
 
 
General rights 
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright 
owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights. 
 

 Users may download and print one copy of any publication from the public portal for the purpose of private study or research. 

 You may not further distribute the material or use it for any profit-making activity or commercial gain 

 You may freely distribute the URL identifying the publication in the public portal 
 
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately 
and investigate your claim. 
  
 

   

 

 

Downloaded from orbit.dtu.dk on: Apr 10, 2024

A Review of the Energy Storage Systems of Non-Interconnected European Islands

Fotopoulou, Maria; Pediaditis, Panagiotis; Skopetou, Niki; Rakopoulos, Dimitrios; Christopoulos,
Sotirios; Kartalidis, Avraam

Published in:
Sustainability (Switzerland)

Link to article, DOI:
10.3390/su16041572

Publication date:
2024

Document Version
Publisher's PDF, also known as Version of record

Link back to DTU Orbit

Citation (APA):
Fotopoulou, M., Pediaditis, P., Skopetou, N., Rakopoulos, D., Christopoulos, S., & Kartalidis, A. (2024). A
Review of the Energy Storage Systems of Non-Interconnected European Islands. Sustainability (Switzerland),
16(4), Article 1572. https://doi.org/10.3390/su16041572

https://doi.org/10.3390/su16041572
https://orbit.dtu.dk/en/publications/75378631-1381-4e1d-a5d8-3ff0715c73d7
https://doi.org/10.3390/su16041572


Citation: Fotopoulou, M.; Pediaditis,

P.; Skopetou, N.; Rakopoulos, D.;

Christopoulos, S.; Kartalidis, A. A

Review of the Energy Storage Systems

of Non-Interconnected European

Islands. Sustainability 2024, 16, 1572.

https://doi.org/10.3390/su16041572

Academic Editors: Oscar Barambones,

Patxi Alkorta and José

Antonio Cortajarena

Received: 17 December 2023

Revised: 23 January 2024

Accepted: 31 January 2024

Published: 13 February 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

sustainability

Review

A Review of the Energy Storage Systems of Non-Interconnected
European Islands
Maria Fotopoulou 1 , Panagiotis Pediaditis 2 , Niki Skopetou 1, Dimitrios Rakopoulos 1,* ,
Sotirios Christopoulos 3 and Avraam Kartalidis 1

1 Chemical Process and Energy Resources Institute (CPERI), Centre for Research and Technology
Hellas (CERTH), 52 Egialias Str., GR-15125 Athens, Greece; fotopoulou@certh.gr (M.F.);
kartalidis@certh.gr (A.K.)

2 Department of Wind and Energy Systems, Technical University of Denmark (DTU), Frederiksborgvej 399,
4000 Roskilde, Denmark; panp@dtu.dk

3 Hellenic Electricity Distribution Network Operator (HEDNO), Kallirrois 5 Str., GR-11743 Athens, Greece;
s.christopoulos@deddie.gr

* Correspondence: rakopoulos@certh.gr

Abstract: The ongoing energy transition has caused a paradigm shift in the architecture of power
systems, increasing their sustainability with the installation of renewable energy sources (RES). In
most cases, the efficient utilization of renewable energy requires the employment of energy storage
systems (ESSs), such as batteries and hydro-pumped storage systems. The need for ESS becomes more
apparent when it comes to non-interconnected power systems, where the incorporation of stochastic
renewables, such as photovoltaics (PV) systems, may more frequently reduce certain power quality
indicators or lead to curtailments. The purpose of this review paper is to present the predominant
core technologies related to ESSs, along with their technical and life cycle analysis and the range of
ancillary services that they can provide to non-interconnected power systems. Also, it aims to provide
a detailed description of existing installations, or combinations of installations, in non-interconnected
European islands. Therefore, it provides an overview and maps the current status of storage solutions
that enhance the sustainable environmentally friendly operation of autonomous systems.

Keywords: energy storage systems; non-interconnected islands; ancillary services; sustainability;
hydro-pumped storage; batteries; renewable energy sources

1. Introduction

The need for sustainable development affects all energy sectors, including the power
systems. For example, the European Union aims to have at least 42.5% renewable energy
sources (RES) in its overall energy mix by 2030 [1] and the United States plan to eliminate
fossil fuels as a form of energy generation by 2035 [2]. Consequently, it becomes evident
that research and development is focused on the deployment of RES, which shall gradually
replace a large proportion of fossil fuel-based conventional generators. The most widely
adopted RES are photovoltaic (PV) systems and wind farms (WFs), due to the solar or wind
potential of certain regions, respectively [3]. Nevertheless, these solutions have inherent
stochasticity, which may inhibit their market penetration. For example, their intermittent
production renders them unable to serve the load at all times, unlike conventional genera-
tors, and can also cause unexpected congestion to the power system, which might even
lead to curtailments of renewable production. Moreover, the large scale implementation
of RES often challenges the power quality and stability of the power system, including
issues related to the frequency, harmonics, voltage regulation, etc. Additionally, they can-
not directly replace the fossil fuel-based production because they do not have black start
capabilities (i.e., they usually operate in grid following, instead of grid forming mode) in
case a blackout occurs [4,5].
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All of these challenges are magnified when the power system is weak, as in the case of
non-interconnected islands [6], the control of which is proven to be challenging, especially
for a diverse energy mix [7]. This term covers the islands that operate either completely
autonomously or interconnected with other islands, as long as there is no connection to the
power system of the mainland. Of course, over the past few decades, many islands were
connected to the mainland for the purpose of local network enhancement and operating
cost minimization [8]. However, there are islands that are so remote that the connection
to the mainland would not be an efficient solution, either in terms of cost or energy. In
such cases, the predominant solution is the installation of energy storage systems (ESSs),
which may mitigate the mismatch between RES production and demand and also provide
services to the power system aiming to moderate certain of the aforementioned technical
issues [9].

Electrochemical batteries are the most well-known ESSs; yet, depending on the scale
and the needs of the island other solutions might apply, such as hydro-pumped storage
systems, flywheels, fuel cells, or even combinations of storage technologies [10,11]. For
example, Rious and Perez [12] review certain ESSs, primarily batteries, flywheels and
supercapacitors, in terms of energy density, efficiency, lifetime, etc., and derive suggestions
for the ESSs that could be installed on various islands in order to enhance the operation
of their power systems. Also, Habib et al. [13] compare the utilization of lead-acid batter-
ies, lithium-ion batteries, flywheels and supercapacitors for contingencies in microgrids.
Papadakis et al. [14] analyze the benefits of hydro-pumped storage systems in particular,
review possible architectures and present installations in various countries such as China,
Switzerland and Iran, in general, without focusing on non-interconnected islands. Sanchez
et al. [15] review the batteries that have been installed on the islands of Galapagos, Fernando
de Noronha, and Principe. Groppi et al. [16] review the ESSs and demand side management
solutions applied in various smart energy islands. Finally, in a more specialized approach,
Navalpotro et al. [17] review various sustainable materials for non-interconnected battery
applications in depth while Nitta et al. [18] review the state of the art of lithium-ion batteries
in particular, focusing on the chemical specifications.

