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Abstract The current energy system requires fast and long-term energy storage
delivery. While energy-intensive energy storage systems, like batteries or hydrogen,
can provide energy in the long term (e.g., hours or days), their fast dynamic power
delivery is either constrained or strongly affects their lifespan. Power-intensive
energy storage systems are specific technologies developed for allowing short-term
high-power energy delivery. This specific characteristic is particularly useful for
compensating fast-dynamic phenomena, such as faults or voltage dips, or opti-
mizing energy-intensive technologies’ efficiency and lifespan. This chapter describes
the basic principle, operation, and network integration of the two most common
power-intensive energy storage systems: the supercapacitor energy storage system
(SCES) and the superconducting magnetic energy storage system (SMES). Their
system hybridization with energy-intensive ESS is discussed, highlighting the control
possibilities.
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1 Introduction to Power-Intensive Energy Storage Systems

Energy storage devices offer fast, flexible, and controllable bidirectional energy
transfer, making them ideal for precise power exchanges with the grid to meet various
regulation needs (Mao et al. 2020). In particular, power-intensive ESSs are essen-
tial components in modern energy infrastructure, especially as we transition towards
more renewable energy sources like solar and wind. These systems are designed to
manage high power demands over short durations, critical in stabilizing the grid,
enhancing efficiency, and supporting the integration of variable renewable energy
(Farhadi and Mohammed 2016).

Battery energy storage systems (BESSs) currently dominate the energy storage
landscape due to their high energy density, scalability, flexibility, and efficiency
(Barelli et al. 2022; Pelosi et al. 2023). Batteries are advancing rapidly, making
their production both cheaper and more environmentally friendly. They are capable
of delivering the required power during fast transients (such as during low-inertia
frequency disturbances). However, as electrochemical devices, they are vulnerable
to degradation, particularly from power surges and deep depths of discharges (DoDs)
(Pelosi et al. 2024). As a result, frequent replacements, or, in alternative large
oversizing, would be necessary when using BESSs to handle the high-power spikes.

To avoid the need for overly large BESSs in such scenarios, hybridization with
short-term energy storage systems like flywheel, Supercapacitor Energy Storage
(SCES), and Superconducting Magnetic Energy Storage (SMES), which feature
high power-to-capacity ratios, is recommended. These devices can manage high-
power spikes, reducing stress on the energy-intensive storage device (Jia et al. 2023;
Mongird et al. 2020). Due to their fast response times and high efficiency, high-power
energy storage systems are suitable for frequency regulation, voltage control, and
oscillation damping in the power grid (Gyuk et al. 2013; Kirby and Hirst 1997). Addi-
tionally, combining complementary energy storage technologies in hybrid systems
can mitigate the limitations of individual devices, greatly expanding their operational
capabilities across various conditions and timeframes (Barelli et al. 2019). Hybrid
storage systems combining power- and energy-intensive energy storage, allows to
integrate the capability of providing energy for a relatively long period of time (e.g.,
hours for batteries, days for hydrogen), while extending as much as possible the
energy-intensive resource lifetime, by letting the power-intensive resources address
the fast- or repetitive transients.

This chapter provides an overview of two well-known power-intensive energy
storage systems, such as SCES and SMES, focusing on their basic principles, grid
integration, and existing applications and projects.
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2 Energy and Power Comparison Among Energy Storage
Systems

To better understand the potential of power-intensive energy storage systems, it
is important to highlight their difference with energy-intensive systems. Figure 1
presents the specific power (per unit of mass), specific energy (per unit of energy),
and Discharge Time (DT) ranges of various energy storage technologies, providing
a clear description of their categorization based on performance metrics (Carne et al.
2024).

Technologies like SCES and SMES exhibit high specific power capabilities which
reflects their capacity to deliver rapid bursts of energy over short durations from
seconds up to a minute. Power density of SCES ranges from 500 to 7000 W/kg
(Chatzivasileiadi 2012; Morandi et al. 2008). As for SMES, the power per unit
mass ranges between 500 and 2000 W/kg, provided that the magnet (and the power
electronics) are designed for withstanding fast charge/discharge operation. However,
both technologies are constrained by relatively low specific energy values, with SCES
ranging between 2.5 and 15 Wh/kg and SMES between 0.5 and 5 Wh/kg (with only
the active mass of the magnet considered) (Cicéron et al. 2017; Mukherjee and Rao
2019; Zakeri and Syri 2015).

In contrast, batteries like lithium-ion are located in a more balanced area, offering
a more moderate specific power and higher specific energy, making them versatile
for applications and services involving longer (tens of minutes or hours) delivery of
moderate (and slowly fluctuating) power (Hu et al. 2017; Milano and Manjavacas
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Fig. 1 Comparison between specific energy and specific power and discharge time
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2019). Fuel cell storage systems, with their high specific energy but low specific
power (5-500 W/Kg and 150-1500 Wh/Kg), are ideal for scenarios requiring large
energy reserves for delivery or absorption over long periods (hours or days) (Farivar
et al. 2022). The diagram of Fig. 1 highlights the trade-offs between power and
energy capabilities, guiding the selection of appropriate storage technologies based
on specific application needs.

