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1 Introduction to this course 

Upon completion of this course, you will be able to 

• describe the purpose and future role of energy storage systems (ESS), 

• classify storage technologies, 

• calculate specific costs and compare different economic aspects of ESS, and 

• explain how different energy storage technologies complement each other. 

This course provides the reader with insight into the progress and challenges of energy storage systems, 

which have the potential of bridging the gap between supply and demand, especially in networks with 

a high proportion of renewable generation. Despite significant technical improvements over the last 

few years, the storage markets are still in their infancy, and some energy storage system (ESS) 

technologies face both economic and efficiency challenges. The principal contemporary ESS options 

will be presented with their advantages and disadvantages. The following ESS will be described in 

detail: mechanical storage (e.g. compressed air energy storage (CAES) or pumped hydro plants); 

electrical storage (e.g. superconductive magnetic energy storage (SMES)); thermal storage (TES); 

electro-chemical storage (batteries), and chemical storage (e.g. hydrogen). 

 

2 Introduction to energy storage 

2.1 Introduction 

Learning objectives: Upon completion of this page, you should 

• be able to name the measures beneath electricity storage that are available to increase 

the power system flexibility and 

• have an overview of the topics covered by this course. 

The transition to a power system with a high share of fluctuating renewable energy requires additional 

higher transmission capacity, in order to connect over the physical distances between renewable 

energy (RE) supply (generation), often found in remote areas, and demand in population and industrial 

centres. However, the power system must also be able to bridge the time difference between variable 

supply and demand.  

An essential attribute of a power system, which enables it to cope with the implications of power 

generation by variable renewable energies (VRE) and fluctuating demand, is its flexibility. “Power 

system flexibility is defined as the ability of a power system to reliably and cost-effectively manage the 

variability and uncertainty of demand and supply across all relevant timescales” [1]. Sources of 

flexibility can include dispatchable generation, demand response measures, the curtailment of 

renewable generation, grid expansion, and/or electricity storage. 

Taking a broader view on flexibility, as suggested above, to some extent overrides the distinction 

between storage, generation, or demand response, as all of these contribute to the same objective of 

matching supply with demand. The key issue of the energy transition in the power sector is the 

interaction between the growth of fluctuating renewable electricity generation and the mix of flexibility 

resources to integrate them. Having a broad portfolio of flexibility options will, in general, allow for 

better integration of VRE.  
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This course provides: 

• an introduction to the need for and purpose of energy storage systems in electricity grids 

with high penetration of renewable power generation 

• an introduction to the relevant terminology 

• an overview of the applications for energy storage systems 

• an overview of relevant electricity storage systems, ordered by type of energy storage 

(mechanical, electrical, thermal and chemical) 

 

Flexibility requirements and measures in the power supply system (Source: RENAC, 2014) 

2.2 Options for renewable energy integration 

Learning objectives: Upon completion of this page, you should be able to 

• identify the main sources of flexibility in electricity grids, and 

• explain at least three reasons why energy storage is required in VRE integration schemes. 

Sources of flexibility in electricity grids are to some extent interchangeable: most flexibility needs can 

be met by using more than one of these sources. Thus, we can assume that the transition to renewable 

energies can still be achieved even if the entire range of flexibility sources is not available. Moreover, 

the distinction between storage and other flexibility sources is not always clear-cut. For instance, 

hydropower reservoirs can be considered as both “dispatchable generation” and as “storage”. [2] 

The figure shows options for providing the flexibility needed to integrate VRE into the electricity grid 

without curtailing renewable generation itself. As indicated, these options interact to some extent. 
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Energy storage may be required for the following reasons: 

• to add value to excess renewable electricity: in times of high wind or solar irradiation and 

low load, renewable generation can be stored instead of being wasted. 

• to support the balancing of energy supply to demand: since both RE generation and 

demand are fluctuating, it is unlikely that they will match. Energy storage systems can 

bridge the time gap between supply and demand. 

• to provide reliable capacity at times of low generation: for example, at night electricity is 

still in demand, but solar irradiation and power generation is zero. 

• to provide flexibility in the operation of conventional power plants: coal and nuclear power 

plants are characterised by rather slow response times to load changes. Grid management 

requires systems with fast response capabilities. 

• to compensate for errors in VRE forecasting. 

• to increase stability of grid operations, provide system black-start capability, and local 

supply security: storage systems can play an important role by helping provide a variety of 

auxiliary services to grid operation. 

Through the use of storage technologies for ancillary services in a grid, the conventional must-run-

capacity and the curtailment of power generated by renewable energies can be significantly reduced. 

Energy storage services (ESS) have a significant role in supporting the balancing of power supply and 

demand. Subject to regional conditions, energy storage may even be more important than grid 

extension. 

 

Options for renewable energy integration (Source: RENAC) 

2.3 Storage cycles 

Learning objectives: After completing this page, you should be able to 

• distinguish among different supply-demand situations in the power system and the 

respective energy storage requirements 

• describe the respective energy storage operational timing. 
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Depending on the amount of renewable energy capacity in the grid, there can be times when the 

renewable energy feed-in fully satisfies the electricity demand. This leads to situations where new ways 

to provide system stability must be found: either conventional power plants must be ramped down to 

minimal load – resulting in a potential increase in specific costs and emissions – or Electrical Energy 

Storage Systems (EESS), demand side response, and the renewable energy generators themselves have 

to supply the necessary system services to provide system stability. [2] 

In the figure on the down left, generation is shown as being constant at 20,000 MW. Here we may 

assume that several typical base load power plants are generating constantly at full output. During the 

night and in the early morning, though, the demand is lower than the generation. The excess energy in 

this situation can be used to charge a electrical EESS. At eight o’clock in the morning, however, demand 

begins to exceed generation, and the EESS then delivers its stored energy to supplement power 

generation and meet demand. At around 9 p.m. demand again falls below generation, and again, the 

excess energy can be diverted to charge the EESS.  

