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Summary. — The world is moving in the direction of using electricity derived from
renewable sources. With the mass production of devices to enable the production of
energy from such sources (wind, solar and tides), peak power capacity is competitive
with that of deriving the electricity from fossil fuel. The problem is that the profile
of power production does not match that of the requirements. This problem is
not new, but it has become more acute: due to the extremely peaky nature of the
power from the new sources, unless there is efficient energy storage, it is necessary
to maintain the capacity to generate power to cover the full load in certain climatic
conditions. While nuclear power is clean and would be ideal for satisfying the
requirements of base load, the capital cost of nuclear plants (which should include
that of decommissioning) makes the real cost of such power more expensive than
that which can now obtained from renewables (and from burning gas or coal, of
course). Ever since there have been electrical grids, companies have looked for ways
to efficiently store energy so that power can be delivered on demand with minimum
capital investment. A wide range of technologies is employed, and is being developed,
so that everyday needs can be met. Energy storage is resource neutral: it allows
us to use electricity from any power source more efficiently. However, it involves
considerable capital investment, and can occupy a lot of space. The idea of moving
towards reliance on renewable sources of energy has been taken up by a large segment
of the population but there is technically still a lot to do, especially with regard to
the essential corollary of energy storage. In addition to the challenge of producing
the means to store energy, many other issues must be addressed. These include
maintainability and longevity of the equipment (both for producing the energy and
storing it). In this report we explore and compare the different methods available
for storing energy and investigate trends.
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1. – Fundamentals

There are several ways to store energy. When applied to electrical energy, they must
be chosen to take into account the location and cost of the storage, and its required
duration.

– potential energy m · g · h,

– kinetic energy 1/2m · v2,

– magnetic energy
∫

τ
(B2/2μ0)dτ = 1/2L · I2,

– capacitive energy 1/2C · V 2,

– chemical energy reversible reaction,

where m is mass (kg), h is height (m), v velocity (m/s), L inductance (H), I current (A), C

capacitance (F), V voltage (V), and g is the Earth’s gravitational constant (∼ 9.81 N/kg)
and μ0 the permeability of free space (4π 10−7 H/m).

∫
τ

represents the volume integral.
In order to appraise and compare systems, it is necessary to understand the concepts

of entropy and exergy, and when evaluating costs to take into account that of ancillary
equipment and the value of occupied space. Associated with each method there is the
energy density and the cycle efficiency. Processes that involve the conversion of heat
into motive power or electricity are subject to Carnot efficiency. Reference [1] is a good
modern source book on the subject of storing energy, with special reference to renewable
energy.

2. – Potential energy

Pumped water is the traditional way of storing electrical energy (PHS or PHES),
particularly in places where hydroelectric power is significant (e.g. the Alps). When
power is cheap, pump water into the elevated lake (see fig. 1). For example, a mountain
lake of 10 km2, 1 km above another lake, will store about 1011 J (= 102 GJ) per m of
depth. As 1MWh = 3.6GJ, this is equivalent to 27.8 MWh, and assuming a roundtrip
efficiency of 75% (industry standard) this gives about 100 MWh per 5 m depth of water.
At this scale the energy storage is clearly in the suppliers’ hands.

Old mines are sometimes used for pumped sub-surface energy storage. Even in places
without high mountains, large dams and suitable unused mines, this method is quite
popular for storing electrical energy (on a smaller scale) by utilities, but is not appro-
priate for private use. One could consider pumping water from a well to a container at
the surface, and returning the water to the well via turbines. This could possibly be
considered for remote locations, but care would have to be taken to avoid contaminating
the water table. For private use, it has also been suggested to use surplus power to raise
a mass of say 20 t to a height of say 15 m, with appropriate gearing to a generator, but
the result is not very attractive except perhaps where space is abundant because the
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Fig. 1. – Schematic of pumped water energy storage.

energy stored would be about that one could store in 2 car batteries! Hardly appealing,
except in very particular circumstances. . . .

Pumped storage is presently by far the largest form of energy storage capacity for
grids, and accounts for 95% of storage installations worldwide, with a capacity of about
300 GWh, and a generating capacity of > 150 GW. There is a wealth of knowledge about
the associated engineering [2].