3 Electric and Magnetic Energy Storage: Basic Principles

Supercapacitors and superconducting magnetic energy storage systems follow two
different principles for storing energy. While the first ones store the energy in the
form of an electric field, the latter store the energy in a magnetic field, similar to
common inductors but with no joule dissipation. For capacitors, the stored electric
energy W, (¢) at the generic time instant ¢ is expressed by the relation:

1 2
We@®) = 5 G0 (D

where C is the capacitance and v¢ the voltage across the capacitor. For SMES, like
inductors, the stored electric energy W, (¢) at the generic time instant ¢ is expressed
by the equation:

.. 5
Wi () = ELZL(t) @)

where L is the inductance and i; the current through the superconducting inductor.
In order to achieve an amount of stored energy that is of interest for practical appli-
cations the capacitor must be characterized by a large capacitance and the inductor
by a large inductance, and, moreover, they should be able to withstand large voltage
and current, respectively. Furthermore, they should be able to operate with no or very
reduced losses. Common capacitors based on conventional technologies only reach
limited values of capacitance and can only store limited energy. Similarly, conven-
tional inductors, also have limited inductance and are also characterized by Joule
losses due to winding resistance. Recent technological advancements in the field of
electrochemistry and superconductivity have provided capacitors and inductors that
are suitable for energy storage. Due to their superior performance with respect to their
conventional counterpart, this new generation of electrical components are referred
to as “supercapacitors” and “superinductors” (or more commonly superconducting
inductors or SMES), respectively.

By assuming a time interval from ¢, to ¢ during which the storage device exchanges
a power P(t) with the grid, the stored energy W(?) is:
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1
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where W(#() is the energy stored at the initial instant #y. Based on energy conservation,
by neglecting any power loss (both intrinsic in the storage device and in power
converters), the capacitor voltage can be expressed as:

t
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and the inductor current as

t
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In Fig. 2 an example of the capacitor voltage or inductor current profiles during
a discharging and subsequent charging phase is shown. At the initial time instant
to the storage device was charged, being assumed v¢ # 0 and i;, # 0, then the two
variables follow the trend described by (4) and (5) according to the power profile
P ().

An important difference between electric and magnetic storage, and their respec-
tive power conditioning circuitry, is the stand-by operation. In fact, in order to main-
tain constant stored energy (and, hence, constant charge and voltage) of a capacitor,
open circuit operation with zero current must be applied (ic = 0). In contrast, to
maintain constant stored energy (and, hence, constant magnetic flux and current) in
an inductor, short circuit operation with zero voltage should be applied (v, = 0).

From a practical point of view, it is simple to create nearly ideal open circuit
condition through power electronic circuitry in the OFF state, while the short circuit
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Fig. 2 Capacitor voltage or inductor current profile (blue curve) during a discharging and
subsequent charging phase
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is more problematic since dissipation is unavoidable in power electronic components
in ON state transporting a current. As a practical consequence, electric storage is
suitable for applications in which long standby phases are involved, while magnetic
storage is not.

Figure 3 shows a possible charge—discharge cycle for a capacitor or and inductor
energy storage device. The considered cycle consists of a power delivery (positive
power according to generator convention) and a power absorption (negative power)
phase with the same total energy, interleaved by stand-by phases. The figure high-
lights that part of the energy of the device is lost in the stand-by phases due to both
possible intrinsic phenomena in the storage devices and due to additional losses in the
system. In order to assess an overall energy balance of practical electric or magnetic
energy storage systems, all sources of power consumption must be considered. These
include intrinsic dissipation in the storage device, dissipation in the power converters,
dissipation during stand-by and possible auxiliary power that is required to maintain
proper operating conditions.

The latter is particularly important in magnetic energy storage through supercon-
ducting inductors whereby cooling power must be constantly provided to keep the
material at the proper cryogenic temperature required for superconductivity. Simi-
larly, temperature control must also be provided for supercapacitors (and batteries)
through ventilation and heat exchangers to prevent excessive temperature. However,
in the former case the energy required is much higher due to the need to reach and
maintain very low temperature, in the order of 77 K (— 196.15 °C) at most.

During cycling operation, in which the energy W, is delivered to the grid and the
energy W ., that takes all the loss mechanisms into account, is supplied to the device
during the charging phase, the round-trip efficiency of the storage can be defined as:

Wi Waer
= = W
Wabé‘ ﬁ + PauxAt + mendbyAtsmndhy

(6)

where 1; and n, are the intrinsic and the converters’ efficiency respectively, P,
is the required auxiliary power (e.g., for cooling purposes) and Pyquapy the power
consumed during the stand-by phase with duration Az4apy-
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3.1 Grid Integration by Means of Power Electronics

In order to exchange energy with the power grid, capacitor and inductors must be
interfaced through a proper power conditioning circuit able to control their voltage
or current, as it is schematized in Fig. 4.

As explained above, despite being both power-intensive energy storage systems,
supercapacitors and SMES work with two different principles. From the electrical
point of view, supercapacitors can be assumed as voltage sources (Sect. 5.4.1 provides
adetailed modeling of it). To regulate the energy flow between the SCES and the grid,
a DC-DC converter is combined with a DC/AC front-end converter. The DC-DC
converter performs two tasks: (i) transforms the DC voltage from the variable one
of the SCES (dependent on their state of charge) to the constant one of the front-end
converter DC links; (ii) regulates the current at the SCES side /.y, and thus its
power exchange. The DC link is then connected to a DC—AC front-end converter,
that regulates the power flow between the AC and DC side, in order to keep the DC
voltage V. at the nominal value. As a result, a controlled power flow is established
between the SCES and the grid.

