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a b s t r a c t

In recent years the electricity system has started to undergo significant changes. Three major de-
velopments are underpinning these changes: (i) the rapid digitalization of the energy system leading to
smart grids and increasing flexibility in the system; (ii) the increasing electricity generation from variable
renewable energy sources, such as wind and solar; and (iii) the continuing decentralization of electricity
generation leading to more and more prosumagers (consumers, which also produce energy and store it)
instead of former consumers. Among other necessary changes these developments have led to calls for
additional storage capacities. The core objective of this paper is to investigate the possible role of
electricity storage in such smart energy systems. We consider all relevant types of storage: short-term
ones such as pumped hydro storage, small and large stationary battery and the battery of electric ve-
hicles as well as long-term storage such as hydrogen and methane from power-to-gas conversion
technologies and compressed air energy storage. The major conclusions of this analysis are: In recent
years the options for placing storage in smart energy systems as well as types of storage have been
increasing significantly. However, low number of full-load hours is still the major problem of all elec-
tricity storage options.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

In recent years the electricity system has started to undergo
significant changes. In Europe these developments were mainly
motivated by policies implemented and targets set by the European
Commission (e.g. Energy & Climate package, Renewable Energy
Directive, the Internal Electricity Market Directive, etc.) [1e3].

These changes are underpinned by three major developments:
(i) the increasing electricity generation from variable renewable
energy sources such as wind and solar; (ii) the rapid digitalization
of the energy system leading to smart grids and increasing flexi-
bility in the system, and (iii) the continuing decentralization of
electricity generation leading to more and more prosumers and
prosumagers (consumers, which also produce energy and store it)
instead of former consumers. In the ongoing energy transition the
role of electricity storage is becoming more crucial.

In recent years especially electricity generation from variable
renewable sources such as wind and solar has increased
anovic), haas@eeg.tuwien.ac.
remarkably. Between 1990 and 2018 in the EU-28 “new” renew-
ables excluding hydro grew from less than 1% to about 20%, mainly
from wind. In total, since about 2013 renewables are the major
energy source for electricity generation in the EU, see Fig. 1.

With the increasing share of variable renewables in electricity
generation, the electricity system will require larger flexibility. To
balance electricity supply and demand over time, electricity will
need to be stored over days, weeks or months. Due to variability of
electricity generation from renewable energy sources (RES) also
over longer periods e months, years e long-term electricity stor-
ages are also of interest. In the transition towards carbon-neutral
economy energy storage addresses several of the European
climate and energy principles. By balancing power grids and saving
surplus energy, it represents a concrete means of improving energy
efficiency and allowing the integration of more renewable energy
sources into electricity systems, but as argued in Ref. [4] it may also
help to enhance European energy security and create a well-
functioning internal market.

Accordingly, the development and deployment of energy stor-
age is placed at the top of the Energy Union’s priorities [5], and
gained the attention of major European countries and industrial
sectors. Given the ambitious targets for the further development
and deployment of renewable energy the potential position of
energy storage in the future energy industry could be particularly
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Fig. 1. Development of electricity from different energy sources in EU-28 between 1990 and 2018, in TWh ([6], own estimations).
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significant.
The core objective of this paper is to investigate the possible role

of storage for electricity in smart energy systems. The major new
contribution of this paper is that it provides a very comprehensive
and up-to-date analysis of the state-of-the-art of the relevance of
all currently discussed storage technologies. In addition, this paper
compiles a survey on the most relevant and recent literature.

We consider all relevant types of storage: short-term storage
such as small and large stationary batteries and the battery of
electric vehicles, as well as long-term storage options such as
pumped hydro storage, hydrogen (H2) and methane (CH4) from
power-to-gas (PtG) conversion technologies, and compressed air
energy storage. In this context, we analyse the systemic, the ener-
getic and economic perspectives for these technologies. We do not
consider heat storage as it is virtually impossible to re-convert low-
temperature into electricity.

There are in principle many different storage categories
depending on the voltage level, as well as different storage types
(e.g. pumped hydro, batteries, chemical storage) in a smart energy
system as shown in Fig. 2. This figure depicts the possible place-
ment of various types of storage in a smart energy system. On the
level of the transmission grid pumped hydro storage is the classical
option pumping at times of excess electricity and turbining at times
of scarcity. In addition, it is possible to store excess electricity in
chemical storage by producing hydrogen, methane or other
chemical products with PtG-technologies. Either these products are
re-electrified or they are used in other sectors, e.g. industry or
transport.

On distribution grid level, grid-scale large batteries are dis-
cussed, mainly for shaving peaks in the distribution grid and for
ensuring supply security. Finally, at former customer level e now
called “prosumager” e there are storage options such as battery of
electric vehicles (EV) or a stationary storage “behind the meter”.

Many recent studies have analysed challenges for the distrib-
uted grid caused by increasing use of renewable energy sources in
electricity generation [7e11]. To balance electricity supply and
demand different storage options are considered as well as smart
grid technologies [12,13]. In a number of studies storage is
identified as a key technological component for the transformation
of the current operation of the power grid [14,15]. Cross energy
solutions such as power-to-gas (hydrogen or methane) could also
provide additional flexibility to the system [16e18]. The integration
of large amounts of variable renewable energy poses fundamental
challenges to the operation and governance of the energy system
[19,20] and requires policy support [21]. Already in 1986 the
concept of a regulation hierarchy was discussed in order to manage
distributed generation without causing feedback in the system
[22,23]. A relevant set of regulatory and financial policies is
required to support realization of the full benefits of different
storage options in combination with smart grid technologies
[24e26]. To face the challenges of global climate change many
countries have started to restructure their electricity system [27]
and are heading towards smarter energy systems.
2. The problem of balancing electricity supply and demand

Larger use of RES is considered as a pre-condition for heading
towards smart and sustainable energy systems. Due to the sup-
porting policy measures in the EU at least since 1990 the share of
RES in total energy supply has been continuously increasing, see
Fig. 1. In the last years, especially high photovoltaic (PV) and wind
penetration in some regions has been noticed. However, the
increasing quantities of variable RES have led to additional needs
for balancing electricity supply and demand. Usually, all electricity
generation technologies have profiles different from customers
load profiles, and so do variable RES, see Fig. 3.

In the future, both distributed and centralised renewable elec-
tricity generation are expected to increase. Moreover, also con-
sumers will increasingly participate in the energy markets as
’prosumers’ and ‘prosumagers’. In general, an increase in electricity
demand can be expected. All this leads to increasing need for
flexibilities in the electricity system (e.g. demand response, flexible
generation and grid extension (including interconnections)).

In the case of increasing use of variable RES in electricity gen-
eration, energy storage could bring benefits to the balancing of the
electricity system. It can shave the peaks and provide flexible



Fig. 2. Different storage options at different grid level in a smart energy system.

Fig. 3. The problem of balancing electricity supply and demand.
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solutions to market participants. Moreover, energy storage can help
in emission reductions by facilitating a more efficient use of the
existing assets and by reducing the carbon content of the fuels (e.g.
blending of the natural gas with renewable hydrogen and synthetic
methane).

The need for balancing activities between supply and demand
with the goal to meet the so-called residual load is depicted in Fig. 4
and Fig. 5. Fig. 4 shows an example of electricity generation using
synthetic hourly data for an average year in Austria in a hypo-
thetical scenario up to 2030 with very high quantities of variable
renewables (6.5 GWwind,11.4 GWPV, 7 GWrun-of-river hydro and
8 GW hydro storage power) over a summer and winter week on an



Fig. 4. Example: Electricity generation from variable renewables (wind, PV and run-of-river hydro) over a summer and winter week on an hourly base in comparison to demand for
Austria in a scenario for 2030 (own modeling analysis).

