6863361.
17 
[16] Meschede Henning, Bertheau Paul, Khalili Siavash, Breyer Christian. A re-
view of 100% renewable energy scenarios on islands. WIREs Energy Envi-
ron 2022;11(6):e450. http://dx.doi.org/10.1002/wene.450, URL https://wires.
onlinelibrary.wiley.com/doi/abs/10.1002/wene.450.

[17] European Parliament. Directive EU 2023/2413 of 18 October 2023 as regards 
the promotion of energy from renewable sources. 2023.

[18] Di Silvestre Maria Luisa, Ippolito Mariano Giuseppe, Riva Sanseverino Eleonora, 
Sciumé Giuseppe, Vasile Antony. Energy self-consumers and renewable energy 
communities in italy: new actors of the electric power systems. Renew Sustain 
Energy Rev 2021;151:111565. http://dx.doi.org/10.1016/j.rser.2021.111565.

[19] Barabino Edoardo, Fioriti Davide, Guerrazzi Emanuele, Mariuzzo Ivan, Poli Da-
vide, Raugi Marco, Razaei Ehsan, Schito Eva, Thomopulos Dimitri. Energy 
communities: A review on trends, energy system modelling, business models, 
and optimisation objectives. Sustain Energy Grids Networks 2023;36:101187. 
http://dx.doi.org/10.1016/j.segan.2023.101187.

[20] Individual and collective objectives in an energy community with network 
constraints. Sustain Cities Soc 2024;101:105083.

[21] Mussawar Osama, Mayyas Ahmad, Azar Elie. Energy storage enabling renewable 
energy communities: An urban context-aware approach and case study using 
agent-based modeling and optimization. Sustain Cities Soc 2024;115:105813. 
http://dx.doi.org/10.1016/j.scs.2024.105813, URL https://www.sciencedirect.
com/science/article/pii/S2210670724006371.

[22] Corsini Alessandro, Delibra Giovanni, Pizzuti Isabella, Tajalli-Ardekani Erfan. 
Challenges of renewable energy communities on small mediterranean islands: 
A case study on Ponza island. Renew Energy 2023;215:118986. http://dx.doi.
org/10.1016/j.renene.2023.118986.

[23] CER Italia. Comunitá Energetiche in Toscana: un caso di studio - La 
CER dell’isola d’Elba. 2024, URL https://www.lg.camcom.it/sites/default/
files/contenuto_redazione/TRANSIZIONE%20ENERGETICA/FORMAZIONE/
NOVEMBRE%20CER%202024/CER%20Elba_07-11-2024_pdfa.pdf. [Accessed 14 
April 2025].

[24] Elba Report. L’elba diventa la prima isola italiana con una comunitá 
energetica rinnov- abile. 2025, URL https://www.elbareport.it/scienza-
ambiente/item/72134-l%E2%80%99elba-diventa-la-prima-isola-italiana-con-
una-comunit%C3%A0-energetica-rinnovabile. [Accessed 14 April 2025].

[25] Massaro Fabio, Di Silvestre Maria Luisa, Ferraro Marco, Montana Francesco, 
Riva Sanseverino Eleonora, Ruffino Salvatore. Energy hub model for the massive 
adoption of hydrogen in power systems. Energies 2024;17(17). http://dx.doi.org/
10.3390/en17174422.

[26] Lin Jhih-Hao, Wu Yuan-Kang, Lin Huei-Jeng. Successful experience of renewable 
energy development in several offshore islands. Energy Procedia 2016;100:8–13. 
http://dx.doi.org/10.1016/j.egypro.2016.10.137, 3rd International Conference 
on Power and Energy Systems Engineering, CPESE 2016 8-10 2016, Kitakyushu, 
Japan.

[27] Hydrogen community on lolland. 2008, URL http://climatebuildings.dk/
vestenskov.php. [Accessed 14 April 2025].

[28] European Commission. Building innovative green hydrogen systems in an isolated 
territory: a pilot for europe (BIG hIT). Technical report, European commission; 
2021-2022.

[29] CHYAO project. 2023, URL https://nesoi.eu/content/chyao-italy. [Accessed 14 
April 2025].

[30] Gulagi Ashish, Alcanzare Myron, Bogdanov Dmitrii, Esparcia Eugene, Ocon Joey, 
Breyer Christian. Transition pathway towards 100% renewable energy across 
the sectors of power, heat, transport, and desalination for the philippines. 
Renew Sustain Energy Rev 2021;144:110934. http://dx.doi.org/10.1016/j.rser.
2021.110934.