On the other side, a SMES can be assumed as a constant current source. While the
front-end converter performs the same tasks as the SCES one, the DC-DC converter
regulates instead the SMES voltage V., in order to extract a certain amount of
energy from the SMES. In this case a controlled power flow is established between
the SMES and the grid as a result.
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In the following, the SCES and SMES technologies are described in more detail,
focusing on the specific modeling, services, and applications in power systems.

4 Supercapacitor Energy Storage Systems

4.1 SCES Modelling

This section introduces the most used modelling approaches for SCES (De Carne
et al. 2022). The supercapacitor models consist of 4 main contributions (Fig. 5): (i)
the main RC branch and (ii) its series RC elements, (iii) the parallel RC branches,
and (iv) the leakage resistor branch.

Main RC Branch

The RC branch represents the basic behavior of the supercapacitors and describes
the storing of electrostatic energy. It consists of a resistive element R in series with
a capacitor C(V) that accounts for the non-linear behavior of the capacitance, that is
linearly dependent on the voltage:

Cv)y=Cy+k-v @)

Ry Ry,
[] Ricak
) [ C(v) T

Chy

®

(b)

v
Rleuk Cls = [] Rleak‘

(d)

Fig. 5 Supercapacitor models proposed in literature (De Carne et al. 2022): a RC, b single parallel
(1P) branch, ¢ single parallel and single series (1P 4 1S) branches, d double parallel and double
series (2P + 2S) branches model
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where C is the supercapacitor main capacitance, and k describes the capacitance
dependency on the voltage C(v). This model accounts for the static behavior of the
supercapacitor, without taking into account the dynamics and internal losses, that
require additional modeling details.

Series RC Elements

To consider the fast voltage dynamics across the supercapacitors (e.g., caused by
fast power changes), additional RC elements must be included in series to the main
branch. These additional RC elements can be modeled as linear, and they target
high frequency dynamics (e.g., 1 Hz and above). Despite several elements can be
connected in series to represent a large dynamic spectrum, only a few RC elements
(usually two) are considered in the main branch. These elements represent mostly
the lower part of the high-frequency spectrum (e.g., up to 1 kHz).

Parallel RC Branches

To accurately represent the ion diffusion dynamics through the electrode power,
that usually are slower dynamics in the range of seconds, additional parallel RC
branches can be added. Similar to the series branches, in common practice up to
two parallel branches are considered in supercapacitor models to represent the ion
diffusion dynamics.

Leakage Resistor Branch

The supercapacitor cell tends to self-discharge during stand-by operations, although
this phenomenon may require days or weeks. To take into account this property, a
leakage resistor is usually added in the supercapacitor models.

4.2 SCES: Advantages and Disadvantages

This section describes the advantages and disadvantages in employing SCESs as
energy storage solution.

e Advantages

SCESs offer several advantages over traditional energy storage systems, making
them highly suited for applications requiring rapid power delivery and frequent
charge—discharge cycles (Krpan et al. 2021). One of the most notable benefits is
their high power density, which allows them to deliver bursts of energy much faster
than batteries (Luo et al. 2015). This is especially advantageous in applications
such as regenerative braking in electric vehicles or grid stabilization, where quick
energy transfer is critical. Additionally, SCES have a long operational life due to their
ability to withstand millions of charge—discharge cycles without significant degra-
dation (Carne et al. 2024). This makes them highly reliable for applications where
longevity and maintenance-free operation are crucial. Another advantage is their
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ability to operate efficiently across various temperatures, unlike batteries that may
suffer from performance losses or may face severe safety issues in extreme condi-
tions. Furthermore, SCES are eco-friendly as they are typically made from materials
that are less hazardous than the chemicals used in traditional batteries (Saikia et al.
2020).

e Disadvantages

Despite their strength points, SCES also have several limitations that can restrict
their usage in specific applications. A significant disadvantage is their relatively low
energy density compared to batteries, meaning they cannot store as much energy
in the same volume or weight (Song et al. 2014). This limits their effectiveness
in applications that require long-duration energy storage, such as powering elec-
tric vehicles over extended distances (Lemian and Bode 2022). Additionally, SCES
experience higher self-discharge rates than batteries, meaning they lose stored energy
faster when unused. This makes them less ideal for applications requiring long-term
energy retention. SCESs are also more expensive per unit of energy stored, which can
increase the overall cost of energy storage solutions when used in systems requiring
large amounts of stored energy (Zakeri and Syri 2015). Lastly, while they excel at
providing high power output, they typically need to be paired with other storage
systems, such as batteries, in hybrid configurations to efficiently handle both power
and energy demands (Sutikno et al. 2022).

4.3 Application in Power System

e Grid Stabilization:

In modern power systems, the integration of renewable energy sources (RES), such
as wind and solar, plays a crucial role in reducing reliance on fossil fuels and lowering
carbon emissions (Dwyer and Teske 2018). However, these renewable sources are
typically connected to the grid through power electronic converters, which isolate
the energy source from the load, leading to a significant reduction in grid inertia
(Nguyen et al. 2018). Grid inertia is essential for maintaining stability during power
imbalances, as it helps to absorb disturbances and prevents cascading failures. When
grid inertia is low, the system becomes vulnerable to undesirable effects such as load
shedding (Sarojini and Kaliannan 2021). In this context, fast-acting energy storage
systems like SCES can play a pivotal role. By injecting power immediately after
a disturbance or the loss of a generation unit, SCES effectively emulate inertia,
providing additional support to the grid. This inertia emulation can be achieved by
generating power proportionally to the grid’s frequency, ensuring stability. Numerous
studies have highlighted the effectiveness of SCES in addressing the challenges posed
by low inertia in modern power grids (Kim et al. 2019).
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In addition to grid stabilization through inertia emulation, SCES are also valuable
for frequency regulation, which is a critical function in balancing electricity supply
and demand (Hatziargyriou et al. 2020; Wang et al. 2024). Frequency disturbances
can destabilize power grids, especially those with a high share of renewable energy.
SCES can absorb or deliver power almost instantaneously, making them ideal for
providing short-term ancillary services within the power system (Barton and Infield
2004). Several research works propose using SCES to provide dynamic frequency
support in isolated power systems, where they can effectively counteract sudden
frequency deviations caused by fluctuations in generation or load (Delille et al. 2012;
Tan et al. 2017).