Fig. 5. Example: Residual load over a summer and over a winter week on an hourly base. Related to generation and demand pattern in Fig. 4.
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hourly base in comparison to demand. Yet, of relevance in this
context is mainly residual load which is the difference between the
over-all variable generation and the demand at every hour. Hence,
in Fig. 5 the residual loads on an hourly base corresponding to the
twoweeks shown in Fig. 4 are depicted. The fluctuations over hours
and days can clearly be recognized, as well as the fluctuating dif-
ferences between electricity supply and demand. In addition, Fig. 5
illustrates clearly that in summer excess electricity prevails while in
winter under coverage is dominating.

These fluctuations exist over days and weeks but also over the
months of a year, see Fig. 6. This figure shows the distribution of
electricity generation from variable RES (PV, wind, run-of-river
hydro power, and hydro storage, excluding pumped hydro), as
well as load (demand) over the months of an average year for
Austria in the described scenario with high shares of electricity
from variable RES. Fig. 6 is the result of own modelling approaches
as described above for the illustrations in Fig. 4. For the fluctuation
over a year, as depicted in Fig. 6, long term electricity storage op-
tions such as pumped hydro storage, compressed air energy storage
(CAES) as well as PtG-storage for hydrogen and methane would be
required.
3. Types of storage and recent developments

Storage has played an important role in balancing electricity
supply and demand since the beginning of electricity systems.
Depending on the characteristics of a specific type of electricity
storage, it can be used for different purposes and provides various
services. Storage can be used to support uninterruptible power
supply and power quality, for transmission and distribution grid
support and load shifting, as well as for bulk power management.
Currently, there are different storage technologies, which can be
classified in short-term and long-term storage options depending
on their average storage capacity and storage time, see Fig. 7.

The major characteristics of different storage options for elec-
tricity are given in Table 1. It documents power rating, energy range,
response time, efficiency, self-discharge, lifetime and energy den-
sity for major types of storage technologies.
3.1. Pumped hydro storage

Pumped hydro storage is one of the oldest and mostly used
electricity storage technologies. In pumped hydro storage, water is
pumped from lower to higher reservoir during low-cost energy
periods and high renewable energy generation periods, and, when
electricity is needed, water is released back to lower reservoir,
generating electricity. This storage technology is usually used on a
large scale and within the wholesale market. Use of pumped hydro
storage is mainly determined by geographical and geological
characteristics, and most of suitable locations are already in use. In
the EU pumped hydro storage accounted for 97% of electricity
storage capacities in 2017 [38]. However, due to the ongoing
changes in the electricity system, need for local flexibility is
increasing. Due to this decentralized electricity storage options are



Fig. 6. Distribution of electricity generation from variable RES as well as demand over the months of an average year for Austria with high quantities of PV, hydro storage, wind and
hydro power (results of own modeling analysis).

Fig. 7. Typical storage time of various storage technologies as a function of installed storage capacity [28,29].
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becoming increasingly attractive [16].
However, in comparison to other types of energy storage,

pumped hydro storage can be cheaper, especially for very large
storage capacity. Despite this advantage, the challenge of this en-
ergy storage is need for long-term investment. Permitting and
construction can take 3e5 years each [35]. This can be significant
problem, especially in a fast-changing market.

Besides balancing the peak and off-peak periods, pumped hydro
storage provides ancillary services such as: frequency, primary and
voltage control to the power grid. In order to fulfil the power
system control, pumped hydro storage can switch within seconds
to different operation modes [36]. The balance with hydro pumped
storage can be done over short periods, e.g. hours and days, as well
as over longer periods, e.g. months and year.

Currently, worldwide there are over 170 GW of pumped storage
capacity in operation. Europe is the second biggest zone, with
57 GW, accounting for approximately 33% of the market. Oppor-
tunities aremostly focused onmountainous regions in Switzerland,
Austria, Germany, Spain and Portugal [36].



Table 1
Survey on different types of storage options for electricity [30e37].

Power rating Energy range Response time Efficiency (%) Self-discharge (%) Cycles or lifetime Energy density (Wh/l)

Mechanical storage
Pumped hydro 10 MW - 3 GW Up to some 100 GWh sec-min 70e85 negligible 30e80 years 0.2e2
Compressed air 100 MW- 1 GW 100 MWh-10 GWh sec-min 40e75 negligible 20e50 years 2e6
Flywheel 100 kWe20 MW 10 -100 kWh 10e20 ms 70e95 1.3e100 20,000 e 100,000 20e80
Electrochemical storage
Li-ion battery 1 kW-100 MW Up to 10 MWh 10e20 ms 85e98 0.1e0.3 1000 e 10,000 200e400
Lead-acid battery Some kW e 100 MW Up to 10 MWh <sec 75e90 0.1e0.3 500-3000 cycles 50e80
Flow battery Several kW- 100 MW 100 kWh- some MWh 10e20 ms 60e85 0.2 12,000 e 14,000 20e70
Chemical storage
Hydrogen 1kW-1GW ca. 10 kWh-several GWh sec-min 25e45 0e4 5e30 years 600
Methane 1MW-1GW 1 MWh-several GWh sec-min 25e50 negligible 30 years 1800
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3.2. Compressed air energy storage

Using this storage technology, air is pumped into an under-
ground hole (e.g. salt cavern) during off-peak hours with cheap
electricity. When energy is needed, the air from the underground
cave is released back up into the facility, where it is heated and the
resulting expansion turns an electricity generator. This heating
process usually uses natural gas, which releases carbon [35]. This
type of storage is suitable for daily/weekly balancing, for arbitrage,
reserve, demand service and other standard ancillary services.

Currently, there are only two operating compressed air energy
storage facilities. One plant is located in the USA (110MW), and one
in Germany (320 MW) [36].

3.3. Flywheel

A flywheel is a high speed spinning mechanical device designed
to store energy which is released by slowing down the flywheel’s
spin.

Flywheels are not suitable for long-term energy storage, but are
very effective for load-leveling and load-shifting applications. They
have long-life cycle, high-energy density, low maintenance costs,
and quick response speeds. Their major applications are to ensure
uninterrupted power supply, increase efficiency and reduce load
peaks.

Most important advantages of this storage technology are fast
power response, high number of life cycles, flexible power/energy
ratio, and high efficiency. Major barriers are materials cost, me-
chanical complexity, and self-discharge power losses.

The first commercial use of flywheel technology (20 MW) used
to regulate the grid in the United States was demonstrated in 2011.
Since then several other flywheel facilities are in use [35].

3.4. Li-Ion battery

A Lithium Ion (Li-Ion) Battery System is an energy storage sys-
tem based on electrochemical charge/discharge reactions utilizing
flow of lithium ions from negative to positive electrode to produce
energy and vice versa for charging.

The use of Li-Ion batteries in the stationary field has significantly
increased since 2010. Already in 2015, more than 500 MW of sta-
tionary Li-Ion batteries were operating worldwide in grid-
connected systems. Moreover, Li-Ion battery systems for grid sup-
port with voltages up to 1 kV have been designed and successfully
tested [36].

Lithium-ion batteries are by far themost popular battery storage
option today and control more than 90% of the global grid battery
storage market. Compared to other battery options, lithium-ion
batteries have high energy density and are lightweight [35].

Although, most suppliers of Li-Ion batteries are from Asia
(Korea, China or Japan), Europe is one of the leading continents in
utilization of Li-Ion batteries in different applications, such as sta-
tionary energy storage, rail, marine, truck and automotive. For the
energy storage market in particular, the leading countries for the
deployment of Li-Ion batteries are: Italy for transmission and dis-
tribution grid support, Germany for PV self-consumption, and
France in the island grids [36].

