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Abstract—Small islands face significant challenges in achiev-
ing sustainable energy systems due to isolated grids and a
reliance on imported fossil fuels. The study investigates the
integration of renewable energy sources on small islands, using
Favignana in the Mediterranean Sea as a case study. This
research evaluates various scenarios for increasing renewables
penetration, focusing on solar and marine energies. Two main
scenarios are analyzed and compared with the current situation:
integration of renewables production up to the limit ensuring the
security of the power system and implementation of renewables
and energy storage systems.

The results show that while the installation of renewables
offers several benefits in terms of economic, energy and en-
vironmental aspects, the setting of an upper limit leads to
underutilization of renewables availability. Conversely, energy
storage systems significantly enhance renewables integration
but involve high initial investments and varied environmental
impacts depending on the technology. Policymakers are urged
to consider both economic and environmental factors to develop
effective strategies for small islands, ultimately reducing depen-
dence on fossil fuels and enhancing energy self-sufficiency.

Index Terms—carbon, photovoltaic, renewables, small islands,
wave

I. INTRODUCTION

Renewable Energy Sources (RES) are almost universally
recognised as a primary requirement to improve the energy
sustainability from an environmental point of view [1]. De-
spite the availability of commercial technologies and results
achieved around the world, in small islands the energy sector
continues to massively use traditional plants supplied from
fossil fuels [2]. Small islands are usually equipped with
standalone electrical grids, rarely connected to the mainland.

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 Decree No. 1561
of 11.10.2022 adopted by Ministero dell’Università e della Ricerca (MUR),
CUP B73C22001280006. Project funded under the National Recovery and
Resilience Plan (NRRP), Mission 4 Component 2 Investment 1.3 - Call for
tender No. 341 of 15.03.2022 of Ministero dell’Università e della Ricerca
(MUR); funded by the European Union – NextGenerationEU.

Furthermore, small islands normally import fossil fuels from
other countries, as in the case of Small Islands Developing
States (SIDS) or from the mainland, as in case of small
islands belonging to big countries. As consequence, the
current energy mix used in small islands is not sustainable
from an environmental and economic point of view, as the
high costs to produce electricity. In contrast, small islands are
often rich with renewable energy sources such as solar, wind,
and marine sources [3].

Small islands face unique challenges in achieving sus-
tainable energy systems due to their isolated grids and de-
pendence on imported fossil fuels. The integration of RES
can mitigate environmental impacts and reduce electricity
production costs. However, achieving high RES penetration is
limited by local regulations and technical constraints such as
landscape preservation and fluctuating energy demands due
to seasonal tourism.

In previous studies, the authors demonstrated that in many
small islands there are many environmental and technological
constraints that limit the introduction of a high share of RES
[4], [5]. From a technical perspective, many small islands are
affected by a strong fluctuation in the energy demand during
the year, because the population varies from a minimum in
winter to a maximum in summer due to the tourist arrivals
[6]. Avoiding the curtailment of RES production and the
installation of energy storage systems, the authors showed
that the maximal RES share could be close to 25%.

In order to improve the share of RES coverage, in this
manuscript the authors compared the following scenarios:

• Install RES plants up to the security limit of the power
system

• As alternative, install RES plants and energy storage
systems to allow larger RES penetration.

These scenarios were analysed from an environmental and
technical perspective, considering the Favignana island as
case study. This small island is located close to Sicily, in the
Mediterranean Sea. The following Fig. 1 shows the location
of the case study.

The paper proposes a renewable energy mix, adapted
to the case of the Aegadian Islands, considering the local



Fig. 1. Aegadian islands in the Mediterranean sea (Italy)

energy demand and from different energy sources: solar and
sea wave. The exploitation of solar source is entrusted to
commercial technologies (photovoltaic panels), while for the
use of the source of sea waves an innovative device cited by
the authors in other works was presented [4]. The approach
here presented can be easily adopted in order to analyse other
small islands, both in the same region and in other countries,
thanks to the several similarities that typically characterize
these territories.