Moreover, voltage regulation is another key area in which SCES finds applications.
In power grids with significant penetration of renewable energy, voltage fluctuations
can occur due to the intermittent and variable nature of generation from wind and solar
sources (Ramirez and Murillo-Perez 2006). With their fast response times, power
converters of SCES can be designed and controlled to rapidly inject or absorb reactive
power to stabilize voltage levels during such fluctuations (Bensmaine et al. 2015). At
the same time, the ability to charge and discharge faster than conventional batteries
allow SCES to manage peak loads effectively, thereby adding active power control
capability and contributing to grid stability. One notable industrial application is the
partnership between TransnetBW and Hitachi Energy in Germany, where SCES are
central to the implementation of STATCOM-GFM (Static Synchronous Compensator
with Grid-Forming capabilities) systems. These systems provide enhanced voltage
regulation by managing reactive power and offering short-term active power support,
showcasing the role of SCES in modern grid management (TransnetBW 2024).

Thus, SCES contribute significantly to grid stability through multiple mechanisms
grid inertia support, frequency regulation, and voltage stabilization making them
indispensable in power systems with a growing share of renewable energy.

e Electric Mobility:

SCES are increasingly being integrated into transportation systems due to their
unique ability to provide rapid bursts of energy combined with low weight and long
cycle life. In electric vehicles (EVs), SCESs complement traditional battery systems
by enabling regenerative braking, which captures energy during braking and stores
it for later use (Wang et al. 2020). This process enhances energy efficiency, allowing
quicker acceleration and smoother deceleration. Additionally, supercapacitors can
supply high power during peak demand situations, such as when vehicles require
immediate acceleration, thus improving overall performance (Horn et al. 2019). In
public transport systems, like electric buses and trams, supercapacitors store energy
for short trips between charging stations, allowing for quick recharges at stops and
minimizing downtime (Mir et al. 2009; Zhang et al. 2017). Their lightweight design
and ability to operate in various temperature ranges make them ideal for use in rail
systems, where they can recover energy during braking and use it for acceleration.
Several industrial applications illustrate the effectiveness of SCES in mobility. For
instance, Nidec Conversion is developing an all-electric, zero-emission passengers
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ferry that utilizes fast-charging supercapacitors to enhance performance and sustain-
ability (Nidec Conversion 2024). Sunwin, a state-owned company, is implementing
supercapacitors in China and the UAE in their buses to improve energy efficiency
and operational capabilities (Shanghai Sunwin Bus Corporation 2024; Enterprises
2024). In Italy, Chariot Motors, in partnership with local company E-CO, is deploying
buses in Rome and Turin capable of recovering over 35% of energy during braking
(Bus 2024; s.1.12024). Furthermore, Skeleton and Siemens are collaborating on train
systems that utilize supercapacitors to maximize energy recovery and operational
efficiency (Mobility 2024; Technologies 2024).

5 Superconducting Magnetic Energy Storage Systems

Superconducting Magnetic Energy Storage (SMES) systems store energy in the
magnetic field generated by a DC current flowing in a resistanceless superconducting
coil connected to the grid through suitable power conditioning apparatuses. Concep-
tual SMES systems were first proposed by Ferrier in 1969 to store diurnal energy
in France (Boicea 2014), while the first SMES was realized at the University of
Wisconsin in 1971(Adetokun et al. 2022). The first commercial operating device
was introduced in 1981 in the 500 kV Pacific Intertie corridor, connecting California
to the Northwest region of the United States (Torre and Eckroad 2001). A SMES
unit with 10 MW 1 s rating are used since 2008 to prevent power interruptions in a
semiconducting manufacturing plant in Japan (Nagaya et al. 2012).

To maximize the current circulating in the in the SMES coil, so to maximize
the stored energy, and to prevent joule losses during current circulation that would
jeopardize the efficiency of the system, superconducting materials are used for the
windings (Morandi et al. 2016; Schoenung et al. 1991). Energy exchange with the grid
is then managed by power converters, controlled by algorithms designed to modulate
the coil current according to (5) to ensure that the charging and, more importantly,
the discharging of the coil occur when needed and with the promptness required.
This makes SMES able to store energy with minimal losses (overall efficiency up to
95% or more) and release it almost instantaneously, resulting in a highly efficient and
responsive system that can mitigate voltage deeps and brief interruptions, thereby
ensuring continuity of service (Schoenung et al. 1991; Vulusala and Madichetty
2018).