Huge advantage of Li-Ion batteries is their high scalability and
flexibility in power and energy, as well as usability in a large variety
of applications (e.g. time shifting and self-consumption of locally
produced PV energy, voltage, capacity and contingency support of
smart grids, ancillary services and frequency regulation, support to
better integration of large renewable plants into the electricity
system) [36].

3.5. Lead-acid battery

Although, lead-acid batteries were among the first battery
technologies used as energy storage, they are not popular for grid
storage due to their low-energy density and short cycle and cal-
endar life [40]. However, the batteries’ inherent advantage of effi-
cient performance at low investment cost is expected to encourage
their widespread adoption across Europe in grid-connected and
off-grid applications [36].

This battery system utilizes reaction between lead and sulphuric
acid to generate electrons that move from negative to positive
electrode to produce energy and vice versa for charging.

Although, lead-acid batteries are mostly used in cars, they can
be also used as grid-connected energy storage, and off-grid
household or residential electric power systems.

3.6. Flow battery

Flow batteries are rechargeable batteries which use two liquid
electrolytes, separated using an ion-selective membrane, as energy
carriers. The characteristic of this storage technology is the total
decoupling between power and energy ratings.

Flow batteries are in use since 1970s. However, they make up
less than 5% of the battery market [35]. They have relatively low
energy densities and have long life cycles, which make them well-
suited for supplying continuous power. Currently, the development
of these batteries is mostly done in Asia (Japan and China), Australia
and in the USA. In Europe, the development is ongoing and prod-
ucts are available in the class of 10 kW and 200 kW [36].

Flow batteries offer a high flexibility to independently tailored
power and energy ratings for storing electrical energy. However,
due to the relatively low energy density of the vanadium electro-
lyte, big storage tanks are necessary leading to the limited number
of applications for flow battery technology. Most important appli-
cations are large-scale non-mobile energy storage applications,
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peak shaving and energy time shifting [36].

3.7. Hydrogen

Hydrogen energy storage is form of chemical energy storage in
which electrical power is converted into hydrogen. Electricity is
stored by electrolyzing water to produce oxygen, which is released,
and hydrogen, which is compressed and stored. According to
electricity demand, hydrogen can be re-electrified via fuel cells.
Alternatively also gas turbines or engines can reconvert hydrogen
into electricity.

Hydrogen energy storage systems are characterized by the high
volumetric energy density of compressed hydrogen. However, the
efficiency of the conversion chain is also very low, i.e. below 40% for
one charge-discharge cycle [36].

Currently, there are many power-to-gas projects emerging in
Germany and other European countries. It has been demonstrated
that the different electrolyser types can follow the load changes
produced by the output of a wind farm very quickly. This means
that electrolysers could be used as negative, or, in continuous
operation, also as positive operating reserve for the grid system
[36].

Most of these demonstration projects envisage the use of
hydrogen in the transport sector or wholesale via the gas grid (with
direct hydrogen injection or with methanation step). Only a few of
them have large scale storage and re-electrification in its scope [36].
However, large scale hydrogen storage has already been operated
for several years at two locations in the UK and the USA.

Hydrogen energy storage is suitable for different applications
such as balancing seasonal and weekly fluctuations, ancillary ser-
vices, and they can be an alternative for grid extension and grid
reinforcements [36].

3.8. Methane

An alternative to the storage of hydrogen is the storage of
methane. It can be produced from hydrogen and carbon dioxide by
the so calledmethanation. Huge advantage of methane is that it can
be injected into the natural gas grid without restriction and could
be used for medium- and long-term storage purposes.

The major advantage of methanation over direct use of
hydrogen is exactly the full compatibility with the existing value
chain of natural gas. Methanation provides the possibility to con-
nect the electricity systemwith the heat and fuel market. However,
disadvantages are the additional loss in efficiency and the added
cost [39].

3.9. Advantages and disadvantages of energy storage technologies

Major advantages and disadvantages of energy storage tech-
nologies discussed above are summarized in Table 2.

The share of total electricity storage capacity of various storage
technologies is shown in Fig. 8. It is obvious that by far the largest
shares are still provided by hydro pumped storage. On the second
place is electrochemical storage. Among the later, especially high
shares have lithium-Ion batteries, about 86%.

In the contrary to pumped hydro storage which is already
mature technology, other forms of electricity storage are mainly
under development and increasing in capacity. Especially batteries
are expected to play an increasing role in the future electricity
system [38].

Investment in grid-scale battery storage by country/region as
well as global behind-the-meter battery storage over the last few
years is depicted in Fig. 9. Since 2013, global investment in behind-
the-meter battery storage is continuously increasing.
Electricity storage capacity is growing rapidly worldwide but
the largest growth is coming from batteries, especially lithium-ion
batteries. The largest amount of total capacity-based investment in
battery storage technology is currently coming from electric com-
panies, see Fig. 10. They are critical partners for advancing a robust,
sustainable energy storage industry given their unique ability to
maximize the value of energy storage for the benefit of all cus-
tomers [44].

4. The costs of electricity storage

To make a realistic appraisal of the market perspectives of
different types of storage it is important to calculate and to compare
their costs. Our method of approach is based on levelized calcula-
tion of electricity storage costs, see Refs. [17,46]. For analysing the
total cost per kWh of different types of storage we have to consider
investment costs, operation and maintenance costs, as well as the
cost of electricity. Important parameters in this context are the full-
load hours, the storage efficiency and the price of electricity. In the
following the total electricity storage costs, are calculated as:

Csto ¼ Isto:a
T :hsto

þ CO&M þ Pele
hsto

½EUR=kWh� (1)

with:

Csto Total storage costs per kWh of electricity [EUR/kWh]
CO&M Operation & maintenance costs [EUR/kWh]
Isto Total investment costs [EUR/kW)
T Full-load hours [h/a]

a Capital recovery factor [1/a]
ɳsto Efficiency of storage [%]
Pele Price of electricity [EUR/kWh]

Based on equation (1) the average costs of different storage
technologies are depicted in Fig. 11. As seen the battery storage
costs are still highest. However, in real life the stationary batteries
have the major advantage that they do no compete with the low
price spreads in the wholesale markets but with the considerably
higher retail prices for electricity (between 20 and 30 EUR/kWh in
Western Europe).

A very important parameter for the costs of storing electricity is
the number of full-load hours, [17]. For example, 500 full-load
hours per year the costs are four times higher than at 2000 full-
load hours per year, see Fig. 12. To answer the core question we
use a dynamic framework to model supply from various quantities
of electricity from variable RES and the load profiles based on
Western European conditions. An interesting paper in this context
is Mehrjerdi (2019) [47]. They analyse the optimal correlation of
non-renewable and renewable generating systems for producing
hydrogen and methane by power-to-gas processes.

The most important results of our investigations are: The major
reason for the currently high costs of electricity storage is their low
number of full-load hours. Currently, a figure of about 2000 h per
year is considered to be the minimum. As Fig. 12 shows costs at
current price spreads of about 3e5 cents/kWh in the German/
French market no type of storage is economically attractive at full-
load hours below 4000 h per year. Also in the long run the eco-
nomic prospects of storage technologies do not look much brighter,
see Section 9.

5. Storing every peak? The role of flexibility

In Fig. 5 we have presented the residual load curve over a week.
If the residual load curve is analysed over a year and classified by



Table 2
Advantages and disadvantages of energy storage technologies [39,41].

Storage Advantages Disadvantages

Pumped hydro � Mature and established technology
� Very long lifetime
� Low self-discharge
� Good efficiency
� High power density

o Geographical restriction
o Expensive to site and build
o Long construction time
o High investments costs and long return of investments
o Only large plants connected to the transmission grid are economical.