The figure on the right shows a case in which generation is coming entirely from solar PV. Power 

generation starts at around 8 a.m. Based on the same demand curve as before, generation is lower 

than demand until 11 a.m., and again from 4 p.m. until the following day at 11 a.m. In this second 

example, it is clear that any excess energy stored during the day will not be sufficient to meet night-

time demand.  

These examples show that storage requirements will differ significantly, depending on the generation 

mix. 

 

Energy storage on a daily cycle - fluctuating power supply © RENAC (Source: Huggins, R.: Energy Storage, page 6) 

2.4 Components of EESS 

Learning objectives: After completing this page, you should be able to 

• differentiate three components of EESS, and 

• explain the fundamental function of these three components. 

This course focuses mainly on how electricity can be stored, but the fact is that electric current itself is 
not very amenable to storage: the wires in an electrical grid, for example, cannot store electricity; they 
can only enable its flow. Thus, EESS devices generally convert the electric power into a different form 
in which the energy is easier to store.  
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For example, chemical storage systems might convert electrical energy into chemical energy using 
water electrolysis to produce storable hydrogen; mechanical storage systems like the flywheel convert 
electrical power into rotating inertia; thermal storage systems convert electrical power into thermal 
energy in insulated repositories, which can later be reconverted to electrical energy. 
 

Consequently, a storage system for electricity consists of three components (see diagram below): 

• Converter I converts electricity into another type of energy that can be stored. It is 

responsible for charging the storage and dictates the charging capacity (the rate of 

charging) of the storage system (unit: kW, MW). 

• An energy storage unit that stores the energy in a form that can maintain capacity until 

discharge. It dictates the energy storage capacity (kWh, MWh). 

• Converter II converts the stored energy back into electricity during discharge. It defines 

the discharging capacity (rate of discharge) (kW, MW). 

These three components can either be integrated into one unit as, for example, in batteries; or they 

can be separate appliances, such as is typical in hydrogen storage systems or redox flow batteries. 

 

Components of a storage system (Source: RENAC)  

 

2.5 Installed capacity and technologies of EESS world wide 

Learning objectives: After completing this page, you should 

• have an idea of the scope of energy storage globally, and  

• be able to distinguish the installed EESS in different countries and categories. 

The international energy storage database of the U.S. Department of Energy (DOE) currently lists over 

1570 energy storage projects in different countries that are either in operation or under construction, 

with a combined installed capacity of over 180 GW. This database provides free, up-to-date information 

on energy storage projects and relevant state and federal policies. Link: 

www.energystorageexchange.org The diagram below shows the total installed capacity of EEES by 

different countries (blue) and the number of projects (green). 

http://www.energystorageexchange.org/
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Top 10 Countries by installed capacity of energy storage (Source: DOE global energy storage database 2019) 

The vast majority (96 %) of worldwide storage capacity is in the form of pumped hydro storage. [3] The 

installed capacities and the number of existing projects for the different storage technologies are 

presented below. 

 

Installed Capacity of EEES according to different technologies (Source: DOE global energy storage database 2019) 

2.6 Footnotes 

[1]: IEA (2018)    

[2]: SEFEP (2012)   

[3] SNL (2019)   
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3 Terminology and definitions 

3.1 Introduction 

It is important to familiarize ourselves with the terminology that will be used throughout this course. 

Learning objectives: After completing this section, you should be able to 

• recognise and explain a number of important terms related to electrical energy storage 

systems. 

3.1.1 Definition I 

This chapter defines energy and power in terms of parameters that are essential and useful for 

evaluating system performance. 

Energy (E) is the core entity of a power system. The purpose of power systems is to generate (convert), 

transmit, distribute, and consume (electrical) energy. Energy can take several forms during conversion 

such as thermal, mechanical, electrical and chemical. Energy can be measured in various units, 

including Ws (Watt second), kWh (kilowatt hour), Nm (Newton meter), or J (Joule). 

Power, the rate of doing work, is equivalent to energy per unit time, usually measured in watts (W), or 

(the equivalent) joules per second (J/s). 

The energy to power ratio (E2P) describes the ratio of installed capacity (energy) to installed power, 

and is given in units of time.  Storage systems with a large E2P can deliver power for a longer time than 

storage systems with a small E2P. 

Energy density (volumetric), symbolised as e, is the ratio of energy available from a storage system to 

its volume. The unit is e.g. kWh/litre or kWh/m3. Systems with lower energy density need more space 

for installation. 

Power density (volumetric) symbolised as p, is the ratio of power available from a storage system to its 

volume. The unit is W/litre or W/m3. 

Specific energy (also known as gravimetric energy density) describes the ratio of energy delivered by 

the storage system to its mass (weight). The unit is e.g. kWh/kg. 

Specific power (or gravimetric power density) describes the ratio of power delivered by the storage 

system to its mass (weight). The unit is W/kg. 

NOTE: Not all companies and institutions use the above nomenclature of energy density, power 

density, specific power and specific energy, consistently. Density is sometimes used to describe both 

power density i.e. kW/kg and energy density i.e. kWh/kg. To avoid misinterpretation, it is best to add 

the terms volumetric or gravimetric. Volumetric clearly defines that a value is related to volume (kW/l, 

kWh/l) and gravimetric clearly defines that a value is related to its mass (e.g. kW/kg, kWh/kg). The 

table below presents these units refereeing to energy and power.  

 Energy Power 

Volumetric kWh/l kW/l 

Gravimetric kWh/kg kW/kg 

Density units, different perspectives (Source: RENAC)  
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3.1.2 Definition II 

The storage capacity (C) is the amount of energy that can be stored by the system. The unit of storage 

capacity is kWh, the same as for energy. We refer to both installed capacity and rated capacity, as 

explained below. 

The power rating describes the nominal power output of the storage system. The unit is kW or MW.  

Depth of discharge (DOD) is the amount of discharged energy compared to the total storage capacity. 