[31] Bogdanov Dmitrii, Gulagi Ashish, Fasihi Mahdi, Breyer Christian. Full energy 
sector transition towards 100. Appl Energy 2021;283:116273. http://dx.doi.org/
10.1016/j.apenergy.2020.116273.

[32] Onda Y, Imanaka M, Yoshihara T, Baba J, Yokoyama A, Kuniba Y, Higa N, 
Asato S. Feasibility study on power consumption control of desalination plant 
with mechanical restrictions. In: 2011 international conference on clean electrical 
power. 2011, p. 277–82. http://dx.doi.org/10.1109/ICCEP.2011.6036268.

[33] Imanaka Masaki, Baba Jumpei, Kuniba Yusuke, Higa Naoto. Study on ability 
of desalination system to compensate renewable energy fluctuation. IEEJ Trans 
Power Energy 2015;135:290–8. http://dx.doi.org/10.1541/ieejpes.135.290.

[34] Di Silvestre Maria Luisa, Massaro Fabio, Montana Francesco, Riva San-
severino Eleonora, Ruffino Salvatore, Sciumé Giuseppe. Renewable energy 
community planning combining multi-objective optimization and uncertainty 
assessment. In: 2024 IEEE international conference on environment and elec-
trical engineering and 2024 IEEE industrial and commercial power systems 
Europe. 2024, p. 1–6. http://dx.doi.org/10.1109/EEEIC/ICPSEurope61470.2024.
10751666.

[35] Geidl Martin, Koeppel Gaudenz, Favre-Perrod P, Klöckl B, Andersson Göran, 
Froehlich Klaus. The energy hub - a powerful concept for future energy systems. 
In: Third annual carnegie mellon conference on the electricity industry. 2007.

[36] McCormick Michael E. Ocean engineering mechanics: with applications. 
Cambridge University Press; 2014.