An idea being pursued is that of an underwater reservoir where energy is stored
by pumping water out of a spherical shell and recovered by letting the pressure of the
surrounding water drive the turbine as it flows into the sphere. The advantages of this
method are that only cables are required (no pipes) and space is not a problem. A trial
has been successfully undertaken in Lake Constance [3], and it is confidently predicted
that if multiple units were to be mass produced and installed close to big cities on coasts
close to deep water (e.g. in Japan), such systems could store hundreds of GWh, and be
cost competitive.

Other ways to use potential energy include compressed air (or nitrogen), liquefied gas
(air, nitrogen), and heat.

Compressed air energy storage (CAES) was first used in the 1870s. This has pro-
gressed to utility scale installations, e.g. 290 MW (1970) [4]. Standard storage pressure
is 70 bar, and the compressed gas is used to drive a turbine coupled to a generator. One
must take into account that the air heats up (to about 150 ◦C) during compression, and
indeed use this energy appropriately. Such heat of compression can be recovered and
used to reheat compressed air during turbine expansion, to give a cycle efficiency of up
to 70% —but it does require storing the heat during the intervening time. As storage
density is low this requires very large volumes, pointing to the use of salt caverns. In
isothermal CAES, heat is stored at up to 600 K in oil [5]. Another idea is to use wind
turbines to compress air with a mechanical link for storage in inflatable underwater bags,
for decoupling the generation of power from is production. RWE (D) is planning to use
this storage method [6].
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Pumped heat (thermal energy) storage (TES) is another method [7]. This uses two
large steel tanks filled with mineral particulates (gravel). The system is charged by
compressing argon at ambient temperature to 12 bar, heats to 500 ◦C, storing the energy
used to power the motor generator (A monatomic gas (e.g. argon) is used as the working
gas: it heat/cools more than air for the same pressure change, reducing storage cost).
Argon is injected at the top of tank 1, slowly descends, exits at the bottom at room
temperature (RT) and ∼ 12 bar, whence it passes to the expander, the temperature is
reduced to −160 ◦C and it is injected into the bottom of tank 2 to exit at the top at RT.
To recover the energy, the process is reversed. The argon is cooled to −160 ◦C in tank
2, it is then compressed to 12 bar (at RT) and sent to tank 1 where it is heated and the
hot gas expanded gas via a turbine to generate power. The round trip efficiency of such
a process is about 75%.

An alternative way to store thermal energy is liquid air energy storage (LAES) (also
referred to as cryogenic energy storage (CES)). The charging system is an air (or N2)
liquefier, using electrical energy (700 litres of ambient air become 1 litre of liquid air).
The liquid air is stored in an insulated tank at low pressure, which functions as the
energy store. Such equipment is used globally for bulk storage of liquid N2, O2 and LNG
and can hold GWh of energy. When power is required, liquid air is drawn from the
tank(s) and pumped to high pressure. The air is evaporated, is superheated to ambient
temperature and the warm high-pressure gas drives a turbine. A proprietary high-grade
cold store, to be used later during the liquefaction process to enhance efficiency, captures
the cold from the expansion. An example of a pilot system of this type is a 2.5 MWh
installation in the UK [8].

3. – Kinetic energy

Flywheels are a confirmed method to store significant quantities of energy for a limited
time, e.g. energy is stored during deceleration of a vehicle (instead of dissipating it in the
brakes), for re-utilization afterwards to provide additional acceleration, or for providing
pulsed power for particle accelerators. Flywheels were already years ago used to power
buses (using mechanical gearing rather than electricity). Modern composite materials
are ideal for flywheels that spin at very high revolution frequencies (tens of thousands
of rpm) in a partial vacuum enclosure (to reduce drag), and supported via magnetic
bearings. These devices are sometimes used to avoid transmitting pulsed energy to the
electrical grid, and for optimizing the power factor. Such Kinetic Energy Storage Systems
(KESS) are based on an electrical machine joined to a flywheel. To store energy, the
machine works as a motor and the flywheel is accelerated until it stores the nominal
energy. When the system provides energy, the electrical machine works as a generator
and the flywheel decelerates. The aim is to store electrical energy when it the load is
light and to provide devices with additional electrical power when they need it, without
having to draw excessive power from the network. These systems can also be used
to provide ride-through power and voltage stabilization for power quality and power
recycling applications. A typical commercial product is a 10 MJ on-board flywheel system
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for use in trains that can deliver a burst of power of up to 300 kW [9]. The 375 mm
diameter flywheel for such a system weighs 350 kg and rotates at 5000 to 10000 rpm: the
mass of a complete system is 1.5 t.