The DOD should always be related to either the installed or the usable capacity.   To improve the cycle 

life of a storage system the DOD can be limited, e.g. lead acid batteries often have a maximum DOD of 

80 % of the installed capacity. This defines the usable capacity. Thus, the allowable DOD is also 100% 

of the usable capacity. 

State of charge (SOC) is the amount of energy still remaining in the system as a percentage of usable 

storage capacity. The maximum SOC is 100%, corresponding to a fully charged system. The SOC after 

discharging the usable storage capacity is 0%. 

Discharge time at usable capacity refers to the time required for an EESS to discharge fully, from its full 

usable capacity to its minimum capacity. 

Efficiency (η) is the ratio of the energy output of an EESS to the energy input. A high efficiency means 

low losses in conversion. 

Round-trip efficiency is the overall efficiency of a storage system, as it converts electricity into a 

storable form and later converts it back into electricity. This is sometimes also called AC-AC efficiency, 

meaning the efficiency in going from alternating current to stored energy and back to alternating 

current.  

Self-discharge refers to the loss of stored energy over time due to internal and external processes, e.g. 

energy used in maintaining battery temperature, or evaporation of water from a reservoir. 

Start-up time is the time period from a power request (to an EESS) to the first power delivery. [1] 
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Important parameters of a storage system (Source: RENAC) 

3.1.3 Definition III 

Ramp-up time is the time required (for an EESS) to go from zero power to full power. 

Ramp rate is the maximum power divided by the ramp-up time. 

Deployment time or response time is the time required for an EESS to reach full power, from the time 

it was requested. It is the sum of Start-up and Ramp-up times (see figure). 

Full cycle is the complete discharging and charging cycle of a storage system.  

Equivalent full cycle is the overall energy throughput (counting either only charge or only discharge 

direction) of any DOD per cycle divided by the available capacity.  

Cycle life is the number of full cycles that can be delivered by a storage system under specified 

conditions before the system becomes incapable of meeting specified criteria. 

Calendar life is the design life of a storage system independent of the number of operational hours. [1] 

 



 

710_StorageUpdate_BS_v2b_2019  Page 14 of 82 
01/10/2019 

 

Response of a storage system © RENAC (Source: Smart Energy for Europe Platform GmbH (SEFEP): Technology Overview on 

Electricity Storage; June 2012) 

 

3.1.4 Footnotes 

[1]: SEFEP (2012)   

[2]: Dehghani A.R. -et al (2019)  

[3]: Xing Luo et al (2015)  
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4 EEES applications according to system integration method and duration of power supply 

4.1 Introduction 

Learning objectives: After completing this section, you should be able to 

• distinguish between modular storage systems with double use, modular storage for grid 

use only, and centralised storage systems 

• explain duration and frequency of power supply, from seconds to monthly storage, 

• distinguish between input and output types of energy: “electricity to electricity“, 

“anything to electricity“, and “electricity to gas“, and  

• differentiate among technologies regarding their usefulness for power supply over 

intervals of seconds to minutes (short-term), several hours (medium-term), and several 

days to weeks (long-term). 

4.1 Overview of EESS classifications  

For the comparison of storage technologies from an economic and technical point of view, it is 

important to define the application of storage technologies appropriately. 

Any EESS can be classified according to three different attributes, which are necessary to specify the 

appropriate storage system application. The classifications and sub-classes are shown in the table. [1] 

Class A refers to type and location; Class B to duration and frequency; and Class C to input and output 

type of energy. 

 

Classification of storage technologies (Source: RENAC --- iSEA (2012) 
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4.2 Class A 

Learning objectives: After completing this section, you should be able to 

• distinguish between modular storage systems with double use, modular storage for grid 

use only, and centralised storage systems, 

• explain the purpose of EESS in different applications. 

Class A describes the setup of the EESS and the main purpose of its installation. The three different 

types are: 

• A1: Modular EESS with double use 

• A2: Modular EESS for grid use only 

• A3: Centralised EESS 

Modular EESS refers to systems that are built up from relatively small basic units such as battery cells.  

These small basic units can be connected together to form larger systems. While increasing the EESS 

size, the efficiency is not increasing and the specific costs are not generally significantly reduced. 

Modular EESS do not require special locations for installation.  

 Modular EESS with double use refers to systems as described above, when their main purpose is not 

the supply of power for control of grid stability. The primary purpose may, for example, be mobility in 

the case of electric vehicles [2] or increased self-consumption in the case of residential EESS. Of course, 

this primary purpose has to be served first, and so the availability for control power will be limited. 

They can therefore supply limited control power in addition to their main application, and so must not 

count on grid services alone for their economic viability. 

Centralised storage systems (for example pumped hydro storage, compressed air, hydrogen storage) 

are located at specific sites that fulfil certain requirements (such as e.g. geographical or geological 

determinants). With centralised systems, generally, system efficiency increases, and specific costs 

decrease with increased installation size. Typical centralised or A3 systems have a power capacity of 

100 MW and more. [1] 

 

Central vs. decentralised storage systems (Source: RENAC) 
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4.3 Class B 

Learning objectives: After completing this section, you should be able to 

• distinguish between Short-, medium and Long-term storage systems, 

• explain the purpose of EESS in different time duration. 

Class B refers to the duration and frequency of power supply. It has the following sub-classes: 

• B1: “seconds to minutes “– short-term energy storage systems 

• B2: “daily storage “– medium-term energy storage systems 

• B3: “weekly to monthly storage “– long-term energy storage systems 

Short-term energy storage (B1) systems like supercapacitors and flywheels must supply energy 

immediately upon activation. Full power is generally reached within a few seconds, and the duration 

of power delivery is usually less than an hour (thus their E2P ratio is usually less than 1). The charging 

and discharging rates are high and, depending on the application, these storage systems may be 

required to complete many charging/discharging cycles per day [1]. 

Medium-term energy storage (B2) systems, such as some batteries (Lead-acid, Li-ion or NaS), have an 

E2P (installed capacity in kWh divided by the peak power in kW – E2P) ratio of 1 to 10 hours. The 

number of cycles per day would rarely exceed two full cycles. These storage systems can be used e.g. 

to compensate for deviations between forecast and actual renewable generation, or to shift surplus 

electricity generation to times with insufficient generation on the same day. 