Compressed
air

� Relatively low costs
� Long life
� Low self-discharge

o Geological restrictions
o High investments costs and long return of investments
o Long construction time.
o Only large plants connected to the transmission grid are economical.

Flywheel � High power density
� Long life time
� Very fast recharge
� Low maintenance requirements

o Low energy density
o Large standby losses
o Vacuum chamber needed
o Mechanical complexity

Li-ion battery � High power density
� High energy density
� High efficiency

o Early-stage technology
o High investment costs
o Sustainability of lithium mining

Lead-acid
battery

� Mature technology
� Familiar, experience with large storage
� Inexpensive
� Acceptable energy and power density for stationary

applications
� No complex cell management needed

o High maintenance requirements
o Short cycle life
o Environmental hazards
o High voltage of deep discharging
o Ventilation requirement
o Capacity depend on temperature increasing

Flow battery � Energy and power independently scalable
� High cycle life
� Variety of possible redox couples possible

o Leakage caused by acidic fluids
o Costs for vanadium-based redox solution is too high
o Pumps and valves are prone to errors c
o Costly maintenance

Hydrogen � Low footprint in the case of underground storage
� Sufficient experience with hydrogen storage in caverns
� Large amount of energy can be stored

o High costs for electrolyzers
o Storage density is about one-third lower than for methane
o Operation costs very dependent on electricity price

Methane � Technology for long term storage of electricity
� Additional buffer storage in the gas system
� Full compatibility with the existing value chain of natural

gas

o Low efficiency
o External source of CO2 necessary or extraction from the air e resulting in further reduction
in efficiency)
o High costs

Fig. 8. Share of total electricity storage capacity worldwide by storage technologies (Data source [42]).
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magnitude a pattern as shown in Fig. 13 emerges. These curves
apply for the example of Austria for the years 2016 vs 2030, given
significantly higher quantities of variable renewables in 2030.

From this classified residual load curve scenario for 2030 as
shown in Fig.13 it can be seen that there aremore than 2000 hwith
surplus electricity due to excess generation mainly from variable
renewable energy. It is also clearly indicated that there is a
pronounced steep peak. That is to say, high excess capacity exists
only at very few hours. From this graph the question arises whether
really all surplus electricity shown in this figure should be stored to
be used latter at times of scarce electricity.

More precisely, the most important question is whether even
the unique peak possibly produced from variable RES should
eventually be stored.



Fig. 9. Investment in grid-scale battery storage by country/region and global behind-the-meter battery storage (data source [43]).

Fig. 10. Annual electricity storage capacity additions by segment and type of storage technology (Data source [44,45]).
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Aside from the unfavorable economics due to the high costs
there are other major reasons for storing only part of the excess
electricity. One major reason is, that all types of storage are in
competition with other flexibility options, such as economic de-
mand response, technical demandeside management, and grid
extension, see Fig. 14. This figure refers to the right lower corner in
Fig. 13, and finally the extreme peaks occurring will be shredded.
The different storage options will be put into practice only at
economically reasonable number of full-load hours. For a
comprehensive analysis of flexibility options see Lund [48].
6. The role of stationary decentralized storage

In recent years, in addition to the classical pumped hydro stor-
age plants, stationary batteries have become more and more pop-
ular. There are two major motivations: (i) to store decentral
generated excess electricity, e.g. from PV; and (ii) to help to keep
the system in balance with respect to supply security. Here we
solely focus on the first aspect.

In 2018, the worldwide expansion of storage capacity again
increased rapidly. Above all, the “behind the meter” sector, i.e.
mainly for decentralized coupling with photovoltaics, see also



Fig. 11. Average cost ranges of different storage technologies.
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Fig. 2, has increased significantly. In the area of decentralized use, it
is mainly battery storage systems that are used here. In 2018,
around 1.9 GW of battery storage capacity was added “behind the
meter”, compared to 1.2 GW in the grid scale area, see Fig. 15. This
trend, inwhich “behind the meter” is being strongly expanded, was
already clearly evident in 2017, and according to forecasts this trend
will also continue in the future.

Basically, there are many different battery types of cell-types,
but as it can be seen from Fig. 8 only a few have played an impor-
tant role in recent years. These technologies are lithium based
batteries, lead-acid batteries, flow batteries, sodium sulphur bat-
teries [50]. Most decentralized stationary battery storage systems
are either lead-based or lithium-based systems, but as shown in
Fig. 12. Costs of storing electricity for different technologies
Fig. 8 lithium-based systems clearly dominate today.
The lead acid battery is one of the most proven and widely used

battery in many applications. This battery is known as a classic car
battery and most UPS (Uninterruptible Power Supply) systems are
still based on this cell type.

Lead acid batteries are inexpensive, but also have low cycle
stability, especially at high discharge depths. This fact, as well as the
fact that lithium-based batteries have significantly higher energy
and power densities, has also made them interesting for the pro-
sumer market in recent years [51]. Driven by the construction of
immense capacities for battery storage construction for e-mobility,
prices have fallen significantly, especially for battery modules.
depending on the full-load hours per year (as of 2018).



Fig. 13. Classified residual load curve for the years 2016 (historical data) vs 2030, given high quantities of variable renewables in 2030.

Fig. 14. Flexibility options competing with storage technologies for more excess electricity.
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6.1. Full-load hours vs. number of cycles

For the calculation and above all for the comparability of storage
costs, it is important to define the levelized costs of electricity of the
stored energy. For battery storage systems this definition of costs
can be based on the number of full-load hours, as it is common in
other power plants/storage facilities, or on the number of full cy-
cles. The number of full-load hours is defined as the total energy
stored divided by the maximum discharge capacity. In other words,
if a battery with a nominal capacity of 20 kWh and a maximum
discharge capacity of 20 kW is discharged 1000 times per year, this
would mean 1000 full-load hours. Of course, the efficiency of the
battery must also be taken into account here. The full-load hours
are therefore quite easy to estimate. The costs of the stored energy
(without operating costs) are nowcalculated by dividing the annual
investment costs per kW by the annual full-load hours. The prob-
lemwith this calculation for batteries is that the investment costs of
this storage option are mostly given in V/kWh capacity and not in
V/kW. In addition, it is not possible to determine the lifetime of the
storage unit, i.e. how much energy can be stored per lifetime.



Fig. 15. World-wide yearly new installed battery storage capacity for grid-connected and “behind the meter” (data source: [49]).

Fig. 16. Recent development of average depth of discharge and full load cycle stability, (data source: [53], own analysis).
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An alternative calculation of the levelized costs of electricity is
based on the number of full cycles. The number of full cycles is
defined as the complete discharge and charge cycle of the battery in
relation to its capacity. The number of full cycles is also one indi-
cator of the battery life, which is also specified by the manufac-
turers, and the cycle stability increases as the depth of discharge
decreases. An exemplary lithium accumulator can run about 3000
cycles at 80% discharge depth, but at a discharge depth of 50% it can
already run 9000 cycles. This corresponds to a useable total ca-
pacity of 48 MWh or 90 MWh over the cyclical life and thus also
makes a significant difference to the cost of the stored energy over
the lifetime. The levelized costs of electricity are calculated here
from the annuity of the investment costs divided by the capacity of
the battery, the depth of discharge, the efficiency and the number of
cycles. The difficulty in this methodology lies in the estimation of
the annual cycles.

However, if the full-load hours and all parameters such as depth
of discharge, efficiency and capacity of the battery are known, it is
relatively easy to convert from full-load hours to cycles. Conversely,
if you know the cycles instead of the full-load hours, it is relatively
easy to deduce the full-load hours.

Both types of calculation have their advantages and disadvan-
tages. To make the different energy production technologies com-
parable, the methodology of full-load hours is definitely useful. For
the calculation of the levelized costs of electricity and for esti-
mating the lifetime of the storage unit, the calculation of full cycles
per year makes sense.