At another scale are the large motor generators used in conjunction with powering
the pulsed magnets of particle accelerators and tokamaks. The magnetic field in the 101
bending magnets of the CERN proton synchrotron (CPS) is cycled between 0.11 T at
injection energy of the protons (1.4 GeV) to 1.25 T at top energy (26 GeV). The repetition
time is 2.4 s. About 6 to 8 million cycles are executed each year. The impedance or
the magnets string is 0.32Ω and 0.9 H and the current at top energy is 5.5 kA. The
active power for operating this string peaks at 40 MW at the end of the acceleration, at
which time the increase in stored magnetic energy also reaches a maximum. In order to
avoid perturbing the network, from the start, in 1959, a flywheel motor-generator system
was used (fig. 2). The mass of the rotor was 90 t, and the maximum stored energy
233 MJ (@ 1000 rpm). The speed of the rotor decreases by 5% during ramp-up while
the generator absorbs 6 MW; during ramp-down, the stored energy flowing from the
magnets, peaking at 12 MJ, reaccelerates the rotor to nominal speed [10]. The operation
of the accelerator relied on this device working: it obviously contained moving parts, so
preventive maintenance was crucial. This was outsourced, but over the years it became
increasingly difficult to find a competent supplier, and the device was recently replaced
by a capacitor bank (see below). The world’s largest such device supplied the toroidal
magnet of the JT-60 tokamak. The 650 t flywheel, built from 6 carbon steel disks, is
installed in a 12 m diameter and 12 m deep vertical shaft, and features a water-cooled
heat exchanger [11]. Once every 10 minutes the device can generate a current of 6.9 kA
at 18 kV, with a discharge energy of 4 GJ. As for the case of the CPS machine, the main
purpose of such a system was to avoid periodic disruptive overload of the network, rather
than to store energy per se. However, with the advent of more efficient batteries and
super-capacitors, interest in the use of flywheels is on the wane.

4. – Energy storage in magnets

There is no doubt that magnetic fields can be used to store significant energy that is
directly available in electrical form without passing through a generator. For example,
the 3.8 T solenoid used with the CMS experiment at the CERN LHC stores 2.6 GJ, but
it is very large and cost over $100M. To put things into perspective, a field of 2 T in
a volume of 1 m3 (of air or vacuum) stores an energy of (40/8π) · 106 J ≈ 1.6MJ, i.e.
about the quantity of energy stored in a car battery. This is therefore an application
requiring higher field (i.e. using superconducting magnets). If in the above example the
field is pushed from 2 T to 10 T the stored energy is increased to 40 MJ, and one can
readily envisage larger volume magnets (toroidal or solenoidal) of a relatively simple
design. For superconducting magnets we need cryogenics —an additional headache (and
cost). Demonstrator helium-free HTS coils, cooled using cryocoolers, have been made
for storing a few MJ. Cost is problem: for 10 MJ at least 1 M$. However, there could
be niche applications. For example, the Japanese have been quite active in studying the
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Fig. 2. – The CERN PS motor generator (photo CERN).

use of superconducting magnetic energy storage (SMES), and the corresponding design
of suitable magnets, with regard to

– use in conjunction with medical accelerators (10 MJ scale),

– use in conjunction with large accelerators (100 MJ scale).