5.1 Superconducting Magnet System

A practical SMES system consists of a lossless (or extremely low loss) supercon-
ducting magnet and a power conditioning system, required for connecting the coil
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to the (usually three phase) power grid. The cooling system, required for main-
taining the temperature of the coil below the critical value so to ensure that it oper-
ates in the superconducting state, is an integral and essential part of the system.
SMES systems based on low-temperature superconductors are an established power-
intensive storage technology (Filippidis et al. 2021; Boenig and Hauer 1985; Morandi
et al. 2008; Ottonello et al. 2006). In these systems the superconducting coil, made
of industrially mature NbTi wires routinely used in MRI applications, operates at
4.2 K (— 268.5 °C) and is cooled by immersion in a liquid helium bath, obtained by
closed cycle cooling machines. Despite complete and qualified systems have been
developed, LTS-SMES technology has failed to find broad market penetration due to
the high cost (capital and operational) related to liquid helium. Besides the high cost,
liquid helium also implies complicated management, supply (also facing shortage
concerns), maintenance and safety (overpressure and explosion risk in the case of
quench), which make its use not trivial for grid or industry systems. Improvement of
SMES prototypes based on first-generation HTS materials (Bi2223/Ag conductor)
and cryogen-free cooling (not using liquid helium) at 20 K have been also proven
(Hawley and Gower 2005). However, the high cost of practical 1G-HTS conductors
(requiring a high silver content) does not offer prospects for commercial development
of this SMES technology.

A drastic improvement in SMES technology, creating a breakthrough increase of
both the technical and economic attractiveness, can be obtained today using modern
(second generation) HTS materials ReBCO coated conductors. These materials offer
much improved transport capacity and magnetic field withstand ability and, more-
over, are able to operate at much increased temperature, in the range of 20-50 K and
beyond for SMES applications. These characteristics open the way to more compact
magnet designs, requiring a much simplified and cost-effective cooling system. The
magnesium diboride (MgB2), a superconductor with intermediate electro-thermal
performance compared to LTS and HT'S and able to operate in the temperature range
of 10-20 K, can also be considered as an alternative for SMES applications due
to its excellent industrial maturity and low cost (Morandi et al. 2018). HTS-SMES
prototypes based on 2G HTS tapes have already been developed and validated in the
lab (Cicéron et al. 2018a, b; Hawley and Gower 2005; Ren et al. 2015).

5.2 SMES: Advantages and Disadvantages

e In general, SMES can have significant advantages in terms of power density and
response speed, but they also have limitations in energy density and cost, which
affect their adoption in various sectors. More specifically, the advantages of SMES
technologies are:

e High efficiency: SMES systems can achieve round-trip efficiencies greater than
98%.

e Fast transient dynamics: SMES systems offer very small response times, making
them suitable for grid stabilization and power quality applications.



102 G. De Carne et al.

e High power density: SMES can reach very high-power output capability, meaning
that it can deliver large amounts of power in short periods.

e Unlimited charge—discharge cycles: SMES systems have no intrinsic degradation
over time with cycling (unlike batteries and supercapacitors), offering a long
service life.

e Zero carbon emissions: during operations SMES does not contribute with
greenhouse emissions and does not involve hazardous materials.

SMES disadvantages can be instead summarized as:

e Cryogenic cooling: SMES systems involve superconductors whose require
extremely low temperatures (typically using liquid helium or nitrogen), leading
to high operational complexity and costs, including maintenance.

e High initial cost: the superconducting materials, cooling infrastructure, and
supporting systems make SMES installations considerably expensive.

e [ow energy density: SMES has excellent power density, but it has relatively low
energy density, making it unsuitable for long-duration energy storage.

Overall, SMES systems are the best solution for high-power, short-time energy
storage. While they offer exceptional efficiency and fast response times, their high
costs and cooling requirements still remain significant challenges limiting their large-
scale diffusion (Luongo 1996).

5.2.1 SMES Modeling

As seen in the previous sections, SCESs consist of many supercapacitor cells or
small modules arranged in series or parallel in order to reach the required voltage,
current, and power rating. Modeling of individual supercapacitor cells is crucial to
accurately reproduce the overall behavior of system. Concerning SMES, although
intense modeling efforts are required in the design phase of the coil, the interaction
of the SMES with the converters and the grid can be well reproduced, at least for
the typical time-scale of power exchange cycles, by representing the coil as a simple
inductor. This is due to the fact that the superconducting windings are embedded in
one unique cryostat with two current leads connecting it to the external environment
atroom temperature. Overall, the SMESs form a two-terminals component which can
be modeled as an ideal inductor. Indeed, further phenomena that occur into the coils
during operations (i.e., AC losses) do not significantly affect the terminals behavior
of the SMES in normal conditions. Of course, these phenomena, which would require
complex modeling, are duly considered in the design phase of the SMES system. It is
to be pointed out that the ideal inductor model only holds in normal operating condi-
tions, during which all the thermal and electromagnetic parameters are within the
design range. If special operating conditions need to be investigated more complex
models need to be introduced. For example, quench phenomena involving over-
heating would require distributed non-linear resistive network, whereas investigation
of fast voltage transients would require distributed L-C circuits.
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6 Hybrid Energy Storage Systems