Long-term energy storage (B3) systems have an E2P ratio of 50 to 500 hours. They are designed to 

supply power demand for several days or weeks. Due to the high energy capacity and the relatively low 

power, the number of full cycles per year is limited. This kind of storage can be used to overcome the 

“dark calm” periods, which are the most challenging weather constellation for a power system with a 

high share of renewables, such as in Central Europe in winter time (high power demand, low solar 

generation). [3] 

Given the limited number of cycles in B3 systems, very low-cost storage media, such as salt caverns for 

hydrogen storage, are required in order to achieve economic viability. Due to the long storage time the 

self-discharge rate must be low. [1] 
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E2P ratios of different storage systems (Source: RENAC) 

4.3.1 Class B1: short-term EESS 

Short-term storage technologies (“seconds to minutes”) are mainly electrical (super capacitors), 

electromagnetic (superconductive magnetic energy storage) or mechanical (flywheels) by nature. 

These technologies are characterised by high number of cycles and high-power demand; therefore, 

they must have a high-power density. The most important applications for short-term storage in power 

systems with a high share of renewables are in primary frequency control and short-term voltage 

stabilisation. These services were traditionally supplied by conventional power plants. With 

appropriate power, electronic converters, and control software, some EESS can supply these services 

too. [1] 

 

Frequency fluctuation in the electricity grid (Source: RENAC)   
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Frequency control services 

In the electricity grid, demand and supply of energy have to be equal at all times. The system frequency, 

which is e.g. 50 Hz in the European electricity grid, is a measure of the balance between supply and 

demand of electricity. Frequency rises if generation (supply) is greater than demand and drops if 

demand is higher than generation. Demand for electricity can be increased by charging stores, and 

generation can be increased by discharging stores. Therefore, energy storage systems can balance 

generation and demand and thereby supply frequency control. [1]  

Voltage control 

The voltage on transmission and distribution lines must be kept within certain limits. Due to losses, 

decentralised electricity feed-in, and other effects, the voltage limits can be violated. One measure to 

control the voltage is the injection or absorption of reactive power. Reactive power can be supplied by 

systems which are solely installed for this purpose (SVC – static VAR compensator) or by energy storage 

systems that can supply reactive power in addition to their primary purpose. [1]  

 

4.3.2 Class B2: medium-term storage  

Peak Shaving 

Distribution and transmission lines, as well as generation capacity, are sized according to peak power 

demand. This holds true for the total capacity within a country or continent, but also for a local 

distribution grid. The cost for the overall power system is driven by the peak load; the cost for each 

individual grid connection is also significantly affected by the peak load at that connection. Energy 

storage systems can be used to reduce (‘shave’) peaks in power demand and therefore reduce costs 

associated with seldom-used generation, such as gas turbine power plants. [1] 

Load levelling 

Load levelling reduces fluctuations in energy demand over the course of a day. During times of low 

demand energy is stored, and during times of high demand energy is fed back into the grid. 

Traditionally, pumped hydro storage systems were used to meet short peaks in daytime demand, 

reducing the power delivery requirement of conventional base load power plants that use nuclear and 

coal.  

In power systems with a growing share of renewables, the predictable pattern – shifting excess power 

from night hours to peak load times during the day – my gradually change. However, load shifting over 

a period of several hours will remain a typical application of storage systems. In regions with a high 

share of PV generation, a daily cycle of load levelling from peak production in the middle of the day to 

all other times is expected to develop. [1] 

Daily storage 

Daily storage utilises the widest range of technologies. All battery technologies, as well as pumped 

hydro and compressed air, can be used, though some technologies are more economic than others. 

The most important applications for daily storage are in grid operation, and in residential storage 

systems. Most daily storage systems are able to provide primary grid control services too. 
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The biggest market for modular small- and medium-sized grid-connected storage systems today is in 

uninterruptible power supply (UPS) systems for telecommunication and data centres, and this sector 

is expected to grow further in future. Large-scale storage systems for grid stabilisation are almost 

exclusively in the form of pumped storage hydro today, but large-scale thermal storage, in combination 

with concentrated solar (CSP), has a promising outlook for the future. [1] 

 

Peak shaving and load levelling without renewables (Source: RENAC) 
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Peak Shaving and Load Levelling with renewables (Source: RENAC) 

 

4.3.3 Class B3: long-term storage 

Long-term EESS can typically deliver full power for several days or weeks. This kind of EESS can help in 

overcoming the so called “dark calm” periods: periods with low PV production (dark) and low wind 

power production (calm). Such weather constellations are considered to be the most challenging 

condition for a power system with a high share of renewables. Historical wind data for Europe, for 

instance, show that approximately once every decade there is almost no wind for several weeks across 

the whole of Europe. [1] 

Redox-flow systems are emerging that should be able to cover time frames of one or two weeks in the 

near future. For longer time periods, however, power-to-gas technologies are the preferred alternative. 

The lifetime averaged energy cost of such systems will be very high, however, because the installation 

cost is quite high while the number of operational hours per year is likely to be very low. [1] 

In a 100% renewable scenario, seasonal storage needs to be built to compensate for seasonal 

fluctuations in renewable power supply. Since large amounts of gas can, in some situations, be stored 

at comparatively low cost, power to gas technologies are currently an important focus of seasonal 

storage research. The low cost of storage capacity compensates for the sub-optimal round-trip 

efficiency of power-to-gas technologies.  
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Seasonal storage will only become economically competitive in energy systems with a very high share 

of renewables. Studies on future electricity supply show that for Central Europe the most economical 

solution is an over-installation of generation capacity combined with long-term storage systems for up 

to three weeks. [1] 

 

Seasonal fluctuations in energy demand and supply (Source:RENAC) 

4.4 Class C 

The “input and output type of energy to and from the storage system” can be categorised as follows: 

• C1: “Electricity to electricity“– positive and negative control energy 

• C2: “Anything to electricity“– positive control energy 

• C3: “Electricity to anything“– negative control energy 

“Electricity to electricity” systems can supply positive and negative control power by discharging and 

charging the system. This class contains, for example, battery storage systems and pumped hydro 

storage plants. Note that positive and/or negative control power can only be provided by stores as long 

as their charging level allows for it. That is, you cannot store power in a battery that’s already full, or 

draw power from an empty reservoir. 

