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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
etal. [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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Figure 1. ESS technologies.

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].

Energy

Power Round-Trip Response

Battery Type Density Density Efficiency (Compared to Cost Maturity ;E;v:;nmental :“leislle,:)n :“Yi;is;m
(Wh/kg) (W/kg) (%) Other Batteries) 4 4

Lead-acid 30-50 150 Around 80%  Slow Low %6‘55" smnee High 1000-1500 5-15

- . . Medium, .
Lithium-ion Up to 300 Up to 300 >90% Fast High since 1970 Medium 5000 Up to 20
Nickel- 45-80 150 Around 80%  Medium Medium ~ [lghssince  ppop 2000 10-20
cadmium 1899
Sodium-sulfur 150 150 80-90% Medium-Fast High Medium, Medium 15004500 10-15

since 1966

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].

Energy Density Power Density Round-Trip

ESS Type (Wh/Kg) (W/kg) Nominal Power 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 F(}ro[lzfg' eg., 7kW >90% Medium-Fast
Supercapacitor, [13,26] <15 Up to 10,000-100,000 10-300 kW >90% Very fast
Up to several MW, o
Fuel cell, [28] 100-1000 10-1000 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% i?:& tfer;)m seconds to
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, . Up to 80%,
[35,36] 80-200 N/A Up to several MW 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
. . Medium-High, especially
Battery, [12,20] Medium-High 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 Practically unlimited Might last up to 100
ydropump 8¢ & are man-made y & P
Flywheel, [33] Low None >20,000 Up to 20
Compressed air, [21,22] Medium-High Medium 10,000 20-40
Thermal energy storage
, Low-Medium, depending on
Low temperature TES, [35,36] the application/technology None-Low N/A Up to 40
High temperature TES, [35,36] Low-Medium, depending on None-Low N/A Upto15

the application/technology
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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.

Photovoltaics / Renewables

] )
Generators
: : AC DC
DC AC

Bidirectional
converter

(R
(R
Data storage Load

_ Power flow
Storage management C_harge
system ESS Discharge
Data exchange

Figure 2. ESS integration in the power network.

The state of charge, SOC, at each time-step, f, is calculated using (1), where Pfh is the
power charged to the ESS at time-step ¢, P?" is the power discharged from the system at
time-step ¢, At is the duration of the time-step, # is the efficiency of the ESS and E,;oy; is
its nominal energy. Of course, an ESS cannot be charged and discharged simultaneously.
Therefore, ESS-related models include binary variables, i.e., quh and ufh, 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, Pf , and the RES production, PtRES, while L; 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.

PitAt - PhAt
Enom Enomﬂ

SOC; 1 = SOC; + 1)

P§ + PRES 4 pichydel — pitygh = 1, 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,
TANOS 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 (AF) 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 (AP) 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 af