The aim of this paper is to review the current ESS technologies, focusing on the ones
installed in non-interconnected European islands, thus mapping the contemporary status
and providing an overview of the trends in storage systems. Therefore, it expands the
purpose of [12–18]. To this end, it presents the theoretical analysis, design, operation, ad-
vantages and disadvantages of all main ESS technologies, including their technical and life
cycle properties, and also highlights the ancillary services that they can provide, especially
to a non-interconnected island’s system, such as black start and voltage regulation. Having
examined the background of all main solutions, the main contribution of this research is the
detailed presentation and discussion of the major ESSs that have been installed in European
non-interconnected islands, including nominal values and system descriptions, as well as
certain major plans and projects for future installations.

2. ESS Technologies

The main ESS technologies can be classified as: (i) electrochemical, including batteries,
vehicle-to-grid (V2G), supercapacitors and fuel cells, (ii) mechanical, including hydro-
pumped storage systems, flywheels and compressed air, and (iii) thermal, also presented in
Figure 1 [19].

2.1. Electrochemical ESSs

Batteries constitute a popular choice in a variety of applications, from gadgets, e.g.,
smartphones and laptops, up to islands. When it comes to large scale applications, the
batteries can be lead-acid, lithium-ion, nickel-cadmium or sodium-sulfur [12,20]. The main
properties of each battery type are presented in Table 1.
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Lead-acid batteries are the most mature technology, the first of them being developed
in 1860, with large installations (of several MW) since the middle of the 20th century.
Their technological maturity is also reflected in their low cost. Nevertheless, lead-acid
batteries have low energy density, i.e., 30–50 Wh/kg, relatively low round-trip efficiency,
around 80%, and a shorter lifespan than their counterparts. In terms of sustainability, even
though all batteries are considered to have a negative impact on the environment, the
environmental and health impact of lead-acid batteries is still relatively higher than most
of their counterparts because of the lead [21]. On the other hand, lithium-ion batteries were
developed about a century later, in 1970, and may have a higher cost but they also have the
highest energy and power density, up to 300 Wh/kg and 300 W/kg, respectively. Moreover,
they have the highest roundtrip efficiency, exceeding 90%, as well as the highest lifespan,
e.g., 5000 cycles. Other choices are the nickel-cadmium and sodium-sulfur batteries, the
first of which were developed close to the lead-acid batteries, in 1899, while the latter were
developed close to the lithium-ion batteries, in 1966, and therefore, share many of the
respective properties. For example, nickel-cadmium batteries have slightly more advanced
technical properties than lead-acid batteries, especially in terms of energy density, i.e.,
45–80 Wh/kg, and lifespan, about 2000 cycles, and they also have a negative environmental
and health impact owing to the presence of cadmium. Sodium-sulfur batteries have similar
technical properties with lithium-ion batteries (but not as advanced) and are not as vastly
implemented. Finally, a worth mentioning type of batteries is the flow battery, which is a
cross between a conventional battery and a fuel cell. Vanadium redox flow batteries are
one of the most mature flow battery technologies. Their energy density is considered to be
lower than 30 Wh/kg and their round-trip efficiency is lower than 80%. On the other hand,
their lifespan may reach up to 20,000 cycles. However, since they have not been extensively
tested commercially, their performance has yet to be established [22].

The batteries of electric vehicles (EVs) are considered to be a modern, yet supplemen-
tary in most cases, type of storage [23]. More specifically, contemporary research related to
the flexibility of distribution networks and microgrids proposes to schedule the charging of
EVs according to the needs of the system operator and, in some cases, to use the collective
capacity of EVs in a certain charging station as a storage system. This is also known as
V2G mode and presupposes that the energy discharged from the EVs will be compensated,
both in terms of energy and cost. Relevant research can be found in [24,25]. However, it is
evident that such a method includes inherent uncertainties, since the time of arrival, time
of departure and state of charge (SoC) of the EVs cannot be fixed. Furthermore, such an
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initiative would require infrastructures, social awareness, and an aggregator to act as a
mediator between the system operator and the EV owners.

Similar to the batteries, supercapacitors constitute a type of electrochemical ESS [26,27].
More specifically, they comprise two electrodes divided by a membrane separator soaked
into an electrolyte. Their design allows them to respond extremely fast to the load, with
a high power density, up to 10,000–100,000 W/kg, but low energy density, meaning that
they are mostly suitable for pulse rather than continuous energy delivery, which renders
them a usual supplement to batteries. Another advantage is their lifespan, which is equal
to 100,000–1,000,000 cycles. Finally, supercapacitors can be classified as double layer
capacitors, pseudocapacitors and hybrid and their application fields include microgrids,
traction and ships.

The list of main electrochemical ESSs is completed with the fuel cells [28–30]. A fuel cell
converts the chemical energy of a fuel, usually hydrogen, and an oxidizing agent, usually
oxygen, into electricity through redox reactions and can produce electricity seamlessly for
as long as fuel and oxygen are supplied. If the fuel can be produced on demand (e.g., from
an electrolyzer) and can be stored, then the combined fuel cell system can be considered an
energy storage system. Even though the first fuel cells were invented in 1838, they are not
widely adopted by the market. Their main drawback is considered to be their efficiency,
which is lower than 50%.

Table 1. Comparison between battery types [12,20,22].

Battery Type
Energy
Density
(Wh/kg)

Power
Density
(W/kg)

Round-Trip
Efficiency
(%)

Response
(Compared to
Other Batteries)

Cost Maturity Environmental
Impact

Lifespan
(Cycles)

Lifespan
(Years)

Lead-acid 30–50 150 Around 80% Slow Low High, since
1860 High 1000–1500 5–15

Lithium-ion Up to 300 Up to 300 >90% Fast High Medium,
since 1970 Medium 5000 Up to 20

Nickel-
cadmium 45–80 150 Around 80% Medium Medium High, since

1899 High 2000 10–20

Sodium-sulfur 150 150 80–90% Medium-Fast High Medium,
since 1966 Medium 1500–4500 10–15

2.2. Mechanical ESSs

Regarding mechanical ESSs, the most widely adopted technology is the hydro-pumped
storage [31,32]. The main concept includes two water reservoirs, either natural or man-
made, located at different heights. In order for the system to be discharged, water is released
from the upper reservoir, flowing towards the lower reservoir, through a hydroturbine. In
most cases, the hydropower plants comprise Pelton, Kaplan or Francis turbines. On the
other hand, in order for the system to be charged, water flows from the lower reservoir to
the upper reservoir with the use of pumps, usually powered by RES such as WFs. Hydro-
pumped storage systems constitute a mature technology, as the first one was built in 1907
in Switzerland and several others were built in the second half of the 20th century. Their
main advantages are their nominal power, which ranges from several MW up to GW and
their lifespan, e.g., up to 100 years. However, their energy density is low, up to 1.5 Wh/kg
and their response time is very slow, ranging from seconds up to minutes. These technical
properties render hydro-pumped storage suitable for large scale, robust, main storage
system solutions, able to support the operation of a power system that feeds thousands of
people, yet, for rapid phenomena they could be combined with other kinds of ESSs.