Even if e-mobility can certainly be considered a major driver or
enabler for stationary battery storage systems, developments in
storage costs in the automotive sector cannot always be allocated
one-to-one to stationary operation. It strongly depends on what is
directly considered in the costs (cells, packaging, charge control,
thermal management, installation, inverter etc.) and what is left
out. This is of course not only true for the comparison between
stationary systems and batteries for the automotive sector, but also
among the stationary systems there are big differences which



Fig. 17. Monthly data for a PV-system with battery storage for own consumption, grid supply, battery charge, battery discharge and grid feed-in (own analysis).
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components are included in the costs [52].
In addition, large differences in storage costs can be found in the

various literature sources. There are several reasons for these dif-
ferences: Firstly, because of the many different technologies (even
within lithium-based batteries) it is difficult to make a valid com-
parison. On the other hand, as mentioned before, different com-
ponents are taken into account. In the automotive sector, the cells
are usually taken into account. Other studies also include modules
and battery management system but mostly enclosure costs and
other balance of system components are omitted. In the case of
stationary batteries, the inverter costs are usually included and the
profit margin, which is shown in the automotive sector on the
entire vehicle, is also added. In addition, the comparison between
batteries in the automotive sector and the stationary behind-the-
meter comparison is a bit misleading because the latter sector
has yet to develop, whereas the automotive sector is already
mature. If all these aspects were correctly priced in the studies, the
cost difference shown in the studies would be significantly lower. It
can also be concluded that stationary battery systems in long-run
will be cheaper than batteries in the automotive sector, as the
latter have to meet higher requirements for safety, durability and
discharge power.

With respect to the development of batteries over time, in
addition to the cost digression of recent years, also the cycle sta-
bility and the average discharge depth have been improved further,
see Fig. 16. Both parameters are important indicators of durability
and useable capacity over the lifetime. The higher the number of
cycles with a large discharge depth, the more capacity is available
for a longer period of time, which straightforward has a direct effect
on the economic viability of battery storage systems. Fig.16 is based
on surveys conducted by C.A.R.M.E.N eV [53], which also collected
data on the cycle stability and discharge depth of battery storage
systems from the manufacturers in the respective years. It can be
seen that the median of the surveyed systems increased from 80%
to 90% between 2014 and 2017. In addition, the outliers downwards
can be classified as significantly lower, which makes a significant
difference in the overall systems considered. At the same time, the
median of the full load cycles has risen from about 5000 in 2014 to
about 8000 in 2017. Overall, this means that battery storage sys-
tems have become significantly more durable at a higher depth of
discharge.

The following figures, Fig. 17, Fig. 18 and Fig. 19, depict the
problem from the perspective of decentralized storage linked to a
residential PV-system. A comparison of own consumption of a
residential PV system, grid supply, battery charge, battery discharge
and grid feed-in for an example over the months of a year in Austria
is depicted in Fig. 17.

The economic performance of such a systems depends highly on
its share of own consumption of the electricity generated. The share
of own consumption depends essentially on the irradiation as well
as on the dimensioning of the system compared to the overall load
profile. Fig. 17 shows monthly balances for a typical single-family
building with an annual electricity consumption of 4000 kWh/a
and a 5 kWp PV system facing south. This system is supplemented
by a 5 kWh battery storage. In practice only a part of the electricity
generated is consumed by the generator itself, see the violet bars in
Fig. 17. On contrary the blue bars show over-all direct electricity
generation from the PV system and yellow is the electricity dis-
charged from the battery. The green bars depict the electricity fed
into the grid, the red ones depict electricity taken from the



Fig. 18. a Comparison of own consumption, grid supply, battery charge, battery discharge and grid feed-in on a summer day without any strategy for optimal charging (own
analysis) b Comparison of own consumption, grid supply, battery charge, battery discharge and grid feed-in on a summer day with a strategy for optimal charging from the
distribution grid’s point-of-view (own analysis).
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network.
Figs. 18 and 19 provide an exemplary comparison of PV gener-

ation, grid connection, own consumption and the battery charge
state for a typical household in Austria for both a winter and a
summer day. The system configuration is the same as already
defined in the analysis in Fig. 17. As can also be seen here, the load
profile is implemented as a standard load profile.

Two strategies for charging the battery are considered in this
analysis. Figs. 18a and 19a show how the energy consumption
would behave if the battery is charged uncontrolled. If we look at
the summer day in Fig. 18a, we can see that the battery is fully
charged around noon and then the full PV output (minus own
consumption) is fed into the grid. This high gradient of the feed-in
peak must be avoided as far as possible in the interests of grid
service. An example of this is shown in Fig. 18b, where the battery
storage is continuously charged during the day so that it is fully
charged at the end of the day. The advantage is that the feed-in
gradient is more continuous than in the first case and thus high
power peaks are not transmitted to the grid within a very short
time. On awinter day, as shown in Fig. 19a and b, this question does
not really arise because only on a few days is surplus energy
actually generated, which could then be stored in the battery
storage or fed into the grid.
7. The role of electric vehicles as decentralized storage

Another decentralized option is to use the battery of the electric
vehicles as storage for electricity from the grid and to use it espe-
cially for delivering electricity in times of scarcity. With the
increasing number of rechargeable electric vehicles interest in this
storing option is increasing, as well as a number of studies dealing
with this issue [54e56].

Having this perspective in mind, policy makers, utilities, and
grid operators have begun to work on integration of electric vehi-
cles into the energy system. Since electric vehicles (as all types of
cars) are parked most of the time, the batteries in electric vehicles
could be used as storage for surplus electricity and as an energy
source in times of scarcity. Moreover, in combination with the
smart grid, electric vehicles could be also used to allow electricity
flow from the car to the electric distribution network. In such a
system, called Vehicle-to-Grid (V2G), electric vehicles communi-
cate with power grid. The V2G concept is a crossover of electric
vehicles, power system and information technology. In this
concept, electric vehicles are not just a transportation means. They
serve as storage, as well as mobile power plants giving electricity to
the power grid when necessary. With the increasing use of RES,
V2G storage capacities can enable electric vehicles to contribute to
balancing electricity supply and demand.

The V2G concept relies on a smart power grid, which involves
smart metering, dynamic pricing, automated control and real-time
information exchange. With the increasing number of electric ve-
hicles, the V2G concept could become an energy arbitrage between
the power utilities and the EV drivers, and have a significant impact
on a balanced power system operation.

As discussed in literature [57], there are three necessary con-
ditions for V2G deployment: (i) the penetration of electric vehicles
needs to be high enough to offer enough agents participating in
V2G and thus a high enough parked ratio of electric vehicles, (ii)
there must be a need for decentralized storage, and (iii) the cost of
V2G must be low enough to compete with other decentralized



Fig. 19. a Comparison of own consumption, grid supply, battery charge, battery discharge and grid feed-in on a winter day with excess PV and without any strategy for optimal
charging (own analysis) b Comparison of own consumption, grid supply, battery charge, battery discharge and grid feed-in on a winter day without excess PV and with strategy for
optimal charging (own analysis).

Fig. 20. Load shifting: levelling and shaving (adapted from Ref. [59]).

Fig. 21. Interaction of grid extension and new storage.
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storage technologies.
However, an individual V2G set-up of each EV with the power

grid is ineffective and inefficient. Since an electric vehicle can store
relatively small amount of electricity, about 10e60 kWh, an
aggregator should be introduced which is responsible for gathering
a number of EVs and communicating with the power grid. Based on
willingness of EV drivers and available battery capacities, the
aggregator controls smart charging and discharging of EVs [58]. The
aggregator coordinates the intragrid power flow,minimize the total
power demand and total power loss, optimize the voltage devia-
tion, calculates prices, etc. Since the power generation capacity has
to be in balance with the load demand, a large fluctuation of load
demand will significantly increase the capital- and operation costs
of the power system. The V2G operation can contribute to load
leveling (EV batteries take electricity from the grid during the off-
peak periods) and load shaving (electricity flow from EVs to the
grid during peak periods), see Fig. 20.