http://refhub.elsevier.com/S0360-5442(26)00572-4/sb1
http://refhub.elsevier.com/S0360-5442(26)00572-4/sb1
http://refhub.elsevier.com/S0360-5442(26)00572-4/sb1
http://refhub.elsevier.com/S0360-5442(26)00572-4/sb1
http://refhub.elsevier.com/S0360-5442(26)00572-4/sb1
http://refhub.elsevier.com/S0360-5442(26)00572-4/sb1
http://refhub.elsevier.com/S0360-5442(26)00572-4/sb1
http://refhub.elsevier.com/S0360-5442(26)00572-4/sb2
http://refhub.elsevier.com/S0360-5442(26)00572-4/sb2
http://refhub.elsevier.com/S0360-5442(26)00572-4/sb2
http://refhub.elsevier.com/S0360-5442(26)00572-4/sb2
http://refhub.elsevier.com/S0360-5442(26)00572-4/sb2
http://dx.doi.org/10.3390/en12183492
http://dx.doi.org/10.3390/en12183492
http://dx.doi.org/10.3390/en12183492
http://dx.doi.org/10.1109/OCEANSLimerick52467.2023.10244440
http://dx.doi.org/10.1109/OCEANSLimerick52467.2023.10244440
http://dx.doi.org/10.1109/OCEANSLimerick52467.2023.10244440
http://dx.doi.org/10.1049/icp.2023.0030
http://dx.doi.org/10.1049/icp.2023.0030
http://dx.doi.org/10.1049/icp.2023.0030
http://dx.doi.org/10.1109/OCEANS55160.2024.10754317
http://dx.doi.org/10.1109/OCEANS55160.2024.10754555
http://dx.doi.org/10.1109/OCEANS55160.2024.10754555
http://dx.doi.org/10.1109/OCEANS55160.2024.10754555
http://dx.doi.org/10.1109/MELECON48756.2020.9140616
http://dx.doi.org/10.1109/MELECON48756.2020.9140616
http://dx.doi.org/10.1109/MELECON48756.2020.9140616
http://dx.doi.org/10.1016/j.scs.2019.101902
https://www.sciencedirect.com/science/article/pii/S2210670719315835
http://dx.doi.org/10.1016/j.scs.2017.07.015
https://www.sciencedirect.com/science/article/pii/S2210670717303657
https://www.sciencedirect.com/science/article/pii/S2210670717303657
https://www.sciencedirect.com/science/article/pii/S2210670717303657
http://dx.doi.org/10.1016/j.jclepro.2020.121404
http://dx.doi.org/10.1016/j.jclepro.2020.121404
http://dx.doi.org/10.1016/j.jclepro.2020.121404
http://dx.doi.org/10.3390/en15062005
http://dx.doi.org/10.3390/en15062005
http://dx.doi.org/10.3390/en15062005
http://dx.doi.org/10.1016/j.rser.2020.110118
http://dx.doi.org/10.23919/OCEANS52994.2023.10337019
http://dx.doi.org/10.23919/OCEANS52994.2023.10337019
http://dx.doi.org/10.23919/OCEANS52994.2023.10337019
http://dx.doi.org/10.1109/TDC.2014.6863361
http://dx.doi.org/10.1002/wene.450
https://wires.onlinelibrary.wiley.com/doi/abs/10.1002/wene.450
https://wires.onlinelibrary.wiley.com/doi/abs/10.1002/wene.450
https://wires.onlinelibrary.wiley.com/doi/abs/10.1002/wene.450
http://refhub.elsevier.com/S0360-5442(26)00572-4/sb17
http://refhub.elsevier.com/S0360-5442(26)00572-4/sb17
http://refhub.elsevier.com/S0360-5442(26)00572-4/sb17
http://dx.doi.org/10.1016/j.rser.2021.111565
http://dx.doi.org/10.1016/j.segan.2023.101187
http://refhub.elsevier.com/S0360-5442(26)00572-4/sb20
http://refhub.elsevier.com/S0360-5442(26)00572-4/sb20
http://refhub.elsevier.com/S0360-5442(26)00572-4/sb20
http://dx.doi.org/10.1016/j.scs.2024.105813
https://www.sciencedirect.com/science/article/pii/S2210670724006371
https://www.sciencedirect.com/science/article/pii/S2210670724006371
https://www.sciencedirect.com/science/article/pii/S2210670724006371
http://dx.doi.org/10.1016/j.renene.2023.118986
http://dx.doi.org/10.1016/j.renene.2023.118986
http://dx.doi.org/10.1016/j.renene.2023.118986
https://www.lg.camcom.it/sites/default/files/contenuto_redazione/TRANSIZIONE%2520ENERGETICA/FORMAZIONE/NOVEMBRE%2520CER%25202024/CER%2520Elba_07-11-2024_pdfa.pdf
https://www.lg.camcom.it/sites/default/files/contenuto_redazione/TRANSIZIONE%2520ENERGETICA/FORMAZIONE/NOVEMBRE%2520CER%25202024/CER%2520Elba_07-11-2024_pdfa.pdf
https://www.lg.camcom.it/sites/default/files/contenuto_redazione/TRANSIZIONE%2520ENERGETICA/FORMAZIONE/NOVEMBRE%2520CER%25202024/CER%2520Elba_07-11-2024_pdfa.pdf
https://www.lg.camcom.it/sites/default/files/contenuto_redazione/TRANSIZIONE%2520ENERGETICA/FORMAZIONE/NOVEMBRE%2520CER%25202024/CER%2520Elba_07-11-2024_pdfa.pdf
https://www.lg.camcom.it/sites/default/files/contenuto_redazione/TRANSIZIONE%2520ENERGETICA/FORMAZIONE/NOVEMBRE%2520CER%25202024/CER%2520Elba_07-11-2024_pdfa.pdf
https://www.elbareport.it/scienza-ambiente/item/72134-l%25E2%2580%2599elba-diventa-la-prima-isola-italiana-con-una-comunit%25C3%25A0-energetica-rinnovabile
https://www.elbareport.it/scienza-ambiente/item/72134-l%25E2%2580%2599elba-diventa-la-prima-isola-italiana-con-una-comunit%25C3%25A0-energetica-rinnovabile
https://www.elbareport.it/scienza-ambiente/item/72134-l%25E2%2580%2599elba-diventa-la-prima-isola-italiana-con-una-comunit%25C3%25A0-energetica-rinnovabile
https://www.elbareport.it/scienza-ambiente/item/72134-l%25E2%2580%2599elba-diventa-la-prima-isola-italiana-con-una-comunit%25C3%25A0-energetica-rinnovabile
https://www.elbareport.it/scienza-ambiente/item/72134-l%25E2%2580%2599elba-diventa-la-prima-isola-italiana-con-una-comunit%25C3%25A0-energetica-rinnovabile
http://dx.doi.org/10.3390/en17174422
http://dx.doi.org/10.3390/en17174422
http://dx.doi.org/10.3390/en17174422
http://dx.doi.org/10.1016/j.egypro.2016.10.137
http://climatebuildings.dk/vestenskov.php
http://climatebuildings.dk/vestenskov.php
http://climatebuildings.dk/vestenskov.php
http://refhub.elsevier.com/S0360-5442(26)00572-4/sb28
http://refhub.elsevier.com/S0360-5442(26)00572-4/sb28
http://refhub.elsevier.com/S0360-5442(26)00572-4/sb28
http://refhub.elsevier.com/S0360-5442(26)00572-4/sb28
http://refhub.elsevier.com/S0360-5442(26)00572-4/sb28
https://nesoi.eu/content/chyao-italy
http://dx.doi.org/10.1016/j.rser.2021.110934
http://dx.doi.org/10.1016/j.rser.2021.110934
http://dx.doi.org/10.1016/j.rser.2021.110934
http://dx.doi.org/10.1016/j.apenergy.2020.116273
http://dx.doi.org/10.1016/j.apenergy.2020.116273
http://dx.doi.org/10.1016/j.apenergy.2020.116273
http://dx.doi.org/10.1109/ICCEP.2011.6036268
http://dx.doi.org/10.1541/ieejpes.135.290
http://dx.doi.org/10.1109/EEEIC/ICPSEurope61470.2024.10751666
http://dx.doi.org/10.1109/EEEIC/ICPSEurope61470.2024.10751666
http://dx.doi.org/10.1109/EEEIC/ICPSEurope61470.2024.10751666
http://refhub.elsevier.com/S0360-5442(26)00572-4/sb35
http://refhub.elsevier.com/S0360-5442(26)00572-4/sb35
http://refhub.elsevier.com/S0360-5442(26)00572-4/sb35
http://refhub.elsevier.com/S0360-5442(26)00572-4/sb35
http://refhub.elsevier.com/S0360-5442(26)00572-4/sb35
http://refhub.elsevier.com/S0360-5442(26)00572-4/sb36
http://refhub.elsevier.com/S0360-5442(26)00572-4/sb36
http://refhub.elsevier.com/S0360-5442(26)00572-4/sb36


