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A B S T R A C T

With the encouragement from renewable energies, elements of the electrical system are magnified which make
possible a suitable connection to the electrical network. Among others, energy storage systems (ESSs) are em-
phasized because of their impact. This article discusses two essential aspects to take into account for an ESS, that
is the regulatory framework and the economic aspect. In particular, it focuses on superconducting magnetic
energy storage (SMES) in the Spanish electrical system. An analysis is performed on the legislation and reg-
ulations that apply to energy storage systems, which may affect in a direct or indirect manner its inclusion. This
is accompanied by an analysis of the legislation in different countries to assess the situation in Spain in this
regard, by comparison. Another point to take into consideration, which is crucial for the correct development
and inclusion of this type of elements, is the economic viability- showing the costs of manufacturing and
maintenance of these systems. Although it is necessary to keep investigating to lower the costs, economic
benefits are appreciated, among other things, owing to the increase of the reliability of the electrical network.
This increase of the reliability is resultant from a decrease of the cuts of service and the improvement of the
quality of the energy.

1. Introduction

The growing concern for the environment and climate change over
the past years has led to several voices beginning to question the pre-
sent electric model. For some decades, the use of energy resources of
renewable origin [1], which limits the use of polluting sources, has
been promoted. Furthermore, the use of strategies that make more ra-
tional and efficient consumption possible, such as demand manage-
ment, has been encouraged.

Considering the inclusion of sources of renewable energy generation
in the electrical system, in which the generation of energy by wind
turbines and solar photovoltaic panels stands out [2], the use of ele-
ments that make energy storage possible is necessary. This is owing to

the generation of irregular power that is largely dependent on weather
conditions.

Energy storage systems (ESS) can be characterized by different
metrics that facilitate the choice of one device or another [3]. The
devices that are currently marketed and/or in development are grouped
into four major groups: Electrochemistry (different types of batteries),
mechanical (FES, PHS, CAES), electrical (SMES, EDLC) and heat.

Approximately 95–98% of the total, storage at the global level is
based on PHS owing to the simplicity and maturity of its technology. In
spite of this, the quota of ESS compared with that of PHS has grown
from less than 1% in 2005 to more than 1.5% in 2010 and 2.5% in 2015
(a growth rate greater than 10%) [4,5].

These systems should support the proper functioning of the
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network. It is necessary to bear in mind that the supply and the quality
of energy are categorized as a basic need in everyday life. As a result,
electricity consumption has been associated with the level of develop-
ment of a city, region or country, and its evolution has been reflected in
its gross domestic product (GDP). Fig. 1 shows the variation of the
demand for energy in peninsular Spain in comparison with the evolu-
tion of the GDP in recent years.

Considering the characteristics of each of energy storage system,
there are plenty of cases of the use of elements. The main applications
that the ESS are capable of realizing are load tracking applications,
energy storage, emergency elements, systems of uninterruptible power
supply (UPS), fitness levels of voltage and frequency regulation and
elements of protection [7,8].

The main aim of this article is to analyse the storage of magnetic
energy by superconductivity (SMES) system. This type of systems has
not reached commercial ripeness for generalized use in a network, as
reported [9], owing to different aspects. These problems can be sum-
marised as resulting from high cost of manufacture/maintenance,
technical difficulty in the application in different environments and the
lack of normative support.

An SMES system allows the storage of energy under a magnetic field
because the current through a coil is cooled at temperature below the
critical temperature of superconductivity. The system is based on a
superconducting coil, a cooling system that allows the critical tem-
perature to be obtained, and an electrical and control system for the
adaptation of currents and the optimization of the process.

Given the large spectrum of research concerning the solution of the
problematic technique for the inclusion of SMES systems in different
configurations, this article focuses on two important aspects to enhance
its use in power system, that is, legislative and regulatory aspects and
the economic aspect.