The charging and discharging processes in V2G applications are



Fig. 22. Development of costs of several technologies for long-term storage of electricity depending on technological learning over time up to 2050 (own analysis).
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much faster than the shutoff and startup processes of standby
generators. However, V2G services could provide useful support to
the power system in the future. Currently, V2G is challenged by
high costs due to lack of standards and scale. For example, car
manufacturers in Europe, Japan and China use different charging
protocols. European manufactures use mostly the Combined
Charging System which das not enable V2G.

Another important challenge is battery lifetime. Currently used
EV batteries suffer from a limited cycle life. The V2G operation
additionally degrades their life. Since V2G systems are currently
represented just in pilot studies, the full impact of V2G operation on
battery lifetime is still subject of research.

Moreover, in the assessment of the benefits of the V2G systems
it is important to consider efficiency. The charging efficiency from
the grid to the battery is 70e80%, battery to grid discharging effi-
ciency is 80e90%, so that overall charging/discharging efficiency of
V2G operation is about 60e70% [59].

Currently, many supply authorities are experimenting with V2G
systems. However, all current applications are small-scale trials.
8. Interactions between storage and the grid

One very important issue is the interaction of storage for elec-
tricity with grid services and grid extension. In principle, both
storage and grid are flexibility measures. The situation is as follows:
Every extension of the transmission or the distributed grid leads to
a reduction of the demand for storage. Vice versa additional storage
capacity leads to a reduction in required grid capacity. The inter-
action takes place on every grid level e the transmission grid as
well as the distribution grid level. As seen from Fig. 14 the most
important measure for enhancing flexibility and electricity supply
security is the extension of the electricity transmission grid. Ex-
tensions of the grid lead to flatter demand profiles and evened out
generation of variable renewables. That is to say, the larger the area
of generation of variable renewables is the flatter will finally be the
residual load profile.

Hence, the extension of storage and grid has to be done in
lockstep and carefully tuned. But the major crucial issue in this
context is the issue of regulation vs market, see Fig. 21. It is without
discussion that the grid is considered to be a natural monopoly.
However, from the energy economic point-of-view, excluding the
grid security issue, storage is actually considered to be a market-
based option and could also be in competition with other storage
or other flexibility options, such as demand-side management. But
from the above stated request of extending storage and grid in
lockstep some contradiction may emerge. However, in Europe
currently there are clear regulated plans for grid extention in the
so-called Ten-Year Network Development Plans (TYNDP) including
both, national grid extention and cross-border interconnections,
see Ref. [60]. That leads to the conclusion that the deployment of
any new storage has to take into account the planned new trans-
mission lines.
9. Future prospects

The analysis of future prospects is based on technological
learning regarding the future development of investment costs of
long-term storages. Quantities for the single technologies are
modeled based on International Energy Agency [61]. Note that for
hydro storage, due to the maturity level, we do not consider further
technological learning.

Fig. 22 depicts the possible development of costs of several
technologies for long-term storage of electricity depending on
technological learning over time up to 2050, see also [62]. As seen
over the period up to 2050 decreases in the prices of PtG-
technologies will take place mainly due to learning effects. For
long-term hydro pump storages (over a year) further prices will
rather increase mainly due to a lack of sites with reasonable costs
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and lack of acceptance. In a dynamic market framework the costs of
all centralized long-term storage technologies will finally be too
high to become competitive. By 2030 under most favorable
learning conditions the costs of hydrogen and methane for 2000
full-load hours per year will be between 0.10 EUR/kWh and 0.18
EUR/kWh.

10. Conclusions

The major conclusions of this analysis are:
The options for placing storage in smart energy systems have

increased significantly in recent years, as well as the diversity of
storage types: (i) we still have the classical pumped hydro storage
mainly placed on the transmission grid level and also operating in
cross-border exchange; (ii) there are battery storage options which
may be placed either on grid-level or in decentralized applications,
i.e. connected to the grid (e.g. V2G) or “behind the meter”, and (iii)
there is the option of long-term chemical storage e.g. of hydrogen
and methane, which may in future also connect different sectors
e.g. the electricity sector and the transport system.

Regarding these different opportunities the major findings are:

(i) with respect to pumped hydro storage, significant decrease
of investment costs cannot be expected in the future because
no meaningful further learning effects are expected and the
cheapest site options are already in use; (ii) stationary,
decentralized batteries connected to PV systems increase
household independency from grid electricity; However,
they have the major disadvantage that despite decreasing
battery prices in recent years, their very low full-load hours
still lead to a poor economic performance; (iii) regarding V2G
options, it is not yet clear how car owners would benefit. It
seems that the increase in charging cycles and limited flex-
ibility of vehicle use are rather discouraging for the car
owner; (iv) for PtG-technologies such as hydrogen and
methane, it will be difficult to compete in the electricity
markets despite the high technological learning potential.
The major reason for this is the low round-trip efficiency and
the resulting high electricity generation costs.

However, as also indicated e.g. by Lund [48], excess electricity
must not necessarily be stored in electricity storage. There are
further attractive solutions such as storing electricity in thermal
storage, in the district heating network or in chemical storage i.e.
hydrogen and methane. In addition, for hydrogen and methane
there are prospects for their use in the transport sector. In recent
years, gasoline and diesel prices have increased as compared to the
stagnation or even decreases in electricity spot markets. In addi-
tion, due to the lack of environmentally benign fuels for mobility,
hydrogen and methane produced from renewable electricity may
become economically feasible alternatives.

For the practical use of storage technologies, it is essential to
identify options for cheaper electricity (e.g from depreciated wind
power plants not receiving any further subsidies) and to increase
full-load hours, e.g. by using only a part of the production profile of
wind power plants without peaks and with high number of full-
load hours. However, new storage options will only make sense if
they are constructed in coordination with grid extensions and if
new excess production, particularly fromvariable RES, seems likely.

Declaration of competing interest

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.
References

[1] EC. Climate & energy package. https://ec.europa.eu/clima/policies/strategies/
2020_en.

[2] EC, Renewable Energy. Recast to 2030 (RED II). https://ec.europa.eu/jrc/en/jec/
renewable-energy-recast-2030-red-ii.

[3] EC, Directive 2009/72/EC of the european parliament and of the council of 13
July 2009 concerning common rules for the internal market in electricity and
repealing Directive 2003/54/EC.

[4] EC. https://ec.europa.eu/energy/en/topics/technology-and-innovation/
energy-storage/overview; 2019.

[5] EC. Energy storage e the role of electricity. Brussels: Commission Staff
Working Document; 2017. 1.2.2017 SWD(2017) 61 final.

[6] EUROSTAT database. https://ec.europa.eu/eurostat/de/data/database.
[7] IRENA. Smart Grid and Renewables: a guide for effective deployment. Inter-

national Renewable Energy Agency; November 2013.
[8] Roossien B, van den Noort A, Kamphuis R, Bliek F, Eijgelaar M, de Wit J.

Balancing wind power fluctuations with a domestic virtual power plant in
Europe’s first smart grid. IEEE Trondheim Power 2011.

[9] Jamii J, Saouidi Y, Fouizi M. Management of pumped storage hydro plant
coupled with wind farm. In: Proceedings of the 7th international renewable
energy congress (IREC); March 2016.