Another mechanical ESS with faster response time, suitable for short-term energy
storage, is the flywheel [33,34]. A flywheel comprises a large wheel, usually made from
steel, on an axle fitted with frictionless bearings. As a result of its rotation, the flywheel
stores kinetic energy and the faster it rotates, the more energy it stores. This design
has a fast response time (almost as fast as a supercapacitor), high power density, e.g.,
100–2000 W/kg, low overall cost and no negative environmental impact. Installations
of flywheels in power networks usually range from 10 kW up to 250 kW. Regarding the
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drawbacks, they have a high self-discharge rate and low energy density, i.e., 5–80 Wh/kg.
Nevertheless, over the past years flywheels made of advanced, composite materials, leading
to increased energy density, have been developed.

Compressed air energy storage (CAES) constitutes an alternative mechanical
ESS [21,22]. The main architecture includes a compressor, an underground cavern, and a
turbine. When in charging mode, the surplus energy from the power system is utilized
in order to compress the air into the underground cavern. On the other hand, when the
system needs to be discharged, the compressed air is heated and expanded through the
turbine. Typically, the pressure of the cavern is maintained between 40 and 80 bar. In
many cases, the cavern is an old underground salt reservoir or a depleted gas field, in
order to avoid the extra cost from the construction of a man-made cavern. The existing
installations have a wide range of 1–300 MW. The technical properties of CAES are close
to the properties of hydro-pumped storage systems. For example, they are both related to
large scale applications and have slow response time (up to minutes), which is a typical
trade-off for large ESSs. Furthermore, CAES systems have energy density higher than
that of hydro-pumped storage systems and close to the one of lead-acid batteries, e.g.,
30–60 Wh/kg. On the other hand, they have a low round-trip efficiency, up to 70%, and a
shorter lifetime, up to 40 years.

2.3. Thermal ESSs

Finally, there are the thermal energy storage (TES) systems [35], which constitute a
mature, well established technology, with applications from building level up to district
heating, often associated with solar power plants, and a strong participation in flexibility
markets, e.g., demand response strategies in energy communities. Also, in many cases,
they are coupled with the power system but their stored energy is used for heating, e.g.,
domestic hot water and space heating. Overall, TES systems have minimum environmental
impact but a significant drawback is their low round-trip efficiency, usually around 50%.

TES can be classified as low temperature and high temperature. In more detail, exam-
ples of low temperature TES systems are the aquiferous low temperature storage and the
cryogenic energy storage [36]. In the case of aquiferous low temperature storage, water is
cooled/iced during off-peak hours and used later, during peak time, to meet the cooling
needs of the consumers. The amount of stored energy depends on the temperature differ-
ence between the water stored in the tank and the return water from the heat exchanger.
This solution is considered to be particularly suitable for the peak shaving of commercial
and industrial cooling loads. On the other hand, cryogenic energy storage employs the
expansion ratio of low temperature liquids, usually liquid air or liquid nitrogen, to store
energy. Particularly, liquid air is attracting attention due to the high expansion ratio from
the liquid state to the gaseous state. The technology is primarily used for the large-scale
storage of electrical energy.

Examples of sensible high temperature TES systems include water tanks, which is one
of the least expensive, most commonly used options, molten salt or even hot rocks and
concrete [37]. The capacity of a sensible heat storage system depends upon the specific
heat and mass of the storage medium and a common drawback is the space requirements.
Furthermore, regarding latent high temperature TES, the most popular option is phase
change materials (PCM). PCMs are materials selected to have a phase change (usually solid
to liquid) and can be divided into organic, inorganic and eutectic. Their latent heat in a
phase change is considered to offer the potential for higher energy storage density than
that of non phase change high temperature materials.

2.4. Comparison between ESS Technologies

The comparison of the technical and life cycle properties between all ESS technologies
is presented in Tables 2 and 3, respectively. The large-scale ESSs are the hydro-pumped
storage systems, followed by CAES systems, batteries and TES. In most of these cases, the
response time is slow, up to minutes, which might be considered as a drawback. Yet, it
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should be highlighted that the batteries, even though they cannot be as large as the hydro-
pumped storage systems, have a relatively fast response time and their energy density
is considerably high, up to 300 Wh/kg. On the other hand, the highest power density,
up to 10,000–100,000 W/kg, as well as fastest response time out of all ESS technologies
is that of the supercapacitor. However, supercapacitors have substantially low energy
density, lower than 15 Wh/kg, and the installed power would be more suitable for small-
scale applications, as it usually does not exceed a few hundred kW. The flywheel is also
characterized by very fast response time, high power density and an advantageous life
cycle analysis but, like the supercapacitor, has low energy density and even though it could
cover the needs of a small-scale application, it would be insufficient on its own for larger
scale applications, e.g., an island. It becomes apparent that there is no single, holistically
optimal ESS and it is up to the system operator to decide upon the ESS (or combination of
ESSs) to be deployed, considering the needs of the electrical system, such as size, demand,
available resources, etc.

Table 2. Technical characteristics of ESS technologies [12,13,19,20,22,26,35].

ESS Type Energy Density
(Wh/kg)

Power Density
(W/kg) Nominal Power Round-Trip

Efficiency (%) Response

Electrochemical energy storage

Battery, [12,20] 30–300 150–300 Up to several MW 80–90% Medium-Fast

V2G (1 EV), [23] 200–300 200–300 <10 kW, e.g., 7 kW
for [23] >90% Medium-Fast

Supercapacitor, [13,26] <15 Up to 10,000–100,000 10–300 kW >90% Very fast

Fuel cell, [28] 100–1000 10–1000 Up to several MW,
even 50 or 80 MW 30–50% Slow

Mechanical energy storage

Hydro-pumped storage, [31] 0.5–1.5 N/A MW–GW 70–87% Slow, from seconds to
minutes

Flywheel, [33] 5–80 100–2000 10–250 kW 90% Very fast

Compressed air, [21,22] 30–60 N/A 1–300 MW 65–70% Slow, from seconds to
minutes

Thermal energy storage

Low temperature TES, [35,36] 100–200 N/A Up to several MW 30–50% Slow
High temperature TES,
[35,36] 80–200 N/A Up to several MW Up to 80%,

depending Slow

Table 3. Life cycle analysis of ESS technologies [12,13,19,20,22,26,35].

ESS Type Cost (per kW) Environmental Impact Lifespan (Cycles) Lifespan (Years)

Electrochemical energy storage

Battery, [12,20] Medium-High Medium-High, especially
for lead/cadmium 1000–5000 Up to 20

V2G (1 EV), [23] High Medium >1000 Depending on EV use
Supercapacitor, [13,26] Low Low 100,000–1,000,000 Up to 30
Fuel cell, [28] High Low 1000–10,000 Up to 15

Mechanical energy storage

Hydro-pumped storage, [31] High Medium, if the reservoirs
are man-made Practically unlimited Might last up to 100

Flywheel, [33] Low None >20,000 Up to 20
Compressed air, [21,22] Medium-High Medium 10,000 20–40

Thermal energy storage

Low temperature TES, [35,36] Low-Medium, depending on
the application/technology None-Low N/A Up to 40

High temperature TES, [35,36] Low-Medium, depending on
the application/technology None-Low N/A Up to 15
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2.5. Integration of ESSs in the Power Network

The main scheme describing the integration of ESS technologies in power systems
is presented in Figure 2 [38]. The ESS is usually connected to the distribution network
through a bidirectional converter, based on power electronics, and it can be charged or
discharged according to the system’s needs. Usually, it is more efficient to have a direct
current (DC) connection in order to reduce the conversion losses.
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The state of charge, SOC, at each time-step, t, is calculated using (1), where Pch
t is the

power charged to the ESS at time-step t, Pdch
t is the power discharged from the system at

time-step t, ∆t is the duration of the time-step, η is the efficiency of the ESS and Enom is
its nominal energy. Of course, an ESS cannot be charged and discharged simultaneously.
Therefore, ESS-related models include binary variables, i.e., udch

t and uch
t , which indicate if

the ESS is being charged or discharged, respectively. The power balance of the system is
presented in (2) where the ESS is added to the formula as either a source or a load, multiplied
with the respective binary variables. The energy mix is completed with the production
of the generators, Pg

t , and the RES production, PRES
t , while Lt is the load at time-step t.