To perform a correct analysis of this type, the status of capacity of
the main characteristics of this type of ESS must be born in mind, as
summarised in Table 1. The characteristics of these systems may vary
depending on the type of SMES. SMES are categorized according to
their critical temperature (Tc), LTS (NbTi) and HTS (YBCO, BSCCO),
and according to the configuration for their use [10–17], in which the
optimization of the performance of the device is searched for in dif-
ferent processes and systems. This implies betting for the investigations
of new alloys with higher critical temperature than the HTS [18], the
optimization of the elements of electrical adaptation, as well as in-
vestigations in the systems of regulation and control [19] or the study of
the inclusion of these systems in the microgrids/smart grids [20,21].

Owing to the characteristics of these type of systems, applications
are restricted to a group of potential uses focused on electrical power
systems, which are essential for providing an adequate quality system.
Table 2 shows the applications of this type of ESS.

The methods used to carry out the investigation of this article are
outlined in Section 2. In this section, the legislation on ESS for the
application in the Spanish electrical system is shown as an example of a
system in which the penetration of renewable energies has had a high
impact. The main problem that prevents the complete maturation of the
system, the economic casuistry, and a feasibility analysis of such a
system are also addressed in this section. This is why the economic
impact of its use in the electrical system, from manufacturing costs to
maintenance costs, is analysed. The results of the economic study
concerning the inclusion of SMES storage systems in the electricity
network are presented in Section 3. This allows the possible economic
benefits of the inclusion of these systems in the electricity network, and
other indirect benefits to be determined.

The legislative and normative issues are discussed in Section 4, both
in terms of standardization of the equipment and regulation, con-
ditioning the implementation of SMES systems and its competitiveness
with other systems [42]. Finally, Section 5 is reserved to show the main
conclusions obtained from the normative and economic study of these
systems.

2. Material and methods

For this case study, an analysis differentiated in two parts has been
realized. On the one hand, the Department of Energy of Spain has the
legislative and normative information relative to the whole process of
generation and energy consumption. All legislation approved in rela-
tion to the Spanish electricity system is published in the BOE (Official
Bulletin of the State), this being an essential reference. This legislation
affects, in a direct or indirect way, the systems of energy storage. With
regard to the legislation in other countries, information can also be
found primarily in the concerned ministries or departments of the State.
The normalization and standardization are detailed in Appendix A.

Various documents were analysed for the economic study: the
economic cost of the construction of SMES, the potential economic
benefits of the inclusion of SMES in the electrical system and the en-
vironmental benefit use of an ESS.

Finally, the amount of harmful gasses generated from coal con-
sumption was analysed and the possible saving from the inclusion of the
ESS. For the quantity of generated gasses it is necessary to bear in mind
the type of coal that is mainly consumed and the proportion of gasses
generated by typology for each kilogram of consumed coal. With this
information, it is possible to perform an analysis of the large amounts of
these gasses that might be avoided thanks to the ESS, as well as de-
termine the economic implications of reducing the emission of these
gasses.

2.1. Theoretical framework

At the legislative level, in Spain there is no law or specific regula-
tions that enable the research, development and implementation of
these systems. However, the inclusion of other ESS as kinetic energy
storage has been promoted. A laboratory prototype has been developed
which an emulator for railway catenary, an emulator of consumption of
electric vehicles and a unit for the storage of energy based on ultra-
capacitor have been integrated and tested on a system installed in the
underground of Madrid [43]. Also a flywheel of 25 kW, 10 MJ has been
adapted for operation in a microgrid, for the application as

Fig. 1. Comparative GDP vs energy demand [6].

Table 1
Main characteristics of a SMES [3,7,8,22–38].

Daily self-
discharge (%)

Energy
Density
(Wh/L)

Specific
energy
(Wh/kg)

Power Density
(W/L)

Specific
power
(W/kg)

Power
(MW)

Response
time

Discharge
time

Suitable
storage
duration

Efficiency
(%)

Lifetime
(yr)

Lifetime
(cycles)

10–15 0,2–6 0,5–5 1000–4000 500–2000 0,01–10 <10 ms ms-min min-h > 90 20+ 5 · 104
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