II. LITERATURE REVIEW

Prior studies have highlighted the difficulties in adopting
RES in small islands. Ritschel and Esan (2015) discussed
renewable energy desalination in small islands, emphasizing
the importance of RES for sustainable development [1]. Liu
et al. (2017) conducted a feasibility analysis of powering the
Maldives with renewable energy, showcasing the potential but
also the challenges faced [2]. Curto et al. (2022) and Milone
et al. (2022) examined the economic and technical aspects of
optimizing renewable energy mixes in small islands, provid-
ing insights into the constraints and potential solutions [4],
[5]. In Crainz et al. [7], the authors investigate how opti-
mizing energy systems on the island of Pantelleria to reduce
reliance on diesel generators using a mixed integer linear
programming approach. The study assesses the economic and
environmental feasibility of integrating RES, energy storage
systems, but also the exploitation of the flexibility of local
desalination plants and domestic water heaters.

III. METHODOLOGY

The objective of this study is to assess and compare several
RES scenarios in a small island in terms of environmental
impact, economic feasibility, and technical practicality. The
analysis was performed by evaluating the potential energy
production from RES technology and comparing the renew-
able production with the island electrical load. This study
evaluates three scenarios to assess the sustainability of the
energy sector on the island of Favignana:

1) Zero Alternative: The hypothesis of not intervening,
maintaining the current energy production systems, was
analyzed in order to assess the current performance of
the island energy system.

2) RES Production: This scenario examines the introduc-
tion of RES up to the limit allowing to maintain grid
stability.

3) RES + Energy Storage Systems: The feasibility of
implementing energy storage systems to promote the
RES installation and avoid curtailment and stabilize the
grid.

A. Renewable energy production

In this section, the authors present the main equations used
to estimate the energy production from renewable sources
using climatic data.

In detail, due to the landscape preservation goal set by
national laws, the installation of wind turbines in small is-
lands is practically forbidden. Therefore, this technology was
disregarded in the present study. Conversely, the installation
of PhotoVoltaic (PV) panels and Wave Energy Converters
(WEC) was assessed.

1) Solar energy: To determine the solar energy produc-
tion, several public databases are available, including GIS
systems such as PVGIS [8] or the Global Solar Atlas [9].
These databases can provide local solar radiation as well as
the actual electricity production from a specific technology,
referring to a typical year.

Once the solar energy data are available, the surfaces
suitable for the installation of photovoltaic systems should
be calculated taking into account for the following aspects:

• The orientation and azimuth angles;
• Partial occupation of the roofs by other systems (solar

thermal, air handling units, chillers, etc.);
• Shading effects due to parapet walls and parapets;
• Shading effects due to other objects such as antennas,

tanks, etc.
2) Sea wave energy: To describe the exploitation of sea

wave energy, it is necessary to identify the suitable areas.
With specific reference to small islands, the surrounding
areas usually exhibit shallow waters. In these conditions, a
simplified equation for the calculation of the available energy
in shallow water is shown in Eq. 1 [10]:

P =
ρ g1.5
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s

√
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where P stands for the wave power per unit length of the
wave front [W/m], ρ is the seawater density (1025 kg/m3),
g is the gravity acceleration (9.81 m/s2), Hs indicates the
significant wave height, which is the average height of the
highest one-third of the waves (m). Lastly, dw indicates the
local average water depth (m).

The available wave power might be calculated based on
databases such as WERATLAS [11]. To obtain the power
extracted by the WEC device, the wave power from Eq. 1
should be multiplied by the length of the WEC device and
its conversion efficiency.

3) Energy Balance: In the context of studying energy
consumption and renewable production in small islands, the
first step involves identifying the hourly electrical load for
a typical year to be extrapolated based on historical data.



Subsequently, the hourly production potential of energy from
wave and solar sources should be compared to the load [12].

Since solar radiation and sea waves are intermittent RES,
an upper limit to their installation was imposed due to grid
instability issues. In detail, for the assessment of the second
scenario (RES production), the maximum coverage rate to be
identified in the renewable energy mix was set at a maximum
of 75% of the load [5]. Thus, the RES rated sizes were
identified ensuring that the maximum coverage rate over the
whole year did not overcame this limit, as in Eq. 2:

EWEC SWEC + EPV SPV ≤ 0.75 Eload (2)

where EWEC is the electricity production from 1 kWp of
WEC in a single timestep, EPV is the electricity production
from 1 kWp of PV system in a single timestep, Eload is
the electrical load in a single timestep, SWEC is the rated
size of the WEC and SPV is the rated size of PV system.
Eq. 2 was imposed for each hour of the year, obtaining the
combinations of rated sizes of technologies that allowed to
respect the inequality.