As a consequence, mixed integer linear programming (MILP) or mixed integer non-linear
programming (MINLP) optimization problems are formulated. Optimized power flow
analysis using the aforementioned formulas as a basis can be found in [25,39,40] where the
ESS are lithium-ion batteries, EVs and supercapacitors, respectively.

SOCt+1 = SOCt +
Pch

t ∆t
Enom

η − Pdch
t ∆t

Enomη
(1)

Pg
t + PRES

t + Pdch
t udch

t − Pch
t uch

t = Lt (2)

3. Ancillary Services of ESS in Non-Interconnected European Islands

ESSs can provide important ancillary services to power systems, leveraging their
unique capabilities to enhance grid stability, reliability, and efficiency. The increased
importance of ancillary services provided by ESSs is evident through several research
projects which focus on their utilization. For example, there are two Horizon 2020 projects,
IANOS and TIGON, where: (i) storage systems, such as flywheels, are deployed in order to
provide fast frequency response and (ii) lithium-ion and lead-acid batteries are utilized for
black start after emergencies that cause blackouts, respectively [41,42].

The advantages of ESSs become, arguably, more useful in non-interconnected systems
such as geographical islands [43]. Although non-interconnected systems are small scale
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power systems, common issues tend to be more critical due to their diminished shock and
risk diffusion capabilities [44]. Therefore, ESS-based ancillary services are valued higher in
non-interconnected islands, rendering their installations more lucrative.

A common taxonomy of ancillary services is frequency and non-frequency related [45]
or at system and local level [46]. In the context of this analysis the ancillary services are
sorted as: (i) frequency-related services which are relevant for the entire system of the
non-interconnected island, (ii) non-frequency related services which deal with problems
restricted to single nodes (local level) and (iii) other services that may or may not be related
to frequency and/or system level problems.

3.1. Frequency-Related Services at System Level

ESSs can respond rapidly to changes in grid frequency by injecting or absorbing power
in accordance with the demand [47]. Specifically, when an over-frequency occurs, these
systems swiftly absorb surplus power, whereas during under-frequency periods, they
promptly deliver power to the grid (P(f) droop control) [48]. In scenarios where small
islanded power systems rely heavily on inverter-interfaced generation devices, the absence
of substantial rotational inertia renders them more susceptible to higher frequency devi-
ations compared to interconnected networks [49]. Consequently, ESSs play a crucial role
in maintaining system frequency within acceptable thresholds and resolving unbalances
between power supply and demand. The following sub-sections list each frequency related
ancillary service and discuss how ESSs can participate in those services when located in a
weak non-interconnected system.

3.1.1. Virtual/Synthetic Inertia

The rapid increase of RES that are coupled via inverters to the power system leads to
the decrease of rotational inertia which can have adverse effects on system stability and
reliability [50]. In case of frequency fluctuations and disturbances, low inertia systems
exhibit higher rates of change of frequency (RoCoF) and larger deviations (zenith or
nadir) from the nominal frequency which, in turn, can trigger cascading failures. This
phenomenon is stronger in non-interconnected islands, which typically already have lower
inertia compared to large continental systems and the RES are usually not dispersed over a
large area and thus are subject to the same weather conditions and variations.

In order to address this issue, ESSs have emerged as a promising solution to provide
virtual/synthetic inertia, emulating the inertial behavior of synchronous generators. This
requirement translates into ESSs reacting to the RoCoF (i.e., a P – df /dt droops). Several
algorithms and virtual inertia control strategies have been developed, allowing inertia
contributions from ESSs, and other distributed energy resources (DERs), that are shown
to be more cost effective than keeping dated synchronous generators online [51]. In non-
interconnected systems of islands, due to very low mechanical inertia, the contribution of
ESSs with virtual inertia response can be even more crucial, however, the more precarious
conditions create stricter requirements in terms of response time and tuning accuracy. In
recent literature, it is shown that inertia response can be considered in the unit commit-
ment problem of islands and ESSs can significantly increase the dynamic security of the
system [52].

3.1.2. Fast Frequency Response (FFR)

FFR is a relatively newer category of services that lies between virtual inertia and
FCR [53]. It has applications (in different forms) in Ireland [54], the UK [55] and the
Nordics [56], which are systems with lower inertia compared to the continental system of
mainland Europe. The main control trigger of FFR is changes in frequency (∆F) instead of
the RoCoF (df /dt) and the response time is short, usually a few seconds or even less than a
second. The goal of FFR is to assist the system in reducing both the RoCoF and the nadir
of the frequency deviation by reducing the size of the contingency (∆P) before the acute
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transient phase is completed [57]. Most ESS technologies are very well suited for servicing
FFR requests due to their response time which can match that of FFR products [58].

3.1.3. Frequency Containment Reserve (FCR)

FCR is one of the main frequency related services available to transmission system
operators (TSOs) for balancing the power system [47]. There are minor differences between
countries and systems regarding the requirement for servicing FCR, however, typically, full
activation time is 30 s after the frequency deviation is detected. In the Nordics, there is a
differentiation between FCR-N, which is triggered by small deviations of 0.1 Hz and aims
to keep the frequency within the standard frequency range, and FCR-D, which takes effect
below 49.5 Hz and above 50.5 Hz and its goal is to limit the frequency deviation during
larger disturbances.

Regardless of the specifics, the value of batteries for provisioning FCR has been
evaluated in the literature [59–61]. Storage systems can provide the required power to
maintain system frequency until they are relieved by the FRR, eliminating the need for a
large percentage of the conventional plants that serve this role. However, if not managed
correctly, batteries can suffer significant degradation [62,63].

3.1.4. Frequency Restoration Reserve (FRR)

FRR are divided into two main categories: automatic frequency restoration reserves
(aFRR) and manual frequency restoration reserves (mFRR). The aFRR is activated automat-
ically and is designed to restore the system frequency to its setpoint value after the initial
action of the FCR. The mFRR, on the other hand, requires manual activation and is used to
restore the balance between generation and consumption after the activation of aFRR.

In terms of activation times:

• aFRR are activated after FCR, usually within minutes (e.g., 30 s to 5 min)
• mFRR follow aFRR and can be activated within a range of several minutes (e.g.,

5–15 min) after the disturbance.