The idea is to reduce the power footprint of medical synchrotrons, and the
cost/performance of a 4 MJ SMES system to compensate load fluctuation of synchrotrons
for medical use has been studied [12]. The study was based on a small scale SMES that
had already been demonstrated technically as being suitable for this application. Power
is saved by compensating input and output using SMES. The depreciation time of the
SMES system (cost $3M) was found to be about 20 years, assuming an annual mainte-
nance cost of $50k. It is nevertheless interesting, as the power saving would be about
1.2 GWh per year per facility. As it is planned to construct a medical facility in every
prefecture, i.e. 50 facilities in Japan, there is the potential for a saving of 60 GWh/year
nation-wide. General use of this technique would have to pass through the stage of a
practical demonstration. A major difficulty is the lack of off-the-shelf industrial com-
ponents, which means that the cost is high. And there is the eternal constraint that
potential users are of a conservative nature. What we take away from this study is that
if the cost of the SMES could be halved, it would clearly be the way to go! There are no
moving parts, so maintenance is easy, and it is environmentally friendly. However, from
both the economic and environmental standpoints it is important to plan to install the
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SMES system at the beginning of the planning of construction. Magnet designers should
pay attention and come up with a cut-price solution.

Another study [13], also in Japan, addressed the opportunity of using SMES on a
larger scale (as an alternative to the flywheel solution for the energy upgrade of the J-
PARC accelerator). For this accelerator, the energy to be delivered by SMES is 21 MJ.
If it is assumed that 30% of the capacity of the SMES system is used for this purpose,
the system must be designed to store 70 MJ. The study proposed using a modular
solution —as there are six power converter modules, there would be six SMES modules,
affording some economy of scale. An economic magnet design based on the use of Nb-Ti
superconductor in the form of a flat cable (as used for the LHC dipoles) and suitable for
series production was also proposed.

5. – Energy storage in capacitors

This is a dynamic sector, due to the development of self-healing components for
moderately high voltage applications. The public is becoming aware of the possibilities
thanks to the incorporation in “stop-start” in cars, where it reduces the peak demand on
the battery when starting the engine. Its use is attractive due to its passive nature (no
moving parts, no cryogenics), and the mass production of components. But the energy
density is low, even compared with that of batteries, so one needs plenty of space, and
there is some concern that the components may be delicate. The nature of this form of
energy storage is such that it is often assimilated into the category of batteries.

If it fails, a capacitor will fail in one of three ways:

– Capacitor short-circuit.

The capacitor gets short-circuited with very high loss factor. It occurs when the
dielectric breaks down completely and film melts. This is severe case.

– Capacitor open-circuit.

The capacitance value drops by more than 30%. There is no visible damage to
the film metallization. This failure is due to poor metal spraying, or to defective
welding of terminals.

– Degradation of capacitance.

There can be two reasons for this: excessive concentration of self-healing at the
weak spots of the dielectric, leaving other areas unaffected; metal oxidation.

Clearly the essence is very strict quality control. But with no moving parts, no cryo-
genics, and directly available electrical power, such systems are confidently projected to
last for hundreds of thousands of cycles. This was the reason for the choice of this method
for the replacement of the motor rotor system for the CERN PS accelerator. Studies of
alternative solutions were started in 2003 [14]. The use of batteries was discarded due
to the limited lifetime; SMES was discarded due to lack of standard industrial products;
energy storage in capacitors was preferred, basically for two reasons:
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Fig. 3. – Capacitor energy storage for powering the CERN PS (photo CERN).

– capacitors support practically unlimited discharge cycles,

– a modular solution could be based on industrial components.

The capacitors are part of a new system, in operation since 2011, which integrates
three functions: it converts AC current from the network to DC current as required;
it charges the capacitors with energy for pulsing the magnets; when the energy is not
needed it is stored in the capacitor banks. The six capacitor banks are connected to the
magnet string via six DC/DC converters, which precisely control current and voltage in
the magnet circuit, independent of the voltage of the capacitors. The capacitor voltage
decreases from 5 kV to 2 kV during the ramping to top energy and increases again to
5 kV during ramp-down. The energy density is low and the banks of capacitors for this
system fill six standard 40-foot shipping containers as shown in fig. 3. This exhibits the
principal disadvantage of capacitors for storage of large quantities of energy: the very
large footprint. In addition, while the capacitors are expected to be reliable and long-
lived, one has to consider the reliability of the necessary ancillary equipment. However, as
all the components are of an industrial nature, with proper attention to quality control,
these issues should be soluble.

