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a b s t r a c t

The energy storage technologies will play a crucial role in the near future under the use of efficient
electric energy sources and renewable energies such as wind and solar energy. This sort of energy usually
suffers from intermittent problems in distributed generation systems. To overcome this problem,
electricity storage systems provide solutions to improve dispatchability and reliability. The different
electrochemical storage systems are presented when considering their applications and comparing
advantages and disadvantages. Based on this description and the possible applications of each technology,
a particular case is considered in the framework of the Spanish energetic system. An iron redox battery
(one of the most promising technologies) is analyzed from an economic point of view determining
important aspects as the payback of the investment or the IRR.

� 2014 Elsevier Ltd. All rights reserved.

Introduction

General scope

The energy situation in Europe is determined by measures to
reduce the CO2 emissions and the dependence on fossil fuels from
other countries. For these reasons, the energy production from
renewable sources becomes especially important. However, the
large energy distribution leads to a benefit for the renewable
energy which will be unviable without an appropriate storage
capacity system.

The produced energy from renewable sources has the advan-
tage of not emitting CO2 to the atmosphere. Renewable energy
allows managers to use local energy sources and to reduce the
energy dependency on foreign energy sources, especially fossil
fuels, which are mostly imported to Spain and the European Union
[1]. Therefore, one of the main objectives of European Authorities
is to increase the use of renewable sources in energy production.
On March 9, 2007, the Spring European Council, with the support
of the European Parliament and the Member States agreed that
at least 20% of its energy consumption must be produced with
renewable energy sources by [2]. Nevertheless, the energy situa-
tion of each specific European country must be taken into account.
The European Council also adopted a commitment to reduce by at
least 20% its greenhouse effect gases emissions to achieve energy

savings of 20%. Furthermore, biofuels reach 10% within fuels con-
sumed in the EU transport. In this sense, Spain was encouraged
to reduce exactly 20% of its energy consumption.

Renewable energy integration in the whole energy system

It is recognized that the energy production and consumption as
known nowadays is not sustainable. It means that, fossil fuels
could be finished in the long term besides the threat which sup-
poses its use for the environment, mainly due to greenhouse effect
gases emissions and its impact on climate change [3,4]. This is why,
industrialized countries are supporting and legislating new tech-
nologies to ensure that their energy will be sustainable in the
future. This sustainability aims to maintain the economical growth
of the country while increasing energy security and environmental
protection.

The renewable energy sources and its application, especially to
produce electricity, have been supported by all the Governments of
Spain. In 2011 the Renewable Energy Plan 2011–2020 (or 20-20-20
package) was published to indicate the commitment of the Spanish
Government to cover at least 20% of total primary energy con-
sumption by renewable energy sources in 2010 [5].

Nevertheless, it is still a long way to reach the target rates set in
2020 regarding the proportion of renewable energy in final energy
consumption. The power sector has to greater contribute to
achieve this goal in the case of Spain [7]. According to recent stud-
ies carried out by the Spanish Government, 40% of renewable
energy source is required in the power (electricity) sector to reach
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a renewable energy integration of 20% in the whole system. To
achieve this desirable goal is not easy. While fossil fuels can be eas-
ily transported and can perform as energy stores, most of renew-
able energy sources cannot be stored or transported without
being converted first to electricity [8]. This is why, energy storage
strategies and technologies are necessary to contribute to sustain-
able development [9]. It is necessary to store energy when it is pro-
duced by renewable sources (such solar and wind power) to be
consumed when required. Nowadays, there are many storage sys-
tems [10]. However, its industrial implementation and regulations
[11] are still being under development. It is very important to have
a positive balance between benefits obtained from the use of stor-
age systems compared with the economical investment [12]. In
this contribution a simplified analysis about one of these new stor-
age devices is presented: the Electro-Chemical Energy Storage
Semi-Redox Iron Flow. The aim of the study is to quantify the func-
tionality and the economical viability of the storage device in the
Spanish energy scope (see Fig. 1).

The need to store energy

The uncontrollable nature of some renewable energy sources
leads to increase the difficulties to safely operate power systems.
This kind of energy will represent a significant percentage of the
power installed capacity in the future. Electricity generation from
renewable sources does not firmly contribute to the power supply
warranty. Nevertheless, it contributes to cover the power demands
in terms of annual energy supply. This lack of power guaranteed is
a problem for the operation of the power system because it
requires a stable power generation. Additionally, there are prob-
lems associated with the particular renewable energy generation
and problems of network congestion in areas with high consump-
tion and low generation rates, due to the saturation of the trans-
mission lines.

The extent of regenerative electricity involving a disparity
between power production and consumption can lead to the loss
of electricity produced if the presence of electricity storage sys-
tems is not ensured. Every country has its own necessities of stor-
age systems related to the precedence of the energy in the national
system, as the case of Japan [13] or Saudi Arabia [14,4]. The grow-
ing of renewable energy in Spain [15] is considered in all the fore-
casted scenarios (Fig. 2).

Electricity storage systems

Worldwide electrical grid storage capacity is about at 127 GW
and it increasing each year [16]. Electric Energy Store Systems
(EES) are crucial for future developments in national energy grids
[17]. In general, an energy storage system is more than ever a

necessity [18,19] and many different sorts of devices can be
applied to storage electricity [20,21]. This necessity increases as
the use of renewable energy gets more important in national bal-
ances of electricity [22]. Economic implications of these devices
attract great interest in recent times [23,24].

Two categories of EES can be considered related to their appli-
cations [25]: Energy Management applications (long-duration dis-
charge applied to decouple generation and consumption of electric
energy), and Power Management Applications (short duration dis-
charge applied to deliver power in real time).

Energy Management applications involve different scales of
time, since daily up to several times per month along a year (long
duration storage up to hours or more). Power Management Appli-
cations involve short-duration with a big number of discharges
over a year involved (short fractions of time up to some minutes).

An overview on the more efficient electrochemical storage systems
batteries

Electrochemical batteries are one of the most used technologies
for store energy [26].They are very convenient for many sort of
uses and adaptable to grid necessities providing very good effi-
ciency, in some cases up to 95%. Different technologies have been
developed in the recent years [14]: Lead-acid batteries, Sodium/
Sulfur batteries and Flow batteries, Nickel–Cadmium and Lithium
Ion. Apart of them, the Iron flow battery will be presented in this
article as one of the most interesting ones based on economic
and technological factors. A short description of the general types
of batteries is provided (see Fig. 3).

Lead-acid batteries
These are the oldest and most mature battery technology cur-

rently in use. These battery cells consist of spongy lead anode
and lead acid cathode immersed in a dilute sulfuric acid electro-
lyte, using lead as the current collector [27].

Sodium/Sulfur batteries
Sodium/Sulfur (Na/S) batteries are based on a high-temperature

electrochemical reaction between sodium and sulfur separated by
a beta alumina ceramic electrolyte. The active materials in a Na/S
battery are molten sulfur as the positive electrode and molten
sodium as the negative one [28].

Nickel Cadmium batteries
Nickel Cadmium (NiCad) batteries are a rechargeable batteries

using nickel oxide hydroxide and metallic cadmium as electrodes.
Sealed Ni-Cd batteries require no maintenance, as described on
[29].

Fig. 2. Renewables’ share of gross electricity generation. Source: ForoNuclear.
org [15].Fig. 1. Primary energy sources, the case of Spain. Adapted from (IDAE [6]).
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