 “Anything to electricity” technologies support the grid with positive control energy either by shutting 

down electrical loads, or by supplying additional power to the grid from other energy reserves. The 

latter category includes all conventional power plants (fossil, nuclear, hydro or biomass fuels) which 

can supply positive control energy for different periods of time. Controlled shut-down of loads can 

occur through, for instance, demand side management strategies, including controlling the charging of 

electric vehicles. 
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“Electricity to anything” technologies convert electrical energy into another form that can be used at a 

later point in time, for example, the conversion of electricity into chemical fuels such as hydrogen or 

methane. The curtailment of a variable renewable power generator can also be considered as a 

functional equivalent of this class, with the difference being that in this case the energy supply is 

reduced, rather than converted to a stored form.  

A combination of “electricity to anything” and “anything to electricity” storage technologies can 

provide the same service to the grid as an “electricity to electricity” storage system. [1]  

 

Input-output types of storage systems (Source: RENAC) 

4.5 Footnotes 

[1] iSEA (2012) 

[2] Aziz M.  et al (2015)    

[3]: X. Luo et al (2015)  
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5 Storage applications in different sectors 

Introduction 

Learning objectives: After completing this section, you should be able to 

• explain how the transport sector could contribute to short-term and long-term energy 

storage, 

• distinguish between high and low temperature heat storage for end users and industry,  

• explain how energy storage systems can increase the residential self -consumption of 

electricity generated by distributed renewable generation, 

• describe the services that uninterruptible power supply can deliver, and 

• justify why it makes sense to add storage to power supply systems for remote areas or on 

islands. 

5.1 Electromobility 

Learning objectives: After completing this section, you should be able to 

• understand how the transport sector could contribute to short and to long-term energy 

storage, and 

• explain the tendency and implementation of different EESS in electric vehicles. 

The electrification of the transport sector is one main drivers for the development of advanced energy 

storage technologies such as lithium-ion batteries. This mass market could also reduce battery prices 

significantly in the future due to economies of scale. Furthermore, the controlled charging or even 

discharging of electric vehicles offers a huge potential for supplying ancillary services in the seconds to 

hours’ time frame. However, electric vehicles are not cost effective for balancing, for example, seasonal 

fluctuations of renewable energy supply. 

For both “seconds to minutes” as well as “daily” storage applications, batteries in vehicles as well as 

batteries in residential energy storage systems can be used. The advantage of the double use of these 

systems is low additional costs for offering grid services, as these systems are normally financed by 

their primary application (mobility or increased PV self-consumption). Therefore, these technologies 

can provide an income to the owner in two markets. [1] 

 

E-mobility: stationary charger and vehicle (Source: RENAC) 
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A number of different storage technologies have been implemented in the Vehicle market. Thus 

vehicles can be categorised as: Electrical vehicles (pure battery-electric vehicles, or BEVs); Hybrid 

electric vehicles (HEVs) with both a combustion engine and an electric motor, and with sufficient 

battery capacity to store electricity generated both by the engine or and by brake energy recuperation; 

Plug-in hybrid electric vehicles (PHEV) that have the capacity to charge their batteries from the grid; 

and hydrogen vehicles that have hydrogen as the primary or sole fuel, and use a fuel cell to generate 

electricity onboard for motive power.  IEA [2] provides a BLUE Map scenario for vehicle sales by 

technology type, which shows that PHEV are expected to become the most dominant technology by 

2050. 

 
Annual light-duty vehicle sales by technology type. (Source: IEA (2011) 

5.2 Residential energy storage 

Learning objectives: After completing this section, you should be able to 

• name promising and frequently implemented EESS in the residential sector, 

• explain the major EESS implementation areas in the residential sector. 

Several EESS, both active and passive, have been implemented in the residential sector, i.e. in buildings. 

The most relevant and promising EESS for the residential sector are thermal energy storage (TES), 

compressed-air energy storage (CAES), and battery energy storage systems (BESS). [3] 

TES can be organised into three categories: (1) sensible, (2) latent, and (3) chemical. [4] 

The idea behind CAES is the use of surplus electricity to drive a compressor, generating compressed air 

that can then be stored in a tank or cavern. When energy is needed, the compressed air is allowed to 

expand and drive a turbine to produce electricity. CAES has not yet been widely implemented in the 

residential sector. 

BESS are being used today in many homes to provide PV power storage, peak demand shaving, and as 

backup power. BESS could also in future provide on-demand grid services that would support flexibility 

in local systems to help with the integration of RE. [5]  
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The most promising available BESS for residential use are lead-acid, nickel cadmium (NiCd), nickel metal 

hydride (NiMH), and lithium ion (Li-ion) batteries.  

One study [5] shows that with a 5 kWh battery system, a house in certain regions of Canada could 

reduce its peak demand by between 42 and 49%. Other regions required an 8 kWh system to provide 

the same demand shaving capacity. The study predicted that with the proper usage, a Li-ion battery 

system could last 10–20 years. [5]  

To limit the undesirable effects of residential PV feed-in on the distribution grid, BESS needs to be 

configured and operated in a grid-friendly way. 

 

Residential BESS (Source: RENAC) 

 

5.3 Industrial energy storage and uninterruptible power supply (UPS) 

Learning objectives: After completing this section, you should be able to 

• name a number of promising and frequently implemented EESS in the industry sector, 

• explain the major EESS implementation areas in the industry sector, and 

• describe the services that uninterruptible power supply can deliver. 