[10] Haque A, Rahman MA. Study of solar PV-powered mini-grid pumped hydro-
electricity storage and its comparison with battery storage. In: Proceedings of
the 7th international conference on electrical and computer engineering,
dhaka, Bangladesh; december; 2012.

[11] Wen S, Lan H, Fu Q, Yu DC, Zhang L. Economic allocation for energy storage
system considering wind power distribution. IEEE Trans Power Syst
2015;30(2).

[12] Dincer I. Smart energy solutions. Int J Energy Res 2016;40(13):1741e2.
[13] R€omer B, Reichhart P, Kranz J, Picot J. The role of smart metering and

decentralized electricity storage for smart grids: the importance of positive
externalities. Energy Pol 2012;50:486e95.

[14] Ozdemir E, Ozdemir S, Erhan K, Aktas A. Energy storage technologies op-
portunities and challenges in smart grid. In: Smart grid workshop and cer-
tificate program. ISGWCP); 2016.

[15] Bocklisch T. Hybrid energy storage systems for renewable energy applications.
In: Proceedings of the 9th international renewable energy storage conference.
Dusseldorf; March 2015.

[16] CEDED. Storage as a tool for smart distribution, CEDEC position paper. 2016.
January 2016.

[17] Ajanovic A, Haas R. On the long-term prospects of power-to-gas technologies.
WIREs Energy Environ. 2018;2018:e318.

[18] Ajanovic A. On the economics of hydrogen from renewable energy sources as
an alternative fuel in transport sector in Austria. Int J Hydrogen Energy
2008;33:4223e34.

[19] Verzijlbergh RA, De Vries LJ, Dijkema GPJ, Herder PM. Institutional challenges
caused by the integration of renewable energy sources in the European
electricity sector. Renew Sustain Energy Rev 2017;75:660e7.

[20] Haas R, Lettner G, Auer J, Duic N. 2013. "The looming revolution: how Pho-
tovoltaics will change electricity markets in Europe fundamentally. Energy
2013;57:38e53.

[21] Zame Kenneth K, Brehm Christopher A, Nitic Alex T, Richard Christopher L,
Schweitzer Gordon D. Smart grid and energy storage: policy recommenda-
tions. Renew Sustain Energy Rev 2018;82:1646e54.

[22] Lund H, Østergaard PA, Connolly D, Vad Mathiesen B. Smart energy and smart
energy systems. Energy 2017;137:556e65.

[23] Illum K, Lund H. LOCUS-systems: local cogeneration utility systems for effi-
cient utilization of wind power. Rome: European wind energy conference;
1986. p. 329e31. 7-9 October 1986.

[24] Makansi J. Energy storage: the sixth dimension of the electricity production
and delivery value chain. 18 Dec 2002 [Online]. Available: http://www.
energystoragecouncil.org/1%20-%20Jason%20Makansi-ESC.pdf.

[25] Makansi J. Lights out: the electricity crisis, the global economy, and what it
means to you. Hoboken, NJ: John Wiley & Sons, Inc; 2007.

[26] Mohd A, Ortjohann E, Schmelter A, Hamsic N, Morton D. Challenges in inte-
grating distributed energy storage systems into future smart grid. In: IEEE
international symposium on industrial electronics; 2008.

[27] Jülch Verena. Comparison of electricity storage options using levelized cost of
storage (LCOS) method. Appl Energy 2016;183:1594e606.

[28] Haas R, Ajanovic A. Wirtschaftlichkeit von Langzeit-speichern, e&I. 2013.
[29] Joi Scientific. Avaiable storage technologies. 2018. October 27, https://www.

joiscientific.com/hydrogen-and-energy-storage-expanding-capacity/
available-storage-technologies/.

[30] WEC. World energy resources E-storage 2016. World Energy Council; 2016.
www.worldenergy.org/wp-content/uploads/2017/03/WEResources_E-
storage_2016.pdf.

[31] EESI 2019. Fact sheet: energy storage. 2019. February 22, 2019, https://www.
eesi.org/papers/view/energy-storage-2019.

[32] IRENA. Electricity storage and renewables: costs and markets to 2030. Abu
Dabi: International Renewable Energy Agency; 2017.

[33] Regen SW, Energy Storage - towards a commercial model - second ed.,
https://www.regen.co.uk/project/energy-storage-towards-a-commercial-
model-2nd-edition/.

https://ec.europa.eu/clima/policies/strategies/2020_en
https://ec.europa.eu/clima/policies/strategies/2020_en
https://ec.europa.eu/jrc/en/jec/renewable-energy-recast-2030-red-ii
https://ec.europa.eu/jrc/en/jec/renewable-energy-recast-2030-red-ii
https://ec.europa.eu/energy/en/topics/technology-and-innovation/energy-storage/overview
https://ec.europa.eu/energy/en/topics/technology-and-innovation/energy-storage/overview
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref5
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref5
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref5
https://ec.europa.eu/eurostat/de/data/database
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref7
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref7
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref8
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref8
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref8
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref9
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref9
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref9
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref10
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref10
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref10
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref10
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref11
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref11
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref11
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref12
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref12
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref13
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref13
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref13
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref13
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref13
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref14
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref14
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref14
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref15
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref15
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref15
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref16
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref16
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref17
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref17
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref18
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref18
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref18
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref18
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref19
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref19
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref19
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref19
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref20
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref20
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref20
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref20
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref21
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref21
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref21
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref21
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref22
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref22
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref22
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref22
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref23
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref23
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref23
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref23
http://www.energystoragecouncil.org/1%20-%20Jason%20Makansi-ESC.pdf
http://www.energystoragecouncil.org/1%20-%20Jason%20Makansi-ESC.pdf
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref25
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref25
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref25
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref26
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref26
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref26
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref27
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref27
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref27
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref28
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref28
https://www.joiscientific.com/hydrogen-and-energy-storage-expanding-capacity/available-storage-technologies/
https://www.joiscientific.com/hydrogen-and-energy-storage-expanding-capacity/available-storage-technologies/
https://www.joiscientific.com/hydrogen-and-energy-storage-expanding-capacity/available-storage-technologies/
http://www.worldenergy.org/wp-content/uploads/2017/03/WEResources_E-storage_2016.pdf
http://www.worldenergy.org/wp-content/uploads/2017/03/WEResources_E-storage_2016.pdf
https://www.eesi.org/papers/view/energy-storage-2019
https://www.eesi.org/papers/view/energy-storage-2019
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref32
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref32


A. Ajanovic et al. / Energy 200 (2020) 11747318
[34] Wietschel M, Arens M, D€otsch Ch, Herkel S, Krewitt W, Markewitz P, M€ost D,
Scheufen M. Energietechnologien 2050 e schwerpunkte für Forschung und
Entwicklung. Stuttgart: Fraunhofer Verlag; 2010.

[35] Zablocki Alexandra. Fact sheet. Energy storage. February 2019. www.eesi.org/
papers.

[36] EASE. Energy Storage Technology Descriptions. European associaton for
storage of energy. www.ease-storage.eu.

[37] Deloitte. Energy storage: tracking the technologies that will transform the
power sector. Deloitte Development; 2015.

[38] Erbach G. Energy storage and sector coupling. European Parliament Research
Service; 2019. June 2019.

[39] Fuchs Georg, Lunz Benedikt, Leuthold Matthias, Sauer Dirk Uwe. Technology
overview on electricity storage overview on the potential and on the
deployment perspectives of electricity storage technologies. ISEA on behalf of
smart energy for Europe platform GmbH. SEFEP); 2012.