Regarding the third scenario (RES + storage), the intro-
duction of the storage system allowed a higher penetration of
renewables, keeping a 75% of the load as maximum coverage
rate and assuming that the extra production was sent into
the storage system. In detail, a maximum coverage rate of
100%, 125% and 150% was set, in the hypothesis of using
the Electrical Storage System (ESS) systems, as in Eq. 3:

{
EWECSWEC + EPV SPV − EESS,in ≤ 0.75Eload

EWECSWEC + EPV SPV ≤ KEload

(3)

where EESS,in is the electricity input to the storage system
and K is the maximum coverage rate with respect to the
renewable production (neglecting storage), set alternatively
equal to 100%, 125% and 150%. Eq. 3 was imposed for each
hour of the year, obtaining the combinations of rated sizes of
technologies that allowed to respect the inequalities.

To identify the optimal energy mix, parameters such as
investment and O&M costs, primary energy use, and carbon
emissions were considered. The optimization was performed
according to three objective functions over the technical life
of 20 years:

• total cost for final users, given by the sum of invest-
ments and O&M costs in RES, and operating costs for
the purchase of electricity not covered by RES from the
grid;

• primary energy saving, given by the product between
the annual renewable production and the primary emis-
sion factor related to the thermoelectric power plant of
the island, equal to 0.226 TOE/kWh [13];

• avoided emissions, given by the product between the
annual renewable production and the primary emission
factor related to the thermoelectric power plant of the
island, equal to 0.7 kg CO2/kWh [13].

IV. CASE STUDY: FAVIGNANA ISLAND

A. Description

Favignana, a small island close to Sicily, is part of the Ae-
gadian Islands archipelago, was identified as a case study for
this analysis. From an economic point of view, the Aegadian

Islands live on tourism, especially summer tourism, attracting
up to 102,000,000 visitors annually. Therefore, the island’s
energy demand fluctuates significantly due to tourism, posing
additional challenges for energy sustainability.

Like most of the small Italian islands, Favignana has an
autonomous electricity grid that is not connected to the main-
land. The activity of electricity production and distribution on
the island of Favignana has been entrusted to SEA S.p.A.
since the late 1970s, producing approximately 15,000,000
kWh annually [14]. The thermoelectric power plant consists
of seven diesel-fired engines and generators with an installed
capacity of 12 MW, located about one hundred meters from
the coast [14].

Renewable energy production in Favignana as well as in
the Aegadian Islands is very limited due to the Italian laws
oriented at preserving the landscape and natural resources.
In detail, only some photovoltaic systems are installed, with
a cumulated power of about 1500 kW [15]. To increase the
energy sustainability of the archipelago, the Mayors of the
Aegadian Islands have signed specific agreements, such as
the Pact of the Islands [16] and the Covenant of Mayors
[17]. These actions are encouraged by the European Union
with the aim of increasing energy efficiency in small islands,
reducing energy dependence on fossil fuels and consequently
CO2 emissions.

The theme of energy production from renewable sources
on the island of Favignana clashes with the reality of an
area subject to environmental and landscape constraints due
to the peculiarity of the territory [18]. In order to identify
suitable areas for the installation of RES, the urban center of
the island, located in the center-north area, was identified by
the authors for the installation of photovoltaic panels. Within
this area there are the port and the Florio tuna fishery, as well
as other local historical buildings dating back to the end of
the 19th century, which were excluded from the calculation
relating to the location of the areas suitable for the positioning
of photovoltaic systems. Regarding the installation of WEC, it
is known that all the islands are affected by the phenomenon
of seabed erosion, which is why the municipality and the
competent authorities are working through working groups
to also address the issues relating to other important sites
affected by erosion. To face this issue, the WEC devices were
supposed to be installed offshore to ensure the protection of
the coast. Fig. 2 shows a satellite view of the island, with
the yellow area indicating the urban center subject to the
installation of photovoltaic panels, red lines indicating the
coasts subject to seabed erosion risk and blue line enclosing
the area for the installation of WECs.

B. Data collection

The study uses data on energy consumption patterns, re-
newable energy potential and existing infrastructure to model
and compare the three scenarios.