Outside the energy or power industry itself, different types of EESS – including BESS, CAES, and TES – 

have been implemented in a number of other industries like food, textile, plastics, and engineering. [6] 

The pulp and paper industry, for example, has successfully implemented TES for many decades [7], and 

EESS have been implemented in many localised industrial microgrids. [8] 
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The major drivers for industrial applications include protection against power drops, power quality (for 

example frequency stabilisation for highly synchronous industrial drives), and electricity cost reduction 

via peak shaving. In general, multiple purposes can be served by one storage system (for example, peak 

shaving and load shifting). 

Another important application of EESS in industry is to provide uninterruptible power supply (UPS). 

UPS systems are generally used where interruptions in power supply, caused by faults in the electricity 

grid for example, absolutely must be avoided. Examples include hospitals, IT data centres, and 

communication system stations.  

A UPS system can consist of a battery in combination with a generation unit (such as a diesel or gas 

generator) or can solely consist of a battery fed from the grid, depending on the period that needs to 

be bridged. 

For example, very large battery capacities are installed in the communication industry in Germany. 

Current research is looking into whether these capacities can also be used to provide grid services. The 

technology used in today’s UPS is usually not designed to provide for many cycles, and thus it is 

important to test to see whether frequent charge and discharge cycles improve or reduce the system’s 

lifetime. 

 

Uninterrupted power system (UPS) for telecom tower (Source: RENAC) 

 

 

 

 

 



 

710_StorageUpdate_BS_v2b_2019  Page 28 of 82 
01/10/2019 

5.4 Island grids 

Learning objectives: After completing this section, you should be able to 

• name some frequently implemented EESS for remote areas or in island grids, 

• explain the major EESS implementation situations in island grids or in remote areas, 

• justify why it makes sense to add storage to power supply systems in remote areas or on 

islands. 

In remote areas or on islands, the connection to an integrated power network is in many cases neither 

economical nor technically feasible, largely due to long distances or low power demand. Many small or 

remote islands rely on expensive and highly polluting power generation using diesel generators. [9] As 

a result, island-dwellers, such as those in Hawaii and the Caribbean, have to deal with high energy bills. 

To reduce the costs and secure power autonomy, islands are looking for alternatives such investing in 

RE technologies and in EESS [10]. 

BESS are being used in island installations more and more in recent years. The lead-acid battery has 

been used extensively to provide reliable power supply, often combining diesel fuel and renewable 

energy generation in a single battery system. In Crete, for example, wind power curtailment is 

minimised by means of a NaS battery, which shifts the electrical energy from wind power from off-peak 

to peak. On King Island, a vanadium redox battery (VRB) storage system has been installed to improve 

the utilisation of wind power and decrease the amount of diesel generation. Pumped hydro storage 

(PHS) has been widely utilised to allow the penetration of renewable energy and to help reduce 

environmental pollution on many islands. Hydrogen (HES), with its high energy density, is often 

implemented to help balance power supply and demand, improve frequency quality, and smooth the 

power output of VRE. Often super capacitor storage (SCS) is employed to cope with fast power 

variations. [11] 

However, in island situations the hybrid EESS is generally a better solution than a single EESS, with 

flywheel and BESS most advantageous from the perspective of economy and feasibility. [12] The 

combination of variable renewable generation with a back-up diesel generator requires more 

sophisticated controls, which leads to additional costs. In such a case, storage systems can be used to 

smooth the fluctuating wind and solar generation and shift excess power generated to periods of 

higher demand. These storage systems can also provide frequency regulation services. [1] 
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Island grid indicating a long distance to the national grid (Source: RENAC) 

 

5.5 Footnotes 

[1] iSEA (2012)  

[2] IEA (2013)  

[3] Zhiqiang (John) Zhai et all (2014)  

[4] Kohlhepp et al (2019)  

[5] Zhu et al (2012)  

[6] M.F.Soderstrom & T.R.Johansson (1983)  

[7] Beverly (1978)  

[8] Mondal et al (2015)  

[9] IEA RETD (2012)  

[10] ESR (2014) 

[11] Kuang 2016  

[12] Prodromidis (2012)  
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6 Storage technologies 

6.1 Introduction: Storage categories according to the type of energy stored 

Energy is converted and stored in EESS in different forms, such as thermal energy, mechanical energy, 

chemical energy, or electrical energy.  

One of the most widely used categorisations of storage technologies is based on the form of the energy 
stored in the system. As shown in the figure below, EESS can be categorised into mechanical (pumped 
hydroelectric storage, compressed air energy storage, flywheels), electrochemical (conventional 
rechargeable batteries, flow batteries), electrical (capacitors, supercapacitors, and superconducting 
magnetic energy storage), thermochemical (solar fuels), chemical (hydrogen storage with fuel cells) 
and thermal energy storage (both sensible and latent heat storage). 

 
Classification of EESS technologies (Source: RENAC) 

For example, in case of the mechanical EESS, the mechanical rotation of the rotor blades in a pumped 

hydro system drives a turbine, which in turn drives the generator to generate electricity. 

A detailed description and discussion of each type of EESS technology is presented in the following 

sections. 

6.2 Mechanical energy storage systems 

6.2.1 Introduction to mechanical energy storage 

Learning objectives: Upon completion of this page, you should be able to 

• differentiate between kinetic and potential mechanical energy storage systems, and 

• describe the overall functions of different mechanical energy storage  systems. 
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Mechanical energy storage systems store energy as either kinetic or potential energy. Typically, kinetic 

energy is stored in the form of rotation in a flywheel, and potential energy is stored in the form of 

pressurised air in CAES systems, or as gravitational potential energy in hydro dams. 

A flywheel can be a rotating wheel embedded in machinery to provide short-term storage of kinetic 

energy (input and output are kinetic energy), or a rotating wheel that is accelerated by an electric 

motor and drives a generator while slowing down (input and output are electricity).  

Another type of mechanical energy storage is the internal mechanical energy of compressible or 

deformable substances, with the most common being compressed air. Large tanks are buried 

underground to store the substance. Electricity is used to compress air during times of low demand 

and the compressed air is heated and released during times of peak demand. There are two types of 

CAES, adiabatic CAES and diabatic CAES. 