[40] Akinyele Daniel, Belikov Juri, Levron Yoash. Battery storage technologies for
electrical applications: impact in stand-alone photovoltaic systems. MDPI,
Energies 2017;10:1760. https://doi.org/10.3390/en10111760. www.mdpi.
com/1996-1073/10/11/1760/pdf.

[41] Paska Jozef, Biczel Piotr, Klos Mariusz. Technical and economic aspects of
electricity storage systems co-operating with renewable energy sources. In:
10th international conference on electrical power quality and utilisation;
2009.

[42] CNESA 2019. http://en.cnesa.org/latest-news/2019/2/23/cnesa-global-energy-
storage-market-analysis-2018q4-summary.

[43] IEA. World. Energy investment 2018. OECD/IEA; 2018.
[44] EEI. Energy StorageTrends & key issues. 2019. August 2019, https://www.eei.

org/issuesandpolicy/Pages/EnergyStorage.aspx.
[45] Fu et al. U.S. Utility-scale photovoltaics plus-energy storage system costs

benchmark. 2018. https://www.nrel.gov/docs/fy19osti/71714.pdf - retrieved
on November2018.

[46] Ajanovic A, Haas R. 2018, Economic prospects and policy framework for
hydrogen as fuel in the transport sector. Energy Pol 2018;123:280e8.

[47] Mehrjerdi H. Optimal correlation of non-renewable and renewable generating
systems for producing hydrogen and methane by power to gas process. Int J
Hydrogen Energy 2019;44:9210e9.

[48] Lund PD, Lindgren J, Mikkola J, Salpakari J. Review of energy system flexibility
measures to enable high levels of variable renewable electricity. Renew
Sustain Energy Rev 2015;45:785e807.

[49] IEA. Energy storage, tracking clean energy progress. 2019. https://www.iea.
org/tcep/energyintegration/energystorage/.

[50] Luis Munuera. Toril alberto: energy storage e tracking clean energy progress
(2. October 2019), IEA tracking clean energy process. Stand 22.10.2019,
https://www.iea.org/tcep/energyintegration/energystorage/.

[51] May Geoffrey J, Davidson Alistair, Monahov Boris. Lead batteries for utility
energy storage: a review. J. Energy Stor. 2018;15:145e57.

[52] Mitchell Paul J, Waters John E, Esposito Dan, Michael David. Energy storage
roadmap report. Indianapolis: Energy Systems Network; 2017.

[53] C.A.R.M.E.N. EV: Marktübersicht Batteriespeicher 2013. Stand Oktober 2019,
https://www.carmen-ev.de/sonne-wind-co/stromspeicher/batterien/813-
marktuebersicht-fuer-batteriespeichersystem2014,2015,2016,2017e.

[54] Udrene L, Bazbauers G. 2015. Role of vehicle-to-grid systems for electric load
shifting and integration of intermittent sources in Latvian power system.
Energy Procedia 2015;72:156e62.

[55] Lund H, Kempton W. 2008. Integration of renewable energy into the transport
and electricity sectors through V2G. Energy Pol 2008;36:3578e87.

[56] Child M, Nordling A, Breyer C. 2018. The impacts of high V2G participation in a
100% renewable åland energy system. Energies 2018;11:2206. https://doi.org/
10.3390/en11092206.

[57] Lauinger D, Vuille F. A review of the state of research on vehicle-to-grid (V2G):
progress and barriers to deployment. In: Conference: European battery,
hybrid and fuel cell electric vehicle congress, at geneva; 2017. https://www.
researchgate.net/publication/315144641.

[58] Guille C, Gross G. 2009. A conceptual framework for the vehicle-to-grid (V2G)
implementation. Energy Pol 2009;37:4379e90.

[59] Chau KT. Alternative fuels and advanced vehicle technologies for improved
environmental performance towards zero carbon transportation. Pure electric
vehicles. Book chapter. WP publishing; 2014. p. 655e84. https://doi.org/
10.1533/9780857097422.3.655.

[60] ENTSOG. Entsog ten-year network development plan 2020. 2019. https://
www.entsog.eu/tyndp#entsog-ten-year-network-development-plan-2020.

[61] IEA. Energy technology perspectives. Paris, France: OECD/IEA; 2017.
[62] Nilsson Nykvist/. Learning curves of batteries. Nat. Clim. Lett. 2015;4.

http://refhub.elsevier.com/S0360-5442(20)30580-6/sref34
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref34
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref34
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref34
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref34
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref34
http://www.eesi.org/papers
http://www.eesi.org/papers
http://www.ease-storage.eu
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref37
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref37
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref38
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref38
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref39
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref39
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref39
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref39
https://doi.org/10.3390/en10111760
https://www.mdpi.com/1996-1073/10/11/1760/pdf
https://www.mdpi.com/1996-1073/10/11/1760/pdf
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref41
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref41
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref41
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref41
http://en.cnesa.org/latest-news/2019/2/23/cnesa-global-energy-storage-market-analysis-2018q4-summary
http://en.cnesa.org/latest-news/2019/2/23/cnesa-global-energy-storage-market-analysis-2018q4-summary
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref43
https://www.eei.org/issuesandpolicy/Pages/EnergyStorage.aspx
https://www.eei.org/issuesandpolicy/Pages/EnergyStorage.aspx
https://www.nrel.gov/docs/fy19osti/71714.pdf%20-%20retrieved%20on%20November2018
https://www.nrel.gov/docs/fy19osti/71714.pdf%20-%20retrieved%20on%20November2018
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref46
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref46
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref46
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref47
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref47
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref47
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref47
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref48
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref48
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref48
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref48
https://www.iea.org/tcep/energyintegration/energystorage/
https://www.iea.org/tcep/energyintegration/energystorage/
mailto:https://www.iea.org/tcep/energyintegration/energystorage/
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref51
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref51
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref51
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref52
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref52
mailto:https://www.carmen-ev.de/sonne-wind-co/stromspeicher/batterien/813-marktuebersicht-fuer-batteriespeichersystem2014,2015,2016,2017e
mailto:https://www.carmen-ev.de/sonne-wind-co/stromspeicher/batterien/813-marktuebersicht-fuer-batteriespeichersystem2014,2015,2016,2017e
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref54
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref54
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref54
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref54
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref55
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref55
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref55
https://doi.org/10.3390/en11092206
https://doi.org/10.3390/en11092206
https://www.researchgate.net/publication/315144641
https://www.researchgate.net/publication/315144641
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref58
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref58
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref58
https://doi.org/10.1533/9780857097422.3.655
https://doi.org/10.1533/9780857097422.3.655
https://www.entsog.eu/tyndp#entsog-ten-year-network-development-plan-2020
https://www.entsog.eu/tyndp#entsog-ten-year-network-development-plan-2020
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref61
http://refhub.elsevier.com/S0360-5442(20)30580-6/sref62

	On the role of storage for electricity in smart energy systems
	1. Introduction
	2. The problem of balancing electricity supply and demand
	3. Types of storage and recent developments
	3.1. Pumped hydro storage
	3.2. Compressed air energy storage
	3.3. Flywheel
	3.4. Li-Ion battery
	3.5. Lead-acid battery
	3.6. Flow battery
	3.7. Hydrogen
	3.8. Methane
	3.9. Advantages and disadvantages of energy storage technologies

	4. The costs of electricity storage
	5. Storing every peak? The role of flexibility
	6. The role of stationary decentralized storage
	6.1. Full-load hours vs. number of cycles

	7. The role of electric vehicles as decentralized storage
	8. Interactions between storage and the grid
	9. Future prospects
	10. Conclusions
	Declaration of competing interest
	References