6. – Chemical energy with reversible reaction. Batteries

There is an immense effort put into improving rechargeable batteries for large scale
energy storage [15], in particular for powering cars and for domestic use (in combination
with photovoltaic (PV) power production, this can serve to reduce reliance on networks).
As was the case for PV, mass production and competition are driving down costs, open-
ing the market to more users and enhancing the effect. Power utilities in certain cases
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are even getting interested (note the deal between TESLA and an Australian producer).
Batteries are in the news —especially for application to cars, stimulated by the real-
ization that it could be envisaged to replace the internal combustion engine reducing
pollution in urban centres and possibly reducing the associated production of CO2, with
its suspected impact on climate change. The vigorous development, increasing demand,
and competition, is leading to improved performance and reductions in cost that when
extrapolated support the interest in the field. Reported problems due to volatility of
material cost should prove to be temporary. The major remaining issues are related to
lifetime and reliability.

What is a battery? A device that converts chemical energy into electrical energy.
It features a positive terminal (anode), a negative terminal (cathode), separated by an
electrolyte that allows ions to move between the electrodes, giving rise to the flow of
current. Just as for the other energy storage systems described here, this is not a new
idea: Alessandro Volta developed the first battery in 1800. However, advances in tech-
nology have led to improved output and reliability of rechargeable battery systems, and
economies of scale have led to cost reduction and ever more applications.

– Lead-acid battery.

This has been (and still is) a “workhorse” rechargeable battery. It is based on
mature technology, is mass-produced, and its primary component (lead) can be
recycled. However, it is heavy, has a relatively short life (∼ 5 years), and rather
poor storage density. During the charging cycle hydrogen is produced, which can
also be a problem. Most of the other batteries discussed here feature solid-state
electrolytes.

– Lithium-ion batteries (R&D in 1980s, commercialized in 1991 by Sony and Asahi
Kasei).

The transfer of Li ions between electrodes during charge/discharge [16] character-
izes this type of battery. The anode is an oxide (e.g. LiCoO2 or LiMnO2), the
cathode typically graphite, and the electrolyte an organic carbonate (e.g. ethy-
lene carbonate). The battery is sealed to keep out water, which reacts with Li.
Advantages with respect to lead-acid batteries are superior energy density, low
weight, no acid, and no H2 during charging, but charge/discharge parameters re-
quire closer attention. First developed for use in mobile phones and laptop comput-
ers, the emergence of electrically powered vehicles (EV) has served to encourage
scale-up of the technology, to improve performance and to drive down the cost.
The Li-polymer type uses a polymer electrolyte and can be slim and lightweight,
making it good for mobile phones, but the energy density is less good and cost
is higher than the regular Li-ion type. Thanks to increased demand and vigorous
R&D the technology is advancing rapidly, and this type of battery is on the way to
dominate the market. Domestic owners of PV installations, eager to reduce reliance
on the network, are becoming interested, but the present lifetime (defined as when
retention falls to 70%) of about seven years and/or 500 charge/discharge cycles is
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a drawback. That aspect will need to be substantially improved if one hopes to
persuade the networks to invest in this technology.

– Nickel-cadmium (Ni-Cd) batteries (in production since 1910).

The advantage of this type with respect to lead-acid batteries are longer life, near
maintenance-free operation, low but acceptable energy density. Historically such
batteries have been less costly than lithium (due to long manufacturing experience),
but this advantage is now declining. This type of battery has long been used in
energy storage systems.

– Nickel metal hydride (NiMH).

This is the type of battery that Toyota uses for its hybrid cars [17]. The traction
battery is a sealed 28 module pack storing 1.31 kWh (201.6 V, 5.6 Ah) made by
Panasonic. Energy density is 46 Wh/kg, maximum output power 1.3 kW/kg. Over
2 million Priuses with such batteries have been sold, but Toyota now equips higher
end vehicles with 15 kg lighter Li-ion packs. NiMH batteries are said to last about
10 years, and this type of battery is also proposed for domestic use, being cheaper
than Li-ion alternatives (but heavier and takes more space).