The hourly electrical load in the standard year was evalu-
ated using the actual load data every 15 minutes in the years
2017-2019 provided by the local electrical company, SEA
S.p.A. Since the load data were gathered from the substations
installed in the island, these values take into account for the
load already covered by the existing PV plants.

The hourly PV production in the standard year was eval-
uated using the PVGIS database, with reference to a 1 kWp
monocrystalline silicon technology with 35 deg slope angle,



Fig. 2. Favignana island satellite view with indication of RES installation
sites

0 degree azimuth angle and 14% losses rate. The available
surface for installation of PV systems was estimated using
a GIS software and data on buildings available from the
database of Italian Revenue Agency [19], obtaining a value
equal to 394,148 m2 for the whole island and 162,727 m2

for the urban area. The latter value was reduced to take into
account for partial occupation of the roofs by other systems
or shading effects according to the methodology illustrated
in [20], obtaining a value of 73,227 m2 available for PV
installation, equivalent to about 14.65 MW.

The hourly WEC production in the standard year was
evaluated using Eq. 1 with significant wave height and local
average water depth gathered from the Italian Sea Waves
Network database [21], assuming a converter with 15%
efficiency.

Data were entered into an MS Excel file to determine the
optimal size of the plants needed to meet up to the 75%
of the hourly energy demand. For both scenarios 2 and 3,
a sensitivity analysis was performed using the Goal Seek
function, while the optimization was performed using Excel’s
Solver. This analysis established the optimal size of PV and
WEC systems, balancing production with energy demand.

The main parameters used for the case studies are recapped
in Table I.

TABLE I
PARAMETERS USED FOR THE CASE STUDIES

Quantity Unit Value
Carbon emissions factor kg CO2/kWh 0.7 [13]
Primary energy factor TOE/kWh 0.226 [13]

Investment cost for PV C/kWp 923.75
Investment cost for WEC C/kWp 4070
Investment cost for ESS C/kWh 348.7

O&M cost for PV C/kWp/y 18.5
O&M cost for WEC C/kWp/y 122.1
O&M cost for ESS C/kWh/y 17.4

Electricity purchase cost C/kWh 0.32
Investment duration years 20

V. RESULTS

A. Scenario 1: Zero alternative

In the current scenario, the island electrical load, equal to
12.408 MWh, is fully covered by the thermoelectric power
plant. According to economic, energy, and environmental
data provided by the Municipality of Favignana and the
Italian National Energy Authority, final users currently face
an annual expense equal to 3971 kC/year for the electricity
supply, assuming an average bill cost of 0.32 C/kWh. The
electricity production causes the consumption of 2804 kTOE
of primary energy and the emission of 8687 tons of CO2.

B. Scenario 2: RES Production

Allowing the installation of RES up to the power system
security limit of 75% of the final load allows an important
improvement in the performance of the island’s power sys-
tem. For this scenario, the installation of PV only and WEC
only was first assessed, obtaining that the island might host
up to 725.53 kWp of PV or 101.3 kWp of WEC. These values
where further investigated with a parametric analysis, setting
the WEC size to predetermined values and evaluating the PV
size allowing to meet the power system security limit.

Furthermore, three optimization analyses were performed,
using the rated sized of both technologies as decision vari-
ables.

Results are recapped in Table II, showing the rated size of
the technologies [kWp], their energy production [MWh/year],
the annual average renewable energy coverage of the total
load [%], the avoided carbon emissions [ton CO2/year] and
the primary energy saving [kTOE/year] for replacing diesel
generators with RES, investment costs [kC], and the annual
economic saving [kC/year]. There is a single column with
optimal solution since this combination of rated sizes is the
optimal solution according to the three criteria assessed in
this study.

TABLE II
MAIN RESULTS FOR THE SCENARIO 2

Quantity Values
WEC rated size 0 23.9a 25 50 75 101.3
PV rated size 725.5 677.2 672.6 573.8 474.9 371.0

RES production 1153 1201 1200 1173 1146 1118
Annual coverage rate 9.30% 9.68% 9.67% 9.45% 9.24% 9.01%

Avoided emissions 807 841 840 821 802 783
Primary energy saving 261 271 271 265 259 253

Investment cost 670 723 723 734 744 755
Costs saving 356 369 368 359 349 339

aOptimal solution.

C. Scenario 3: Energy Storage Systems

The introduction of energy storage can significantly im-
prove the installation of RES, overcoming the power system
security limit.