D. Curto et al. Energy 347 (2026) 140469 
[37] Zubo Rana HA, Mokryani Geev, Abd-Alhameed Raed. Optimal operation of 
distribution networks with high penetration of wind and solar power within 
a joint active and reactive distribution market environment. Appl Energy 
2018;220:713–22. http://dx.doi.org/10.1016/j.apenergy.2018.02.016.

[38] Faraji Jamal, Hashemi-Dezaki Hamed, Ketabi Abbas. Optimal probabilistic 
scenario-based operation and scheduling of prosumer microgrids considering 
uncertainties of renewable energy sources. Energy Sci Eng 2020;8(11):3942–60. 
http://dx.doi.org/10.1002/ese3.788.

[39] Favignana SEA. SEA favignana website. 2025, URL https://seafavignana.info/
azienda/.

[40] Di Silvestre ML, Musca R, Riva Sanseverino E, Sciumé G, Vasile A, Zizzo G. A 
feasibility study for the transition to electric mobility in the island of favignana. 
In: 2021 IEEE international conference on environment and electrical engineering 
and 2021 IEEE industrial and commercial power systems Europe. 2021, p. 1–6. 
http://dx.doi.org/10.1109/EEEIC/ICPSEurope51590.2021.9584779.

[41] Comune di Favignana. Piano della mobilitá sostenibile interna alle isole minori 
siciliane occidentali - isola di favignana, https://www.comune.favignana.tp.it/ 
(consultato via documento PDF), 2010. Redatto nell’ambito dell’Accordo di 
Programma Quadro APQ – Sviluppo Locale - POR Sicilia 2000/2006, Addendum 
Isole Minori.

[42] Comune di Favignana. Dal 15 giugno al 30 settembre stop ai veicoli di non 
residenti sull’isola di favignana. 2024, URL https://www.comune.favignana.
tp.it/it/news/dal-15-giugno-al-30-settembre-stop-ai-veicoli-di-non-residenti-sull-
isola-di-favignana. [Accessed 22 April 2025].