– Sodium-sulphur (Na/S) batteries (1960, Ford; now NGK, Japan).

These batteries operate at 300 to 350 ◦C, so are not likely to appear in homes.
The anode is molten sulphur, the cathode is molten sodium and the electrolyte is
sodium alumina [18]. The battery exhibits a remarkable round-trip efficiency (up
to 90%), and is widely used for energy storage in Japan (190 sites). The largest
installation can store 245 MWh and deliver 34 MW.

Another type of battery is the flow battery [6]. This is a rechargeable battery where
energy is provided by two chemical components, dissolved in liquids, separated by a
membrane, making it similar to a fuel cell. The main discerning feature is that immediate
recharge is possible by replacing electrolyte. It is nice to know that the technology exists,
and there are certainly uses for this kind of battery.

Energy can also be stored as hydrogen, produced by steam reforming from hydrocar-
bons (95%) or electrolysis (5%), to be used to either generate electrical power on demand
(via a fuel cell or a turbine), or directly for heating and cooking. At about 15% the round-
trip efficiency for producing electricity is lower than many other methods, and most of
the hydrogen is presently sourced from non-renewables (but these could be replaced by
biomass). It may be convenient in some circumstances to produce H2 by electrolysis
where there is abundant solar energy, and as a subsidiary product in conjunction with
water desalination plants. Hydrogen gas is highly inflammable, requiring special care in
handling and appropriately designed double walled containers [19].
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Table I. – Comparison of the approximate energy density of common materials and devices.

Stored energy

Material/device Volume Specific Notes

(kWh/L) (kWh/kg)

Gasoline(a) 9 13 Diesel and kerosene similar

LNG(a) 6 14 Propane, butane similar

Coal(a) 8 10 Especially dirty

Ethanol(a) 6 7 As a fuel

Wood(a) 3.5 4.5 Methanol and biomass similar

Liquid H2
(b) 2.5 39 Needs a cryostat

H2 @ 700 bar(b) 1.5 39 Needs a pressure vessel

H2 @ 1 bar(b) 0.003 39 Voluminous, highly combustible

Flywheel 0.2 0.15 Mass is tripled by containment gear

Liquid air 0.07 0.06 Needs a cryostat. Voluminous

Lithium-ion battery 0.5 0.3 Better versions in development

NiMH battery 0.25 0.1 As used in the Toyota Prius

Ni-Cd battery 0.15 0.07 Mature technology, robust

Lead-acid battery 0.15 0.05 Mature technology, recyclable

superconducting magnet 0.03 0.02 5 T. Needs a cryostat. Long life

Super-capacitor 0.015 0.01 Self-healing propylene. Long life

(a)
Efficiency of producing electricity via turbines powered by burning these materials: 30%.

(b)
Efficiency about 30% if used for heat, and 40–70% if used in a fuel cell, not counting the energy needed to

produce the hydrogen (unless it is derived from non-renewable sources).

7. – Energy density

None of the methods to store energy described above can come anywhere near to
the density, volume or mass, of energy that is stored in gasoline and similar substances.
It is important to have an idea of the orders of magnitude of the energy density to
guide rational decisions with regard to the choice of methods for producing energy from
renewable sources, taking into account the storage factor, and eventually a judicious mix
with a reduced quantity of cleaner types of fossil fuel, e.g. liquid natural gas. There is
an environmental impact of building the equipment to produce renewable energy: e.g.
one may ask whether it is preferable to produce storable methane from biomass or to
use photo-voltaic (PV) panels in conjunction with a battery (or perhaps a well-chosen
combination of the two, gas for cooking and PV for light). Hydrogen is a nice clean fuel
—but either a lot of energy is required to produce it, or it is not from a renewable source.
Some examples of approximate energy density are given in table I.
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This table is very instructive: when looking at the whole picture the convenience
and cost efficiency of natural gas-powered production of electrical, and of vehicles using
the internal combustion engine cannot be denied. Moving towards a system where a
significant fraction of energy come from renewable sources will require an immense effort
on the part of society. It is perhaps out-of-fashion, but from the point of view of reducing
pollution and production of greenhouse gases, it would be probably be preferable to
replace the unavoidable fraction of power delivered from non-renewable sources by nuclear
power, preferably based on the intrinsically safe thorium technology [20].