The utilization of storage systems for FRR (and FCR in some cases) presents a certain
range of obstacles. The most important one is the large energy volume required by FRR
products which a storage system might not be able to serve [64]. Certain types of energy
storage systems, like flywheels, are physically excluded from this type of service due to their
lack of significant energy storage potential. However, even batteries can fail a FRR request
if their SoC is not sufficient. Special consideration in the management of a battery has to
be taken into account in order for FRR services to be provisioned. Moreover, considering
how dynamic SoC and, by extension, battery availability can be, their inclusion to FRR
dimensioning presents extra control and tuning issues for system operators. Dynamic
allocation of FRR responsibility to batteries has been proven to be a good solution in non-
interconnected systems [65]. The properties of frequency-related services are presented in
Table 4.

Table 4. Properties of frequency-related services [47,48].

Frequency Service Full Activation Time Activation Bandwidth Control Input Signal Duration

Inertia 0 s - df /dt -

FFR 0.5–2 s ±0.1–0.5 Hz ∆f 5 s

FCR-N 30 s ±0.1 Hz ∆f -

FCR-D Up to 30 s ±0.5 Hz ∆f 30 s–5 min

aFRR 30 s–5 min ±0.5 Hz ∆f 15 min+

mFRR 5–15 min manual - 15 min+
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3.2. Non-Frequency-Related Services at Local Level

Similarly to frequency related services, ESSs can be a valuable resource for providing
non-frequency related services [66]. Depending on the energy volume they can store,
this contribution can range from very short-term services, e.g., short-circuit current, to
longer ones, such as network congestion mitigation. Although most of the non-frequency
related services are local in nature and, on paper, should not be treated differently in
non-interconnected systems, in reality, many islands have underdeveloped infrastructure,
compared to the mainland, which renders ESS solutions an attractive alternative to costly
infrastructure upgrades. For this reason, it is important to study ESS potential for local
ancillary services, as well.

3.2.1. Voltage Regulation

The problem of voltage quality is the one that occupies most of distribution system
operators (DSOs) around the world. In medium, but especially low voltage networks, slow
voltage problems, i.e., under- and over-voltage instances, are becoming increasingly more
common [67]. The former is an old problem which becomes aggravated by the introduction of
new loads such as EVs and heat pumps while the latter is a newer problem caused by DERs,
such as rooftop PVs. To mitigate such problems, DSOs have a list of options at their disposal.
First is grid reinforcement, which reduces electrical impedance, thus mitigating voltage limit
violations. Another option is on-load tap changers (OLTC) for the regulation of the voltage at
the substation level, thus allowing for larger drops or rises without limit violations. A third,
more elaborate, option is the direct or implicit control of DERs. All three options have certain
drawbacks: investments can be rather costly, OLTCs have limited capabilities which, if not
automated and in the absence of network observability, can do more harm than good, and,
finally, control of DERs by DSOs is either prohibited if direct, or needs elaborate mechanisms
of tariffs and/or markets if implicit. To this end, many studies suggest the employment of
distributed ESSs for addressing the problem of voltage regulation [68].

ESSs can contribute to voltage regulation directly, as utility scale storage owned by the
system operator, or implicitly via local flexibility markets, similarly to other DERs [69]. This
contribution can materialize through active or reactive power provision, or both. Many ESSs
have reactive power provision capabilities via their power electronics interface, e.g., battery
storage. The effectiveness of each combination of active and reactive power support can
depend on the voltage level which, in turn, is characterized by certain resistance/reactance
ratios [68]. To all the above, little distinction can be made between interconnected and
non-interconnected systems as under/over-voltage problems are usually purely local.

3.2.2. Network Congestion Mitigation

Network congestions, when not grouped with slow voltage problems, refer to vi-
olations of substation transformer maximum current limits or distribution line thermal
limits (also correlated to current). These types of problems are also usually confined to
the location of the affected equipment. They occur in occasions with high demand–low
generation or vice versa and are due to network capacity stretched to its limits or very
rapid changes in consumption patterns. Overloading of infrastructure such as transformers
and lines can cause equipment failure much sooner than their expected lifespan. Their
mitigation measures are similar to that of under/over-voltage problems described before,
with the exception of OLTCs. Often, the two problems of voltage and line congestion are
grouped together as physical constraints in methods that try to optimize resource manage-
ment in transmission and distribution networks. The usage of ESSs to solve congestion
problems is similar to slow voltage problems with storage being ideal for reducing peaks
in consumption and shifting demand towards consuming excess generation. ESSs can
store excess energy during times of low demand (night-time) or low-cost generation and
discharge it during periods of high demand (day-time) or high electricity prices, usually
following a predetermined charge/discharge daily cycle. Load shifting and flattened de-
mand peaks reduce strain on the grid and optimize electricity costs. Storage systems can
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also be incorporated on the end-user/customer side, offering an innovative approach to
mitigating peak demand charges during brief periods of high-power demand [70,71].

3.2.3. Short-Circuit Current

Short-circuit capacity is an attribute that characterizes a distribution network and it
is part of its design. It describes the maximum allowed fault current given the networks
switchgear, fuses, architecture, and other equipment. This design can be meaningfully
affected when DERs are installed in the network, especially when they have power injection
capabilities, such as PVs and battery storage [72]. A common case is that of a generating
DER that contributes to a fault current, limiting the contribution from the feeder, hence,
preventing the proper protection system response. Despite the shortcoming, DERs, and
especially ESSs can contribute to the increase of short-circuit levels of distribution network,
thus increasing its DER hosting capacity, providing a valuable service to DSOs [73].

3.3. Other Services

The final category includes non-frequency related services that are, usually, not purely
local in their scope. These are islanding and black-start services that are characterized by
increased complexity, considering that both require a priori configuration by the system
operator in order to achieve the desired results. Moreover, both services, in the absence of
dispatchable thermal units, are reliant on ESSs for their operation.

3.3.1. Islanding and Uninterrupted Power Supply

One of the consequences of the growing penetration of RES, that becomes critical
in smaller and non-interconnected power systems, is the grid forming capability. As
conventional dispatchable generators are replaced, it is difficult for intermittent RES to
assume grid forming responsibility. In such cases, the role of ESSs, especially those with
significant energy storage capabilities, can be crucial as batteries can provide grid forming
services to the system operator [74]. The benefit is the safe decommissioning of conventional
thermal generators. Furthermore, in cases of fault or disturbances that usually result in
interruption of supply, ESSs can exploit their grid forming capabilities to keep part of the
network operational in islanding conditions. The resulting microgrids that are formed can
keep serving priority loads for a period of time, enhancing system resilience and reducing
the frequency and duration of interruptions for customers [51,75].

3.3.2. Black Start

Certain energy storage systems, such as advanced batteries, can provide black start
capability. They can initiate the restoration of the power system in the event of a complete
or partial blackout, providing the initial power supply needed to bring other generation
resources online, in grid forming mode. This is an important ancillary service from the
microgrid to the main grid operator because in this way the main grid faces a lower
load during its reactivation. Moreover, the consumers of the microgrid can have a lower
customer average interruption duration index (CAIDI), which is an important reliability
key performance indicator (KPI) and the microgrid’s RES remain disconnected for a lower
time interval, therefore less RES production is unexploited. In case the energy management
system (EMS) is designed to charge the ESS with surplus RES production, it is possible
to have a completely sustainable black start, which would not usually happen in large
systems that rely on fossil fuel-based generators for this purpose. Sequential and parallel
restoration strategies can be found in [76,77].