[43] Garofalo E, Gargiulo A, Lembo E, Marazzi R, Rondena E, Moneta D, Guastella S, 
Perego O, Bertani D, Paletta F. Sviluppo delle fonti energetiche rinnovabili 
nelle isole minori non interconnesse. 2015, URL http://doc.rse-web.it/?tipo=
documento&id=316137.

[44] Giunta Comunale di Favignana. La giunta comunale di favignana dá il via 
libera alla realizzazione di dissalatori e interventi sulle reti idriche nelle isole 
egadi. 2023, URL https://www.comune.favignana.tp.it/it/news/135387/la-
giunta-comunale-di-favignana-da-il-via-libera-alla-realizzazione-di-dissalatori-e-
interventi-sulle-reti-idriche-nelle-isole-egadi. [Accessed 22 April 2025].

[45] European Union. Pact of islands website. 2021, URL https://www.islepact.eu/.
[46] European Commission. Covenant of mayors website. 2025, URL https://eu-

mayors.ec.europa.eu/en/home/.
[47] Curto Domenico, Franzitta Vincenzo, Guercio Andrea. Sea wave energy. A review 

of the current technologies and perspectives. Energies 2021;14(20). http://dx.doi.
org/10.3390/en14206604.
18 
[48] ISTAT. Le statistiche dell’ISTAT sull’acqua — anni 2018-2020. 2021, URL 
https://www.istat.it/comunicato-stampa/le-statistiche-dellistat-sullacqua-anni-
2018-2019-3/.

[49] Autoritá Nazionale Anticorruzione. Delibera numero 693 del 13 otto-
bre 2021. 2021, https://www.anticorruzione.it/-/delibera-numero-693-del-13-
ottobre-2021. [Accessed 22 April 2025].

[50] European Union Joint Research Centre (JRC). Photovoltaic geographical in-
formation system (PVGIS). 2025, URL https://re.jrc.ec.europa.eu/pvg_tools/
en/.

[51] Italian Revenue Agency. Italian revenue agency - cadastral services website. 
2025, URL https://www.agenziaentrate.gov.it/portale/it/web/guest/schede/
fabbricatiterreni/consultazione-cartografia-catastale/servizio-consultazione-
cartografia/.

[52] Bertini I, Cosentino V, Favuzza S, Graditi G, Ippolito MG, Massaro F, Riva Sansev-
erino E, Zizzo G. Studio di fattibilitá e progettazione preliminare di dimostratori 
di reti elettriche di distribuzione per la transizione verso reti attive. report 1 
– caratterizzazione delle reti attuali e analisi di possibili scenari di sviluppo. 
Technical report, ENEA; 2010.

[53] Italian Institute for Environmental Protection and Research (ISPRA). Italian sea 
waves network website. 2025, URL https://www.mareografico.it/.

[54] Instituto Nacional de Engenharia Tecnologia e Inovação (INETI). European wave 
energy atlas. 1997, URL https://cordis.europa.eu/article/id/8018-european-
wave-energy-map.

[55] GSE. Decreto CACER e TIAD – Regole operative per l’accesso al 
servizio per l’autoconsumo diffuso e al contributo PNRR. 2024, URL 
https://www.gse.it/documenti_site/Documenti%20GSE/Servizi%20per%20te/
AUTOCONSUMO/Gruppi%20di%20autoconsumatori%20e%20comunita%
20di%20energia%20rinnovabile/Regole%20e%20procedure/ALLEGATO%201%
20Regole%20Operative%20CACER.pdf.

[56] Terna. Conventional technical solutions for connection to the national transmis-
sion grid – report on the average costs of grid infrastructure. 2021, Available 
online: https://download.terna.it/terna/0000/0105/93.pdf. [Accessed 17 July 
2025].

[57] Tibaquirá Juan E, Hristovski Kiril D, Westerhoff Paul, Posner Jonathan D. 
Recovery and quality of water produced by commercial fuel cells. Int J 
Hydrog Energy 2011;36(6):4022–8. http://dx.doi.org/10.1016/j.ijhydene.2010.
12.072, 3rd International Workshop in Hydrogen Energy.