Hybrid energy storage systems (HESS) represent an advanced approach to energy
management. They integrate multiple energy storage technologies to harness their
complementary attributes. Typically, HESS combines high power-density devices,
such as SMES and SCES, with high energy—density devices, such as batteries (Liu
et al. 2024; Zhu et al. 2012). With their rapid charge/discharge capabilities, high-
power devices can manage short-term fluctuations and peak power demands, while
high-energy devices are suited for long-duration energy storage and stable power
delivery over extended periods (Etxeberria et al. 2010). The potential of HESS lies
in its ability to provide both immediate power response and sustained energy delivery.
For example, supercapacitors can handle high-power transients that last seconds to
minutes, such as during grid frequency stabilization or rapid acceleration in electric
vehicles (Jia et al. 2023; Sun et al. 2017). Meanwhile, batteries or other high-energy
storage technologies deliver the required energy over a longer duration, ensuring
consistent power supply even under variable load demands (Rouholamini et al.
2022). This synergy leads to increased system efficiency, reduced stress on indi-
vidual storage components, and an extended lifecycle for the energy storage system
as a whole (Li et al. 2021). Among implementations of HESS, in wind applications,
battery/supercapacitor HESS has been introduced to improve efficiency and reduce
costs by extending battery life (Sarrias-Menaet al. 2014). A SMES/battery HESS was
considered to stabilize fluctuating loads in railway substations (Ise et al. 2005; Zhou
et al. 2010) demonstrated that combining short- and long-term ESS improves renew-
able energy penetration in power systems. Additionally, (Gee et al. 2013) described
how SCES can extend battery life in off-grid wind systems, with similar methods
successfully predicting battery lifetime in other studies (Guan et al. 2014; Li et al.
2015).

6.1 Power Electronics Integration

HESS are usually composed of two energy storage systems with different voltage,
current and power ratings, and that may behave differently as voltage or current
sources. Power electronics converters allows storage systems to be integrated in
the same system and to control optimally the energy flow. This section provides a
brief overview of the possible power electronics connection of hybrid energy storage
systems, considering 4 potential connection architectures as in Fig. 6.

AC Coupling

This coupling connects two HESS separated devices in the AC side. It means, that the
power- and energy-dense devices can be of different vendors, and eventually work
at different voltage rates (e.g., connected with a transformer), and they are coupled
only from an energy management point of view. Despite it requires several power
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Fig. 6 HESS power electronics integration considering different energy storage technologies,
including BESS, SCES and other power-intensive storage systems, such as Flywheel (FESS).
Different architectures are considered: a AC coupling between BESS and FESS, b DC coupling
between BESS and SCES, ¢ multi-port coupling between BESS and FESS, d multi-level coupling
with BESS, FESS, SCES

conversion stages, this coupling approach is widely spread in industrial application,
due to its design flexibility (e.g., it can be easily scaled up).

DC Coupling

The DC coupling exploits the DC nature of many energy storage systems (e.g.,
batteries, supercapacitors, SMES, FESS) to reduce the number of dedicated conver-
sion stages (Lo Franco et al. 2021). The HESS are interfaced in a common DC
link, by means of DC/DC converters (isolated and not), that regulate the power
exchange in each storage system. A common DC/AC converter interfaces the DC
link to the AC system. The main advantage of using DC coupling lies in the effi-
ciency and in the material saving: there are fewer conversion stages, leading to lower
losses and a reduced need for semiconductor and passive components. This translates
automatically in potentially lower bill of materials, and thus costs.

Multi-port DC Coupling

An innovative concept pursued recently is to enable the DC coupling by means of the
magnetic stage of dual active bridge (DAB) DC/DC converters (Kheraluwala et al.
1992). This approach, employing usually Multiple-Active-Bridge (MAB) converters,
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transfers energy in AC form in medium- or high-frequency transformers (up to
hundreds of kHz), and reconvert it in DC at multiple terminals. The main advan-
tage in using this approach lies in the compactness of the solution. With respect to
direct DC coupling, fewer conversion stages are required to connect several different
HESS technologies. This aspect is particularly important for on-board systems, where
safety is guaranteed by the galvanic insulation (Pereira et al. 2021), and a reduced
weight and space enables smaller footprints.

Multi-level Coupling

Multi-level converters offer the possibility to connect directly to high voltage grids
by means of low voltage components. Topologies, such as Cascaded H-Bridge and
Modular Multi-level Converter, are composed of a series-connection of low voltage
cells, that include usually capacitive elements. Recently, several works (Hillers et al.
2015; Jiang et al. 2021), envisioned the idea to connect the energy storage elements
directly at cell level, decreasing the need for further DC/DC stages. This idea, pursued
for HESS in several works, has its own challenges, particularly in the control and
protection (i.e., no power flow control in case of fault).

6.2 Services and Applications

As mentioned above, HESS can manage optimally the energy delivery in the
short- and long-term, allowing to extend their capability in offering services. In
the following, several examples are provided, where HESS can play an important
role in the energy management. A review of existing projects on the development of
SCES and SMES is presented in the next section, followed by the discussion of a
selected application case.

e Renewable Energy Integration:

Renewable energy generation, unlike conventional fossil fuel plants, is influenced by
weather conditions and time of day, leading to times when power output either falls
short of or exceeds demand (Deguenon et al. 2023). Grid operators must continuously
manage these fluctuations in to prevent frequency imbalances, voltage instabilities,
and power outages (Khalid 2024). HESSs are crucial in mitigating these issues by
storing surplus energy during peak production and supplying it when production is
low (Adeyinka et al. 2024; Kebede et al. 2022).

e Electric Vehicles (EVs):