In the case of electric vehicles (EV), it is not obvious that one should aim at storing
sufficient electrical energy in batteries for driving 500 km, when for 50 weeks of the year
the average daily drive is 65 km. A plug-in hybrid with a range of 100 km fully electric
would be lighter and cheaper, and require less infrastructure. Moreover, if in any case
we admit that some power will come from fossil fuel this could as well be burnt in an
internal combustion engine as in a power station. Alternatively, one could consider using
an on-board generator to charge the battery, and which could be installed temporally for
long trips.

8. – Are there alternatives to energy storage (ES)?

The reasons for needing to store energy, readily available in the form of electricity,
are:

– To integrate renewable energy into existing networks and energy independence.

ES supports the integration of renewable power. By reducing the load on fossil-fuel
generation ES helps cut emissions —but more capacity to meet peak demand is
required.

– To reduce risk associated with power outages.

Today’s electricity grid is vulnerable to threats from nature, terrorists, and acci-
dents.

– To save consumers money.

Energy storage (ES) lets customers avoid premium pricing during times of peak
demand.

– For the economy in general.

In addition to reducing economic losses from major and minor annual outages, ES
will be a critical technology in the electricity grids of the future, and will thereby
create economic activity. In this context it is sometimes said that a next-generation
smart grid without energy storage would be like a computer without a hard drive.

However, there are alternatives to storage (or which could be used to complement it
to make it more efficient). The problem of requiring very high peak power generating
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capacity to satisfy all demands at all times can be addressed in other ways. The hard-
nosed market-based approach would be to accept some short periods (hours, days?)
of power outage: this also provides an incentive to adopt local energy storage, at the
personal or communal level. A pure market-based approach would also lead to massive
increase of tariffs during bad peaks and serve to “train” consumers to adjust consumption.
Or one could use technology to adopt a socially more acceptable approach, e.g. to install
long distance power transmission lines to flatten demand by distributing consumption,
addressing daily peaks by delivering surplus power to locations in other time zones.
This can be done using either high voltage DC power transmission (800 kV overhead
lines are in operation in Korea and China, but problematic in Europe and the USA,
more prone to “not-in-my-backyard” (NIMBY) problems), or high current DC power
transmission via superconducting links which can provide virtually loss-free transmission
of GW proportions. Such links can be buried like pipelines. As an example, CERN,
needing to power its high current magnet systems from distant radiation-free locations
of power converters, has developed a magnesium diboride (MgB2) superconductor and
20 kA cable for its own use [21]. Further to the CERN initiative, MgB2 technology
was proposed by Prof. Carlo Rubbia, erstwhile scientific director of the Institute for
Advanced Sustainability Studies (IASS) in Potsdam, for an innovative transmission line
for long-distance transport of power generated from renewable sources, and which has
since been taken up by the BEST PATHS European project [22]. The relatively new
MgB2 superconductor, which could be cheaper than other superconducting materials if
it were to be manufactured on a large scale, has a critical temperature of 39 K. This
means that it can be used cooled to 20 to 25 K, presenting a lower cryogenic load than
regular Nb-Ti superconductor that requires 4.5 K, and liquid hydrogen could be used
as the coolant rather than the more expensive liquid helium. One could even envisage
combining the transmission of liquid hydrogen in the pipeline to increase the transfer of
energy. As well as being used to connect renewable energy sources (wind, PV) in flat
areas with existing energy storage facilities such as dams in mountainous areas, electrical
utilities can call upon superconductivity to minimize costs in other ways, e.g. to improve
the efficiency of power generation from wind by using superconducting generators.