4. ESSs Installed in Non-Interconnected European Islands

Having analyzed the theoretical aspects of ESSs as well as the services which they may
provide, the purpose of this Section is to present and discuss the actual ESS solutions that
have been implemented on European islands that are not connected to the power system of
the mainland. Of course, the identified islands may be connected with other remote islands,
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as long as the overall system is not connected to the mainland in any way. The authors
acknowledge that these are not the only non-interconnected islands with a storage system but
they are the most outstanding in terms of ESS size, technologies or combination of technologies.
Furthermore, in the context of this Section, the ESS implementation needs to be complete and
operating, therefore, projects under licensing, ongoing projects, etc., are not included.

4.1. ESSs of Non-Interconnected Greek Islands

An interesting case of ESSs is the hydro-pumped storage system located in Ikaria,
Greece [78]. This island is currently not connected to any other islands or the mainland. It is
mostly known for tourism and therefore the load is considerably higher, more than doubled,
during summer, e.g., up to 8 MW. The location of the island has great PV and WF potential.
For this purpose, the power system of Ikaria includes conventional generators, installed
at 15 kV, but also WFs and PV systems with installed power equal to 1 MW and 0.4 MW,
respectively. Taking advantage of the altitude differences of the island, the selected ESS was
a hydro-pumped storage system, constructed in 2019, connected to the distribution network
with a 33 km double line at 20 kV, as presented in Figure 3. This system comprises a 2.7 MW
WF, two hydropower plants with Pelton turbines, 1.05 MW, and 3.1 MW, respectively, and
a 3 MW pumping station. Unlike conventional hydro-pumped storage systems, it has three
tanks instead of two. More specifically, it comprises: (i) a dam with 900,000 m3 capacity,
principally used for irrigation and water supply while excess water is exploited for energy
generation, (ii) an upper reservoir with 80,000 m3 capacity, located at 167 m below the dam,
where the 1.05 MW hydropower plant is installed, and (iii) a lower reservoir with 80,000 m3

capacity, located 505 m below the upper reservoir, where the 3.1 MW hydropower plant
is installed. This ESS as well as the overall power system of the island has been modified
and upgraded throughout the years and has also served as a pilot in projects, such as
SINNOGENES, an ongoing Horizon Europe project which aims to enhance the flexibility
of networks including ESSs [79].
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Other non-interconnected Greek islands that ought to be mentioned are Agios Efstra-
tios, Tilos and Kythnos, where the selected ESSs were various kinds of batteries, supporting
the operation of PV systems and WFs [80–83]. More specifically, Agios Efstratios, which is
an island well-known for its “green” energy transition, has a 1.25 MW/2.5 MWh lithium-
ion battery connected at 15 kV. Tilos has a 0.8 MW/2.8 MWh sodium nickel chloride battery
connected at 20 kV, actively providing frequency-related ancillary services and voltage
regulation ancillary services to the operator, while black start has also been successfully
performed in the context of research activities. Kythnos has a 0.5 MW/0.4 MWh battery
connected at 15 kV. Remarkably, Kythnos not only constitutes a non-interconnected island
with sustainable energy resources and storage but is also the island where the first micro-
grid of Europe was installed, in 2001 [83]. More specifically, the Gaidouromantra microgrid
comprises mostly PV systems and vacation houses and uses a lead-acid battery as storage,
connected at 0.4 kV.

4.2. ESSs of Non-Interconnected Portuguese Islands

Innovative storage solutions can be found in the autonomous regions of Portugal:
Azores and Madeira. These islands are located in the Atlantic Ocean and, therefore,
cannot be connected to the mainland. Furthermore, they are worldwide known tourist
destinations during summer and need to provide electricity for hundreds of thousands
of people. Consequently, they have increased needs, which renders them ideal pilots
for various sustainability-related projects, hence the various schemes of ESSs that they
have adopted in order to cover the demand. For example, Terceira, located in the Azores
archipelago, has a 15 MW/10.5 MWh battery to cover its load [84]. Apart from that, on
a lower scale, Terceira has a 100 kW/3 kWh flywheel connected at 15 kV, supporting the
operation of the dairy factory of Pronicol, which is one of the largest electricity consumers in
Terceira, and V2G, considering the market penetration of EVs. The V2G system comprises
thirteen chargers, 22 kW each, and operates at 0.4 kV. It should be noted that the flywheel
and the V2G are part of the IANOS Horizon 2020 project, which aims at the decarbonization
of the islands [41].

On the other hand, the island of Madeira, located in the Madeira archipelago, has
a combination of hydro-pumped storage, battery and V2G [85–88]. More specifically,
the main hydro-pumped storage system, also known as Calheta III [85], is considered to
cover about 10% of Madeira’s electricity demand. It includes one dam with a capacity of
1,000,000 m3, at 1345 m height, as well as a buffer reservoir with a capacity of 70,000 m3,
at 654 m height. Therefore, the hydro-pumped storage system utilizes a height difference
of almost 700 m. The hydroelectric plant comprises two Pelton turbines, 15 MW each,
while the pumping station comprises three pumps, 5 MW each. Aside from that, the island
has its own battery with nominal values equal to 15 MW/16.4 MWh, large enough to
perform black start on part of the 60 kV network and restore its service in the event of an
outage. Finally, Madeira is gradually adopting the V2G concept with the installation of
four chargers, 10 kW each, two 50 kW quick chargers and one fully SiC 50 kW fast charger,
as part of INSULAE, a Horizon 2020 project [89]. It should also be highlighted that Porto
Santo, another island of the Madeira archipelago, incorporates a scheme of ESSs [90,91].
Porto Santo is a smaller island, with about 5158 permanent residents. Therefore, the scale of
the storage solution is expected to be different. More specifically, it utilizes a 4 MW/3 MWh
battery as well as two fuel cells, 5 kW each. The ESSs of Terceira, Madeira and Porto Santo
are presented in Figure 4.
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4.3. ESSs of Non-Interconnected Danish, Italian, Spanish, Scottish and Other Islands

The Faroe Islands, Denmark, implement ESSs mostly to fully exploit the energy
produced in their WFs. For example, Suduroy has a 6.25 MW/7.5 MWh battery to provide
backup power to the 6.3 MW Pokeri WF [92]. Additionally, Streymoy has a 2.3 MW lithium-
ion battery to overcome short term variations of the Husahagi WF production, which
has installed power equal to 12 MW [93]. The battery provides ramp control to smooth
the sharp increases and decreases of power, as well as frequency response and voltage
control services.

Notable cases are also the non-interconnected islands of Italy, Favignana and Us-
tica, where lithium-ion batteries have been installed in the low voltage distribution net-
work. More specifically, in Favignana, the battery installations can be divided in two
categories [94]. The first is the 2.4 kW/9 kWh batteries, which are distributed in four
single-phase, solar-based microgrids and the second is the 20 kW/23.4 kWh batteries, three
of which are installed in the three-phase, low voltage distribution network. Similarly, the
island of Ustica has a 64 kW/59.5 kWh lithium-ion battery installed in low voltage [95].