Due to uncertainties surrounding future energy resources and environmental,
economic, and political challenges, energy efficiency policies and clean energy adop-
tion have gained significant focus. In the private transport sector, options such as fuel
cell (FC) vehicles, hybrid electric vehicles (HEVs), plug-in HEVs (PHEVs), and
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battery electric vehicles (EVs) are being proposed to replace or enhance internal
combustion engines (ICEs), with all these alternatives incorporating electric propul-
sion systems to reduce dependence on ICEs. The power output of the primary sources
in these vehicles, typically batteries or fuel cells, are limited by their charge/discharge
cycles and may struggle to meet high power demands during short periods, such as
acceleration. FESS, ultra-capacitors, and SMES are commonly recommended for
power-based energy storage in EV applications (Bazzi et al. 2018; Rezaei et al.
2022).

e Electric Trains:

In comparison to other modes of transportation, electrified rail offers benefits such as
high capacity, punctuality, and environmental sustainability. However, the growing
global focus on enhancing railway use and energy efficiency has led to rising plan-
ning, investment, and construction costs of the powering infrastructure. Recently,
there has been increasing interest in optimizing the use of ESSs to recover more
regenerative energy and boost traction efficiency (Gonzalez-Gil et al. 2013; Ise et al.
2005). Among different ESSs, batteries are still a common choice for absorbing
regenerative energy in certain electrified sections. Still, they have significant limi-
tations, including reduced energy efficiency and a limited cycle life (Vazquez et al.
2010). Given the current state of ESSs, no single type can fully meet the demands of
modern electrified railway systems, such as long cycle life, cost-effectiveness, and
balanced power and energy densities. As a result, HESSs offer a superior solution
(Babu et al. 2020).

e Marine Transportation:

Traditional ships typically rely on diesel-powered internal combustion engines for
propulsion. Still, these engines emit pollutants that harm the environment and human
health. With growing environmental regulations, electric ships have gained promi-
nence in the future of shipbuilding and maritime operations. Strategies such as opti-
mized vessel routing, increased electrification supported by ESSs, renewable energy
integration, and alternative fuels have been identified as effective ways to significantly
reduce emissions from electric ships. Currently, most electric ships use lithium-iron
phosphate batteries for energy storage (Banaei et al. 2020). However, power fluc-
tuations during voyages can result in high current impacts that accelerate battery
aging. Furthermore, the reliance on a single energy source can compromise the ship’s
power grid reliability. However, the potential of HESS to reduce operating costs is
a reassuring factor. By combining different energy storage technologies, HESS can
leverage their complementary strengths to create more efficient systems. SCES, with
their fast charging, long cycle life, and high-power density, are ideal for handling
high current charging and discharging. Effective energy management strategies can
further extend battery life and lower operating costs, making the economic viability
of all-electric ships a promising prospect (He et al. 2021).
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7 Existing Projects with Power-Intensive HESS

As the energy landscape continues to evolve, numerous projects are exploring the
potential of power-intensive HESS to meet the growing demand for robust and effi-
cient energy solutions (Babu et al. 2020). These projects, from early planning stages
to ongoing developments, address critical challenges such as grid stability, renewable
energy integration, and peak load management. This section provides an overview
of some key projects either underway or in the planning phase, offering insights
into their objectives and anticipated outcomes to harness the potential of HESS in
power-intensive applications.

e Duke Energy HESS at Rankin Substation in Gaston County, N.C. (2016):
Featuring a 100-kW/300-kWh battery and ultracapacitors. This system integrates
Aquion Energy’s Aqueous Hybrid Ion batteries with Maxwell Technologies’ high-
speed ultracapacitors for rapid energy response. The HESS aims to enhance solar
power management by smoothing fluctuations, extending operational life, and
enabling load shifting (Duke Energy 2016).

e Skeleton Technologies’ SuperBattery HESS (2023): Energy storage solution
combining the benefits of supercapacitors and batteries. This hybrid technology
leverages supercapacitors’ high-power density and rapid charge/discharge capa-
bilities with the high energy density and long-term storage capabilities of batteries.
The SuperBattery is designed for applications requiring high-power energy
storage, such as automotive and renewable energy in industrial sectors. Key
features include excellent cycle life, fast charging and discharging, and robust
performance in varying temperatures (Skeleton Technologies n.d.).

e Beyonder and ABB Lithium-ion Capacitors (LiC) HESS (2024): Beyonder
and ABB partnering to enhance product development, production, and market
strategies for the large-scale production of Beyonder’s LiC, utilizing key compo-
nents from both companies. They aim to discover more cost-effective and sustain-
able methods for delivering energy storage solutions to the power grid while
supporting emissions-free solutions at airports, ports, heavy transport, and fast
charging stations (Beyonder 2024).

e V-ACCESS—Vessel Advanced Clustered and Coordinated Energy Storage
Systems: The EU funded V-ACCESS project aims to integrate, in addition to
battery, a 100 kW SCES system and 100 kW SMES system to match vessel’s
operative conditions. The project, involving 14 EU companies and research insti-
tutions with SKELETON and ASG companies as SCES and SMES technology
providers respectively, investigates how these short-term energy storage technolo-
gies can operate together with batteries and how it can be ensured that they can
effectively mitigate battery degradation. Suitable control of the power flows and
DC integration strategies, as well as safety assessment and systems’ marinization,
are fully developed in the project to reach the objectives.
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8 Case Study: Power Management in Hybrid Energy
Storage Systems

This section offers a case study for hybrid energy storage systems, where a dynamic
energy storage system, i.e.,a SCES or SMES studied in this chapter, is associated with
a battery energy storage system. The complementary power and energy characteris-
tics of SCES or SMES and lithium-ion batteries enable advanced grid services with
enhanced power response, energy capacity, and cycling capability while extending
the system’s lifetime. SCES or SMES can handle continuous, high-power, short-
duration demands efficiently, protecting the battery from excessive stress while the
battery provides the energy density required for sustained, longer-duration energy
supply. Careful monitoring and management of State of Charge (SoC) and ramp rate
are important because they directly affect system performance and longevity. High
ramp rates can cause stress on the components, while extreme SoC levels (either too
low or too high) can reduce efficiency or risk depletion, respectively. Simplifying the
SoC and ramp rate categories to critical thresholds ensures effective real-time deci-
sions without unnecessary computational complexity. Therefore, effective real-time
power management and carefully considering storage components’ SoC and ramp
rates are essential to optimize performance.