As previously illustrated for the Scenario 2, a paramet-
ric analysis was performed setting the WEC rated size to
predetermined values and evaluating the PV size allowing
to meet the power system security limit. This parametric
analysis was performed for three different values of maximum
allowed ratio between the renewable production and the
electrical load, equal to 100%, 125%, and 150%, respectively.
It is worth to underline that, in each case, the renewable
electricity production exceeding the 75% is sent to the storage



system and then injected to the grid when the renewable
production is lower. In this way, for every hour of the year,
the 75% limit can be satisfied for longer periods, since the
storage system behaves as a load during the hours with RES
overproduction and as a generator during the hours with RES
underproduction.

Furthermore, three optimization analyses were performed,
using the rated sized of RES technologies and storage system
as decision variables.

Results are recapped in Table III, Table IV, and Table V
with reference to maximum coverage rate equal to 100%,
125%, and 150%, respectively. There is a single column
with optimal solution for each Table for the same reasons
illustrated for Scenario 2.

TABLE III
MAIN RESULTS FOR THE SCENARIO 3 WITH MAXIMUM COVERAGE

RATE = 100%

Quantity Values
WEC rated size 25 32a 50 75 100 125
PV rated size 917 903 831 732 633 534
ESS rated size 588 587 465 323 395 600

RES production 1588 1601 1582 1555 1528 1502
Annual coverage rate 12.8% 12.9% 12.8% 12.5% 12.3% 12.1%

Avoided emissions 1111 1121 1107 1089 1070 1051
Primary energy saving 359 362 357 351 345 339

Investment cost 1154 1168 1133 1094 1130 1212
Costs saving 478 482 477 469 458 445

aOptimal solution.

TABLE IV
MAIN RESULTS FOR THE SCENARIO 3 WITH MAXIMUM COVERAGE

RATE = 125%

Quantity Values
WEC rated size 25 39.8a 50 75 100 125
PV rated size 1159 1129 1088 989 890 792
ESS rated size 1504 1506 1447 1372 1298 1656

RES production 1972 2002 1991 1964 1937 1910
Annual coverage rate 15.9% 16.1% 16% 15.8% 15.6% 15.4%

Avoided emissions 1381 1401 1394 1375 1356 1337
Primary energy saving 446 452 450 444 438 432

Investment cost 1696 1730 1713 1697 1682 1817
Costs saving 580 589 586 577 569 553

aOptimal solution.

TABLE V
MAIN RESULTS FOR THE SCENARIO 3 WITH MAXIMUM COVERAGE

RATE = 150%

Quantity Values
WEC rated size 25 47.7a 50 75 100 125
PV rated size 1400 1354 1345 1246 1148 1049
ESS rated size 2580 2731 2724 2650 2577 2712

RES production 2357 2402 2399 2373 2346 2319
Annual coverage rate 19% 19.4% 19.3% 19.1% 18.9% 18.7%

Avoided emissions 1650 1681 1680 1661 1642 1624
Primary energy saving 533 543 542 536 530 524

Investment cost 2295 2397 2396 2381 2366 2423
Costs saving 680 690 689 681 672 660

aOptimal solution.

VI. CONCLUSION

In this study, a sizing method to introduce RES in small
islands was proposed and implemented, considering a mature
technology as PV and a developing technology as WEC.

The main evidence is that the introduction of these tech-
nologies as a replacement of diesel generator helps in re-
ducing costs, carbon emissions and primary energy use,
obtaiing that the optimal solution is the same for these
three criteria. The study highlights the need for a balanced
approach to increasing RES integration in small islands. The
results obtained highlight how the combined use of renewable
sources and storage technologies can significantly improve
energy self-sufficiency of small islands, reaching coverage
rates between 9.0% and 19.4%. Similar rates can be obtained
for avoided emissions and primary energy saving.

RES can thus help in reducing dependence on fossil fuels
and improving environmental sustainability of small islands
to a large extent. Combining energy storage with intermittent
renewables can offer a pathway to greater sustainability. Pol-
icymakers must consider both economic and environmental
factors to develop effective energy strategies for small islands.

Future work will be performed repeating similar analyses
for other small islands over the world, in order to compare
the results. Furthermore, a proper grid stability analysis will
be executed for the island. Last, the optimal localization of
the RES and ESS technologies in the island will be studied.
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