9. – Impact of markets and regulation on the development of energy storage

The enthusiasm with which the world is embracing the idea of moving to generat-
ing an ever-increasing quantity of electrical power from renewable sources is certainly
commendable. However, the combination of the intermittent production of a significant
fraction of the demand for power, due to the nature of wind and solar components is
having a strong impact on the market, based on regulation and contracts drawn up in
a previous era. This is in particular, and paradoxically, true for energy storage. Wind
and solar need storage capacity, yet the present situation with times where the energy
production exceeds the demand, driving down prices, interferes with the business mod-
els of generation of hydroelectric power and pumped water energy storage to such an
extent that maintenance is being neglected and plans to increase capacity are being put
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Fig. 4. – Comparative overview of the potential of energy storage methods.

on hold. This is in contradiction with the most pressing societal needs, i.e. to increase
storage capacity. By far the most efficient way to store large quantities of electrical en-
ergy, at the level of the network, is by the pumped water method. It is crucial that this
distortion be recognized and the market regulated to counteract the effect, by coupling
the production of peaky electrical power with a requirement to invest in energy storage,
to render the power less peaky (e.g. by taxing surplus power and using the proceeds to
invest in pumped water storage). In addition, individual households and communities
should be encouraged to invest increasingly in battery storage, as the price of such equip-
ment comes down, and one could probable use efficiently the storage capacity of batteries
in electric vehicles when they are not being used (which is most of the time. . . ). These
batteries could be charged during the daytime when power from PV parks is (should be)
cheap, to be used in the evening or early morning. However, this will require that the
distributors of power, which presently profit inordinately by charging customers histor-
ical daytime rates, pass on the low prices. As the distributors usually benefit from a
monopoly position, this will require some regulation.

10. – Comparative overview of the field of energy storage

As seen today, it would appear that the two methods that will dominate the approach
to storing electrical energy generated from renewable resources in the near future will be
pumped water and batteries (see fig. 4). The vigorous R&D devoted to lithium batteries
is such that these will rapidly dominate the market for low to medium power application,
e.g. for electric vehicles and local electrical storage. The sodium-sulphur, lead acid, and
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NiMH will continue to be used because of the long experience with production and
application, but the market for these types is unlikely to expand. For storage of large
quantities of electrical energy, the traditional method of pumped water, either between
reservoirs or in and out of pods located in trenches under the sea, will continue to be the
preferred technology. It is to be hoped that ways will be found to couple this resource to
energy derived from wind and PV in such a way as to enhance its overall quality. The
other methods referred to in this report will continue to have niche applications, but it
seems unlikely that in the near future they will rise to challenge the new generation of
batteries and the established dominance of pumped water storage.

11. – Conclusion

From the very beginning, the electrical grid system designers have been aware of the
importance of finding ways to store energy. Most of the methods have been in use for
quite a long time, but (apart from pumped water) on a relatively small scale. This
was also because fossil fuel is cheap. But the realization that the side effects of massive
use of fossil fuel (pollution, possible effect on climate change, and eventually limited
supplies), the world has woken up to the fact that we should move to using renewable
sources, e.g. wind, PV and biomass. Electrical power from wind and PV fluctuates widely,
focusing on the importance of storage, but electrical power and electronic engineering
has advanced to make DC-DC, AC-DC and DC-AC conversion highly efficient, and with
components readily available many new possibilities are opening up. Economies of scale
have made generation of power from renewable sources competitive. This is already a
highly dynamic field of activity. According to market research, the energy storage market
is set to rise to an annual installation size of 6 GW in 2017 and over 40 GW by 2022,
from a base of 0.34 GW installed in 2012 and 2013. Over a thousand companies serve the
energy storage industry. Pumped water, heat, flywheel, battery and capacitor systems
are operating today in the competitive ancillary services power market with fast and
accurate response to distribution signals. The market for solar panels —which was less
than $200 million in 2012— will be about $19 billion in 2017, and much of the energy
produced will have to be stored- at least for a few hours. Energy storage is already
big business, and it is set to become much bigger still. One should nevertheless pay
attention to other technologies that could affect storage requirements, e.g. by increasing
long distance power transmission capacity and smartening the grid.
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