http://dx.doi.org/10.1016/j.apenergy.2018.02.016
http://dx.doi.org/10.1002/ese3.788
https://seafavignana.info/azienda/
https://seafavignana.info/azienda/
https://seafavignana.info/azienda/
http://dx.doi.org/10.1109/EEEIC/ICPSEurope51590.2021.9584779
https://www.comune.favignana.tp.it/
https://www.comune.favignana.tp.it/it/news/dal-15-giugno-al-30-settembre-stop-ai-veicoli-di-non-residenti-sull-isola-di-favignana
https://www.comune.favignana.tp.it/it/news/dal-15-giugno-al-30-settembre-stop-ai-veicoli-di-non-residenti-sull-isola-di-favignana
https://www.comune.favignana.tp.it/it/news/dal-15-giugno-al-30-settembre-stop-ai-veicoli-di-non-residenti-sull-isola-di-favignana
https://www.comune.favignana.tp.it/it/news/dal-15-giugno-al-30-settembre-stop-ai-veicoli-di-non-residenti-sull-isola-di-favignana
https://www.comune.favignana.tp.it/it/news/dal-15-giugno-al-30-settembre-stop-ai-veicoli-di-non-residenti-sull-isola-di-favignana
http://doc.rse-web.it/?tipo=documento&id=316137
http://doc.rse-web.it/?tipo=documento&id=316137
http://doc.rse-web.it/?tipo=documento&id=316137
https://www.comune.favignana.tp.it/it/news/135387/la-giunta-comunale-di-favignana-da-il-via-libera-alla-realizzazione-di-dissalatori-e-interventi-sulle-reti-idriche-nelle-isole-egadi
https://www.comune.favignana.tp.it/it/news/135387/la-giunta-comunale-di-favignana-da-il-via-libera-alla-realizzazione-di-dissalatori-e-interventi-sulle-reti-idriche-nelle-isole-egadi
https://www.comune.favignana.tp.it/it/news/135387/la-giunta-comunale-di-favignana-da-il-via-libera-alla-realizzazione-di-dissalatori-e-interventi-sulle-reti-idriche-nelle-isole-egadi
https://www.comune.favignana.tp.it/it/news/135387/la-giunta-comunale-di-favignana-da-il-via-libera-alla-realizzazione-di-dissalatori-e-interventi-sulle-reti-idriche-nelle-isole-egadi
https://www.comune.favignana.tp.it/it/news/135387/la-giunta-comunale-di-favignana-da-il-via-libera-alla-realizzazione-di-dissalatori-e-interventi-sulle-reti-idriche-nelle-isole-egadi
https://www.islepact.eu/
https://eu-mayors.ec.europa.eu/en/home/
https://eu-mayors.ec.europa.eu/en/home/
https://eu-mayors.ec.europa.eu/en/home/
http://dx.doi.org/10.3390/en14206604
http://dx.doi.org/10.3390/en14206604
http://dx.doi.org/10.3390/en14206604
https://www.istat.it/comunicato-stampa/le-statistiche-dellistat-sullacqua-anni-2018-2019-3/
https://www.istat.it/comunicato-stampa/le-statistiche-dellistat-sullacqua-anni-2018-2019-3/
https://www.istat.it/comunicato-stampa/le-statistiche-dellistat-sullacqua-anni-2018-2019-3/
https://www.anticorruzione.it/-/delibera-numero-693-del-13-ottobre-2021
https://www.anticorruzione.it/-/delibera-numero-693-del-13-ottobre-2021
https://www.anticorruzione.it/-/delibera-numero-693-del-13-ottobre-2021
https://re.jrc.ec.europa.eu/pvg_tools/en/
https://re.jrc.ec.europa.eu/pvg_tools/en/
https://re.jrc.ec.europa.eu/pvg_tools/en/
https://www.agenziaentrate.gov.it/portale/it/web/guest/schede/fabbricatiterreni/consultazione-cartografia-catastale/servizio-consultazione-cartografia/
https://www.agenziaentrate.gov.it/portale/it/web/guest/schede/fabbricatiterreni/consultazione-cartografia-catastale/servizio-consultazione-cartografia/
https://www.agenziaentrate.gov.it/portale/it/web/guest/schede/fabbricatiterreni/consultazione-cartografia-catastale/servizio-consultazione-cartografia/
https://www.agenziaentrate.gov.it/portale/it/web/guest/schede/fabbricatiterreni/consultazione-cartografia-catastale/servizio-consultazione-cartografia/
https://www.agenziaentrate.gov.it/portale/it/web/guest/schede/fabbricatiterreni/consultazione-cartografia-catastale/servizio-consultazione-cartografia/