As a reference case for investigating the cooperation between SCES/SMES and
batteries, we consider the work Maroufi et al. (2025) which explores a novel Moving
Average (MA) and Fuzzy Logic-based power management approach for a hybrid
energy storage system designed to provide grid services. In Maroufi et al. (2025),
a flywheel system is considered a power-intensive storage system. The developed
methodology is extended to supercapacitors and SMES here. This method optimally
distributes power between the two technologies by addressing key limitations: the
supercapacitor’s and SMES SoC and the battery’s ramp rate. By employing Moving
Averages for dynamic energy demand adjustments and Fuzzy Logic controllers for
precise power redistribution, the system minimizes imbalances in SoC and ramp
rates.

As shown in Fig. 7 the controller integrates fuzzy logic and moving average tech-
niques to optimize power set-points, dynamically adjusting to the rate of change in
the battery’s power output and the SoC of the flywheel (can be SCES or SMES).
Fuzzy logic is particularly suited for this application due to its flexibility and intuitive
handling of nonlinear variables, enabling the determination of the moving average
window length based on real-time conditions. This adaptability ensures that the
system can respond effectively to rapid fluctuations in power demand while main-
taining SoC and ramp rate levels within optimal ranges. Furthermore, by carefully
managing the trade-off between prioritizing power response and SoC control, the
HESS remains available for additional grid services. Unlike conventional methods,
this integrated approach directly manages the HESS’s output power, ensuring optimal
overall performance under dynamic grid conditions.

In order to obtain the HESS power profile, real-world data from southern Germany,
spanning three months and summarized into a representative day profile through an
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enhanced motif discovery algorithm, were employed. This power profile, derived
from reference (Karrari et al. 2022), identifies the most recurrent daily consumption
patterns within the target time series with a 1-s time step. The input data, collected
during the summer of 2018 from four distinct 10/0.4 kV substations, captured high
levels of PV generation critical for the sizing analysis. These substations were
selected based on their relative voltage sensitivity to changes in active power as
proposed in (Karrari et al. 2020). Figure 8 demonstrates the division of this input
power using a 10-min moving average. For this particular input dataset, the moving
average output varies within a range of &£ 160 kW, while the difference between the
input signal and the moving average filter output falls within a range of 4= 30 kW.
In the following performance metrics, when the high-energy density storage
(Battery Energy Storage) is fixed at 500 kWh, but the high-power density storage
(e.g., SCES or SMES) varies in capacity, are compared. The three cases were
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Fig. 8 The profile of the input power, the moving average filter, and the difference between them
adapted from (Karrari et al. 2022)
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conducted when the high-power density storage had capacities of 3.5, 7.0, and
10.5 kWh. These ratings can be met based on the present state of the art for the SCES
and SMES (mostly in the 3.5 kWh case) systems. The following key observations
highlight the impact of the SCES/SMES energy capacity:

1.

Effect on Average Window: Fig. 9 shows how the size of the high-power density
storage influences the Moving Average window length used in the power manage-
ment strategy during a time interval of one day Systems with lower energy
capacity in the high-power density storage required shorter average windows,
as they have limited ability to buffer energy fluctuations. For instance, SCES
or SMES necessitate more frequent power adjustments to accommodate rapid
changes in demand. It is also noteworthy that SCES and SMES, with their higher
power density compared to flywheels, are more effective in handling sharp power
spikes. However, their lower energy capacities mean that the Moving Average
window must adapt dynamically to prevent overloading.

Effect on State of Charge (SoC): Fig. 10 shows how the SoC dynamics of the
high-power density storage are impacted by its energy capacity during a time
interval of one day. Smaller capacity devices reach lower SoC levels during the
day because they deplete faster under equivalent power demands. While super-
capacitors and SMES discharge more rapidly due to their higher power density,
their ability to recharge quickly ensures they remain viable for high-frequency
power adjustments. This characteristic differentiates them from flywheels, which
may have slower response times in comparison.

Effect on Ramp Rate of High-Energy Density Storage (Battery): Fig. 11
shows how a decrease in the energy capacity of the high-power density storage
impacts the power ramp rate of the battery. With smaller high-power density
storage, the system relies more heavily on the battery to respond to fast power
fluctuations, leading to higher ramp rates. The higher power density of SCES and
SMES helps to mitigate this effect to some extent by absorbing rapid fluctuations
more effectively than flywheels. However, their limited energy capacity means
that their ability to sustain prolonged support is reduced.

This case study highlights the intricate balance required in designing hybrid energy

storage systems. Supercapacitors and SMES, with their superior power density
compared to flywheels, excel in handling rapid power fluctuations but are limited
by their lower energy capacities. By leveraging power management strategies like
Moving Average and Fuzzy Logic, it is possible to mitigate these limitations and
ensure system efficiency.
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