For pumped hydro storage systems, water is pumped to a higher elevation during times of low demand, 

and allowed to flow back down to drive a turbine during times of high demand. Pumped hydro is 

currently the most cost-effective and most widely used technology for storing large amounts of energy. 

[1] 

 

Categories of mechanical energy storage (Source: RENAC) 
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6.2.2 Flywheels (FES) 

Learning objectives: After completing this screen page, you should be able to 

• describe the design, components and functionality of flywheels, 

• discuss the performance and challenges in implementation of FES, and 

• describe the maturity of the technology and future trends. 

Design, functionality and performance 

A modern FES system is composed of five primary components: a flywheel, a group of bearings, a 
reversible electrical motor/generator, a power electronic unit, and a vacuum chamber.  
 
Flywheels have very high cycle life and power density. Therefore, flywheel energy storage systems (FES) 
perform well in applications in which very high power is required for only a short time, and which see 
a high number of charging-discharging cycles and only short storage periods. FES absorb energy from 
the grid during an acceleration phase, and feed power to the grid or to a high-power application during 
the regenerative braking phase. FES can also be used for stabilisation purposes in weak grids. Due to 
their tending to have a high self-discharge rate, they are not able to supply applications requiring longer 
storage times. [2] 
 

During the charging process, a motor is used to accelerate a large rotating mass (the flywheel). The 

energy is thus stored in the form of the rotational kinetic energy of the flywheel. The disc has to remain 

spinning until energy is requested. By using a vacuum and magnetic bearings the rotation resistance is 

kept as small as possible. During discharging the kinetic energy is extracted by a generator driven by 

the inertia of the flywheel. This results in a deceleration of the rotating mass. [2] 

 

Key Indicators for Flywheels Values 

Round-trip efficiency 90 – 95 % 

Energy density (volumetric) 20 – 80 Wh/l 

Power density (volumetric) 10 -50 kW/l 

Depth of discharge 75 % 

Cycle life Several million 

Lifetime 20 years 

Optimal temperature range Ambient 

Self-discharge > 15 % / hour 

Deployment time About 10 ms 

Typical 

discharge time 

<15 min 

(iSEA 2012), (Xing Luo 2015), IEA (2014) 

FES can be classified into two groups: (1) low speed FES, which uses steel as the flywheel material and 

rotates below 6 x 103 rpm, and (2) high speed FES, which uses advanced composite materials for the 

flywheel, such as carbon-fiber, which can run up to 105 rpm. [3] 
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Maturity of the technology and new developments 

Flywheels are a mature technology and are widely used in the industrial market. Many manufacturers’ 

research centres are focused on developing and prototyping this technology.  

The use of magnetic bearings and high vacuum chambers can reduce the self-discharge rate of the 

systems. However, these measures also increase the investment and operation costs. The main 

technical challenge therefore is to develop cost-effective components with low additional energy 

demand. [2] 

Some recent development trends, and targets proposed by EASE/EERA, [5] are  

• Reduced friction, higher rotation speed for higher energy storage (>  10 kWh),  

• Higher energy storage density > 100 Wh/kg,  

• Rotor manufacturing cost reduction < 3000 €/kWh,  

• Development of competitive magnetic bearings.  

 

Flywheel energy storage system (Source: RENAC --- Source: (iSEA 2012) 

6.2.3 Compressed air energy storage (CAES) systems 

Learning objectives: After completing this section, you should be able to 

• explain the design, performance and functionality of adiabatic and diabatic compressed 

air energy storage systems,  

• name an appropriate geological location that might be suitable for compressed air energy 

storage systems, and 
• describe the maturity of the technology and future trends. 
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Design, functionality and performance 

A CAES system can be built on power scales from a few kilowatts to over a few hundred megawatts, 

with energy charge and discharge durations from a few minutes to days, all with moderate response 

time and high partial-load performance. 

The principal practical uses of large-scale CAES plants involve grid applications for the integration of 

RE, load shifting, and peak shaving. 

During the charging process air is compressed by a electric motor-driven compressor. During the 

compression process the air heats up; the heat is removed by a radiator and either delivered to an 

energy store (adiabatic) or emitted to the air (diabatic). The energy is stored as compressed air in a 

cavern or tank. While discharging, the air expands and therefore cools down, so it has to be heated up 

either by burning fuel or by drawing heat from the heat store. The expanding air drives a turbine with 

an attached generator unit which feeds power into the grid. [2]  

There are two types of CAES systems: adiabatic and diabatic systems.  

Adiabatic storage 

• Heat from compression is captured and stored in a solid or liquid material, either hot oil 

at 300°C or molten salt at 600°C 

• Heat is reincorporated during release 

• Efficiency is up to 70 % 

Diabatic storage 

• Heat is lost through cooling 

• Efficiency is less than 55 % 

• Released air is heated via combustion using natural gas or fuel and is expanded [3] 

In an adiabatic CAES system the heat generated during the compression process is stored. During the 

discharging process the stored heat is used to heat up the air while it is expanding. In this way, the 

efficiency of the overall process can be increased by around 20 % and the operation then has zero CO2 

emissions as no fuel is used for reheating. [2] 
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Compressed air energy storage (CAES) systems. (Source: LBST ReGrid Storage Lecture by Hubert Landinger, Ludwig-Bölkow-

Systemtechnik (LBST), Munich/Ottobrunn) 

 

Adiabatic compressed air energy storage (ACAES) systems. (Source:  LBST ReGrid Storage Lecture by Hubert Landinger, 

Ludwig-Bölkow-Systemtechnik (LBST), Munich/Ottobrunn) 
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Key Indicators for CAES Values 

Round-trip efficiency 42-54% (normal) 60 – 70 % (adiabatic) 

Energy density (volumetric) 2 - 6 Wh/l (at 100 – 200 bar) 

Power density (volumetric) 0.5 – 2 

Depth of discharge 35 – 50 % 

Cycle life Up to 12000 

Lifetime Approximately 30 years 

Optimal temperature range n.a. 