El Hierro, which is part of the Canary Islands, is another example of non-interconnected
islands with increased sustainability-related requirements as not only it does belong to the
Canary Islands but it is also the most remote (far left) of them. For the purpose of energy
storage, and taking into consideration the island’s altitude differences, El Hierro has a
hydro-pumped storage system supported by a WF [96,97]. In more detail, the 11.5 MW
WF comprises five wind turbines, 2.3 MW each, while the 11.3 MW hydropower plant
comprises four Pelton turbines, about 2.8 MW each. The pumping station includes two
variable-speed pumps, 1.5 MW each, as well as 6 fix-speed pumps, 0.5 MW each, amounting
to a total of 6 MW. The overall system operates at 20 kV. Following El Hierro’s example,
Gran Canaria, which is a larger Canary Island, will adopt a similar hydro-pumped storage
solution in the near future.

Last, but not least, there is the case of Eigg, Scotland, which has less than 100 perma-
nent residents. Despite its size, this island has a rich RES energy mix, including hydropower
plants, PV systems and WFs, and incorporates an interesting scheme of ESSs too [98]. In
particular, Eigg has a lead-acid battery, 60 kW/212 kWh, and also flywheels and super-
capacitors, which is a rare combination and unique when it comes to non-interconnected
European islands.

Also, there are mentionable cases of non-interconnected islands that are located over-
seas but are classified as European, more specifically in the French overseas region in the
Caribbean [99]. For example, in the French island Marie-Galante in the administrative area
of Guadeloupe, there is the Petite Place WF, that consists of nine small wind generators of
275 kW each and assisted by a lithium-ion battery of 0.5 MW. The storage is used to compensate
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energy production forecast error and provides voltage support. Moreover, a battery system was
installed in Guadeloupe by the France National Solar Energy Institute, at the Sainte Rose WF to
increase the margin for renewable installations. The total storage is 4 MW/2.32 MWh and an
energy management system was installed to monitor and maximize the system’s operation.

4.4. Comparison between Existing ESS Installations in European Islands

The identified islands, their storage systems, the nominal values and the voltage
levels are presented in Table 5. Taking the aforementioned islands into account, it can be
concluded that in such applications the most popular ESS solution is the battery, especially
the lithium-ion battery. Another very popular solution is the hydro-pumped storage, in
some cases combined with WFs. Other sorts of ESSs may be flywheels, V2G, fuel cells,
and supercapacitors, especially in combination with each other and a battery. Regarding
the nominal values, there are several cases where the nominal power is in the order of
MW, even higher than 10 MW, as in the case of Terceira and Madeira islands, and these
values refer to batteries and hydro-pumped storage systems. Moreover, taking all cases into
account, the voltage levels are usually close to 20 kV, with certain exceptions. Of course,
this does not apply to V2G storage, as it is usually designed to operate at 0.4 kV.

Table 5. ESS installations in non-interconnected European islands.

Island Storage System Nominal Values Voltage

Ikaria, Greece, [78] Hydro-pumped storage

- 2.7 MW WF
- Two hydropower plants 1.05 and

3.1 MW, respectively
- 3 MW pumping station

20 kV

Agios Efstratios, Greece, [80] Lithium-ion Battery 1.25 MW/2.5 MWh 15 kV

Tilos, Greece [81,82] Sodium Nickel Chloride Batteries 0.8 MW/2.8 MWh 20 kV

Kythnos, Greece, [83]
Gaidouromantra MG

Battery
Lead-acid (FLA) Battery

0.5 MW/0.4 MWh
1000 Ah

15 kV
0.4 kV

Terceira, Azores, Portugal, [84]
Battery,
Flywheel and
V2G

Battery: 15 MW/10.5 MWh
Flywheel: 100 kW/3 kWh
V2G: Thirteen chargers, 22 kW each

15 kV for the battery and
the flywheel,
0.4 kV for V2G

Madeira, Madeira,
Portugal [85–88]

Hydro-pumped storage,
Battery and
V2G

Hydro-pumped storage:

- 30 MW hydropower plant
- 15 MW pumping station

Battery: 15 MW/16.4 MWh
V2G:

- Four chargers, 10 kW each
- Two 50 kW quick chargers and
- One fully SiC 50 kW fast charger

60 kV for battery and
hydro-pumped storage,
0.4 kV for V2G

Porto Santo, Madeira,
Portugal, [90,91]

Battery and
fuel cell

Battery: 4 MW/3 MWh
Two fuel cells, 5 kW each 6.6 kV

Suduroy, Faroe Islands,
Denmark, [92] Battery 6.25 MW/7.5 MWh 20 kV

Streymoy, Faroe Islands,
Denmark, [93] Lithium-ion battery 2.3 MW 20 kV

Favignana, Italy, [94] Lithium-ion batteries Four 2.4 kW/9 kWh batteries and
Three 20 kW/23.4 kWh batteries 0.4 kV

Ustica, Italy, [95] Lithium-ion battery 64 kW/59.5 kWh 0.4 kV

El Hierro, Canary Islands,
Spain, [96,97] Hydro-pumped storage

- 11.5 MW WF
- 11.3 MW hydropower plant
- 6 MW pumping station

20 kV

Eigg, Scotland, [98]
Lead-acid battery,
supercapacitors and
flywheels

60 kW/212 kWh 3.3 kV

Marie-Galante, Caribbean, [99] Lithium-ion battery 0.5 MW/0.5 MWh 20 kV

Guadeloupe, Caribbean, [99] Lithium-ion battery 4 MW/2.32 MWh 20 kV
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5. Future Trends and Challenges

The value and necessity of ESSs in modern power systems can be highlighted by the
market analysis of the annual installed power capacity in Europe, with projections up
until 2030, conducted by the European Association for Storage of Energy, also presented in
Figure 5 [100].

According to the analysis, by 2030 there will be almost 12 GW of ESSs in Europe.
Furthermore, the countries with the highest ESS share are expected to be Great Britain,
Germany, Greece, Italy and Spain. Out of the aforementioned countries, Greece has a
plethora of non-interconnected islands and a high proportion of the ESSs shall be installed
there. In this context, several studies have been conducted and certain projects for the
installation of ESSs on Greek non-interconnected islands have started, as presented in
Table 6. The majority of the planned ESSs are electrochemical batteries, which is consistent
with the small size of Greek non-interconnected islands. For example, Astypalaia is in the
process of installation of a 5 MW/10 MWh battery [101]. On the island of Othonoi and
Ereikoussa, studies conducted in the context of the NESOI Horizon 2020 project showcase
how diesel-based power stations can be replaced by hybrid power stations combining WF,
PV and battery systems [102,103]. Also, in the case of Chios, not only the installation of
batteries and PV systems but also the partial replacement of fossil diesel with renewable
diesel is studied [104]. On the other hand, there is the island of Sifnos, where a hydro-
pumped storage system is to be installed. According to [105], this includes: (i) four Enercon
E-82/E4 wind turbines with a nominal power of 3 MW each and a rotor diameter of 82 m,
giving a total WF power of 12 MW, (ii) a hydropower plant with four Pelton turbines with
nominal power of 2.185 MW each, providing a total plant capacity of 8.74 MW and (iii) a
pump station with twelve centrifugal pumps with nominal mechanical power of 0.857 MW
each, providing a total station nominal power of 10.28 MW.