http://refhub.elsevier.com/S0360-5442(26)00572-4/sb52
http://refhub.elsevier.com/S0360-5442(26)00572-4/sb52
http://refhub.elsevier.com/S0360-5442(26)00572-4/sb52
http://refhub.elsevier.com/S0360-5442(26)00572-4/sb52
http://refhub.elsevier.com/S0360-5442(26)00572-4/sb52
http://refhub.elsevier.com/S0360-5442(26)00572-4/sb52
http://refhub.elsevier.com/S0360-5442(26)00572-4/sb52
http://refhub.elsevier.com/S0360-5442(26)00572-4/sb52
http://refhub.elsevier.com/S0360-5442(26)00572-4/sb52
https://www.mareografico.it/
https://cordis.europa.eu/article/id/8018-european-wave-energy-map
https://cordis.europa.eu/article/id/8018-european-wave-energy-map
https://cordis.europa.eu/article/id/8018-european-wave-energy-map
https://www.gse.it/documenti_site/Documenti%2520GSE/Servizi%2520per%2520te/AUTOCONSUMO/Gruppi%2520di%2520autoconsumatori%2520e%2520comunita%2520di%2520energia%2520rinnovabile/Regole%2520e%2520procedure/ALLEGATO%25201%2520Regole%2520Operative%2520CACER.pdf
https://www.gse.it/documenti_site/Documenti%2520GSE/Servizi%2520per%2520te/AUTOCONSUMO/Gruppi%2520di%2520autoconsumatori%2520e%2520comunita%2520di%2520energia%2520rinnovabile/Regole%2520e%2520procedure/ALLEGATO%25201%2520Regole%2520Operative%2520CACER.pdf
https://www.gse.it/documenti_site/Documenti%2520GSE/Servizi%2520per%2520te/AUTOCONSUMO/Gruppi%2520di%2520autoconsumatori%2520e%2520comunita%2520di%2520energia%2520rinnovabile/Regole%2520e%2520procedure/ALLEGATO%25201%2520Regole%2520Operative%2520CACER.pdf
https://www.gse.it/documenti_site/Documenti%2520GSE/Servizi%2520per%2520te/AUTOCONSUMO/Gruppi%2520di%2520autoconsumatori%2520e%2520comunita%2520di%2520energia%2520rinnovabile/Regole%2520e%2520procedure/ALLEGATO%25201%2520Regole%2520Operative%2520CACER.pdf
https://www.gse.it/documenti_site/Documenti%2520GSE/Servizi%2520per%2520te/AUTOCONSUMO/Gruppi%2520di%2520autoconsumatori%2520e%2520comunita%2520di%2520energia%2520rinnovabile/Regole%2520e%2520procedure/ALLEGATO%25201%2520Regole%2520Operative%2520CACER.pdf
https://www.gse.it/documenti_site/Documenti%2520GSE/Servizi%2520per%2520te/AUTOCONSUMO/Gruppi%2520di%2520autoconsumatori%2520e%2520comunita%2520di%2520energia%2520rinnovabile/Regole%2520e%2520procedure/ALLEGATO%25201%2520Regole%2520Operative%2520CACER.pdf
https://www.gse.it/documenti_site/Documenti%2520GSE/Servizi%2520per%2520te/AUTOCONSUMO/Gruppi%2520di%2520autoconsumatori%2520e%2520comunita%2520di%2520energia%2520rinnovabile/Regole%2520e%2520procedure/ALLEGATO%25201%2520Regole%2520Operative%2520CACER.pdf
https://download.terna.it/terna/0000/0105/93.pdf
http://dx.doi.org/10.1016/j.ijhydene.2010.12.072
http://dx.doi.org/10.1016/j.ijhydene.2010.12.072
http://dx.doi.org/10.1016/j.ijhydene.2010.12.072

	Multi-carrier based optimization of renewable energy communities in small non-interconnected islands
	Introduction
	Motivation
	Literature review
	Research gaps and innovations

	Methodology
	Mathematical model description
	Objective functions
	Renewable energy production
	Photovoltaic system
	Solar thermal collector systems
	Sea wave energy converter systems

	Constraints
	Energy Sharing

	Uncertainty

	Case Study: Favignana Island
	Existing System Description
	Scenarios assessment
	Data collection
	Final loads
	Solar energy
	Sea wave energy


	Results
	Scenario 1
	Scenario 2
	Scenario 3
	Scenario 4
	Scenario 5
	Scenarios comparison
	Renewable Energy Community Contribution

	Grid stability analysis under optimal scenarios
	Discussion
	Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	Data availability
	References