Table 6. Future trends of Greek non-interconnected islands [101,103–105].

Island Status Storage System Plan

Astypalaia, [101] Ongoing Battery - Installation of a 5 MW/10 MWh battery
- Installation of 3.5 MW PVs

Sifnos, [105] Ongoing Hydro-pumped storage - 12 MW WF
- 8.74 MW hydropower plant
- 10.28 MW pumping station

Othonoi, [103] Study Battery Diesel-based power stations will be replaced by hybrid power
stations combining:

- WF
- PVs
- Battery

Ereikoussa, [103] Study Battery Diesel-based power stations will be replaced by hybrid power
stations combining:

- WF
- PVs
- Battery

Chios, [104] Study Battery - Installation of battery within the existing thermal power plant
- Installation of new PVs
- Partial replacement of fossil diesel with renewable diesel.

Psara, [104] Study Battery - Installation of a battery at the site of its abolished thermal
power plant

- Installation of new PVs

Oinousses, [104] Study Battery - Installation of a battery
- Installation of new PVs



Sustainability 2024, 16, 1572 17 of 22

Sustainability 2024, 16, 1572 17 of 23 
 

5. Future Trends and Challenges 
The value and necessity of ESSs in modern power systems can be highlighted by the 

market analysis of the annual installed power capacity in Europe, with projections up un-
til 2030, conducted by the European Association for Storage of Energy, also presented in 
Figure 5 [100]. 

 
Figure 5. Analysis of the annual European installed capacity, derived from the European Associa-
tion for Storage of Energy [100]. 

According to the analysis, by 2030 there will be almost 12 GW of ESSs in Europe. 
Furthermore, the countries with the highest ESS share are expected to be Great Britain, 
Germany, Greece, Italy and Spain. Out of the aforementioned countries, Greece has a 
plethora of non-interconnected islands and a high proportion of the ESSs shall be installed 
there. In this context, several studies have been conducted and certain projects for the 
installation of ESSs on Greek non-interconnected islands have started, as presented in Ta-
ble 6. The majority of the planned ESSs are electrochemical batteries, which is consistent 
with the small size of Greek non-interconnected islands. For example, Astypalaia is in the 
process of installation of a 5 MW/10 MWh battery [101]. On the island of Othonoi and 
Ereikoussa, studies conducted in the context of the NESOI Horizon 2020 project showcase 
how diesel-based power stations can be replaced by hybrid power stations combining WF, 
PV and battery systems [102,103]. Also, in the case of Chios, not only the installation of 
batteries and PV systems but also the partial replacement of fossil diesel with renewable 
diesel is studied [104]. On the other hand, there is the island of Sifnos, where a hydro-
pumped storage system is to be installed. According to [105], this includes: (i) four Ener-
con E-82/E4 wind turbines with a nominal power of 3 MW each and a rotor diameter of 
82 m, giving a total WF power of 12 MW, (ii) a hydropower plant with four Pelton turbines 
with nominal power of 2.185 MW each, providing a total plant capacity of 8.74 MW and 
(iii) a pump station with twelve centrifugal pumps with nominal mechanical power of 
0.857 MW each, providing a total station nominal power of 10.28 MW. 

Table 6. Future trends of Greek non-interconnected islands [101,103–105]. 

Island Status Storage System Plan 
Astypalaia, [101] Ongoing Battery - Installation of a 5 MW/10 MWh battery  

- Installation of 3.5 MW PVs  
Sifnos, [105] Ongoing Hydro-pumped storage  - 12 MW WF 

- 8.74 MW hydropower plant 

Figure 5. Analysis of the annual European installed capacity, derived from the European Association
for Storage of Energy [100].

Although the future of ESSs in non-interconnected islands seems promising, there are
certain challenges that should be taken into consideration. A major challenge is the right
selection of the ESS technology to be implemented [106]. For example, there may be cases
where the high demand of an island would be better served with a hydro-pumped storage
system but the low altitude and other geographical limitations render the construction
of such a system non-effective. Therefore, the solution for this challenge should be the
installation of another kind of ESS, e.g., batteries. Also, there are environmental challenges
to be addressed, the predominant of which being the harmful impact of lead, cadmium
and/or other chemicals presented in batteries [107]. From a technical point of view, an
open research topic/challenge is the optimal combination of ESSs so that the effect of their
combined properties, e.g., energy density, power density, efficiency, is maximized, also
known as hybrid energy storage systems (HESS) [108]. For this purpose, certain researchers
suggest solutions such as the combination of lithium-ion batteries with supercapacitors or
fuel cells. For example, Pang et al. [109] have developed a method for the optimal sizing
of HESS the purpose of which is to smoothen the fluctuations of wind power. In this case,
the HESS comprises batteries and supercapacitors, whereas Chong et al. [110] review the
effectiveness of HESS comprising batteries and fuel cells in microgrids with PV systems
and WFs [111]. Another open research topic, gaining more interest from the research
community, is the implementation of V2G storage where the vehicles incorporate fuel cells
instead of lithium-ion batteries, which changes the efficiency and the response time of the
system. Regarding safety concerns, it should be highlighted that even the most widely
implemented ESSs entail certain risks. Particularly, large-scale lithium-ion batteries (and
other kinds of batteries) have caused explosions and fires, leading to damaged equipment
or even the loss of human lives [112]. Therefore, adequate safety mechanisms for ESSs
remain an open topic. Finally, an important challenge is the social acceptance of certain
ESSs (or ESS-related) solutions. For example, there have been cases where part of the
local community was against the construction of hydropower plants or the installation
of WFs in their region for various reasons ranging from space, agricultural, touristic and
archaeological limitations/concerns up to the protection of rare natural habitats [113]. Of
course, these concerns should be taken into consideration during the decision making
processes so that the technical solutions are harmonized with the needs of the local society.
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6. Conclusions

This paper provides a review of the capabilities of ESSs focusing on existing applica-
tions on non-interconnected European islands. Its purpose is to highlight the importance
of storage systems, which facilitate the ascending merge of RES in the energy mix. The
main electrochemical, mechanical, and thermal technologies are presented and compared
to each other considering criteria such as energy density, efficiency, nominal power, en-
vironmental impact and lifespan, highlighting the extended capabilities of batteries and
hydro-pumped storage systems, especially for large-sized networks. The ancillary services,
mostly related to frequency and voltage regulation, are presented in detail, showcasing
the value of controllable storage systems which are the sustainable counterpart of fossil
fuel generators in the modern power system. Finally, the real life installations of ESSs
in non-interconnected European islands are analyzed, with special focus on the nominal
power and voltage. Interesting and more complex systems, such as the hydro-pumped
storage system of Ikaria, Greece, and the storage systems of certain Portuguese islands,
such as Terceira, which combines a battery, V2G and a flywheel, are explained in detail. The
purpose is to provide an overview of the existing storage installations and assist towards
paving the path for the adoption of ESSs by more power systems in the future.
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