Self-discharge 0.5 – 1 % / day 

Deployment time <10 min 

Typical discharge time 1 – 24 h 

(iSEA 2012), (Xing Luo 2015), IEA (2014) 

The compressed air is stored in a cavity/container, which can be underground rock caverns created by 
excavating comparatively hard and impervious rock formations, salt caverns created by solution- or 
dry-mining of salt formations, or porous media reservoirs made by water-bearing aquifers or depleted 
gas or oil fields, e.g. sandstone and fissured lime. CAES systems need certain geological requirements 
for their installation. Suitable locations are limited worldwide. Potential locations in Europe are in the 
Netherlands, northern Germany and the UK. [2] Salt caverns are also found in northern Africa.  
 

Maturity of the technology and new developments 

CAES has been commercialised using the first generation of technologies without adiabatic processes. 
The current development focuses on advanced adiabatic CAES (AA-CAES), which is normally integrated 
with a thermal energy storage subsystem, and has no fuel combustion involved in the expansion mode. 
AA-CAES is at the early commercialisation phase of development. [5] 
 

6.2.4 Pumped hydro storage (PHS) 

Learning objectives: After completing this section, you should be able to 

• explain the design, performance and functionality of PHS, and 
• describe the maturity of the technology and future trends. 

Design, functionality and performance 

Pumped hydro energy storage is the main storage technology in use worldwide, with more than 180 

GW installed or announced. [6] PHS accounts for more than 96% of bulk storage capacity worldwide. 

[7]    

A traditional PHS consists of two interconnected water reservoirs located at different heights, such as 

a mountain lake and a valley lake. Penstock pipes or tunnels connect the upper to the lower reservoir. 

An electrically-powered pump (a turbine operating in reverse) lifts water from the lower to the upper 

reservoir during the charging phase, and the turbine is driven by falling water during the discharging 

process. The amount of stored energy is proportional to the product of the total mass of water and the 

altitude difference between the reservoirs. [2] 
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Based on the same principle as traditional PHS, marine PHS stores electricity as gravitational potential 

energy by pumping sea water to an upper reservoir. Electricity can then be generated again by releasing 

the sea water through the turbines.  

The principle of underground PHS is similar to that of conventional PHS; the difference is the use of an 

underground cavity (artificial reservoir, geological reservoir, former mine, etc...) as a downstream 

reservoir. The upstream reservoir can be a basin (natural or artificial), or a watercourse, or even sea 

water.  

The practical uses of PHS involve grid applications for the integration of RE, energy management for 

load shifting or peak shaving, and black start or congestions handling.  

 

Conventional PHS (Source: RENAC) 

 

Key Indicators for conventional 

PHS 

Values 

Round-trip efficiency 75 – 85% 

Energy density (volumetric) 0.27 – 2 Wh/l (with head 100 – 550 m) 

Power density (volumetric) ~1 

Depth of discharge 80 – 100% (between predefined min. and max. levels) 

Cycle life 10,000–30,000 

Lifetime 40-60 years 

Optimal temperature range Ambient temperature before freezing 

Self-discharge very low (0.02%) to none 

Deployment time Approximately 3 min 

Typical discharge time 1 – 24 h+ 

(iSEA 2012), (Xing Luo 2015) 
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Maturity of the technology and new developments 

PHS is a well-established and commercially-acceptable technology that has been used since as early as 

the late 1800s. It is the most mature large-scale energy storage technology in existence. 

Since conventional PHS plants can only regulate their power in generation mode, their operation in 

pumping mode is less flexible. Therefore, new technologies are being developed to enhance the 

operational flexibility of PHS plants. [5] 

 

6.2.5 Other technologies 

There are a number of other technologies that use mechanical energy for storage: 

Energy transfer system using marine ballast  

Energy transfer system by marine ballast. (Source: EU (2016) 

A ballast is attached to a floating platform with a cable. To store energy, the ballast is  brought to the 
surface, driven by an electric motor. To release the energy, the ballast is allowed to drop down via 
gravity while driving a generator.  
 
Stored Energy in the SEA via hollow sphere 
The physical principle on which this energy storage facility operates is similar to that of conventional 
pumped storage power plants. The concept StEnSEA (stored energy in the SEA) of the pumped storage 
in the sea uses the sea as upper reservoir where the pressure gradient roughly corresponds to the 
depth of water. An artificial cavity with an integrated reversible pump turbine is placed on the sea bed 
as the lower reservoir. When power is needed, water flows into the sphere and drives the turbine thus 
generating power. If surplus power is available, water can be pumped out of the sphere again, thus 
effectively charging the storage system. [9] 
 

The commercial target size per sphere is currently at about 20 MWh (4 hours discharge time for a 5 

MW pump turbine) per storage unit. Larger storage capacity can be reached when multiple spheres are 

connected in a so-called energy park. [9] 
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6.2.5 Footnotes 

[1]: Gögüs, Y.A. (2009) 
[2] iSEA (2012)  
[3]: Xing Luo et al (2015)  
[4] IEA (2014)    
[5] EASE-EERA (2017)    
[6] SNL (2019)  
[7] S. Rehman et al (2015)  
[8] EU (2016)  
[9] BMWi (2016)   

Pumped storage StEnSEA. (Source BMWi (2016) 
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6.3 Electrical energy storage systems 

6.3.1 Introduction to electrical energy storage 

Learning objectives: Upon completion of this page, you should be able to 

• describe the overall functions of different mechanical energy storage  systems, and 

• differentiate two general mechanisms by which electrical energy can be stored. 

This chapter deals with two general mechanisms by which electrical energy can be stored. One involves 

capacitors that can store energy through the separation of negative and positive electrical charges. The 

other makes use of the relationship between electricity and magnetism in super magnetic energy 

storage (SMES) systems. [1] 

Both of these mechanisms are most applicable in situations where modest amounts of energy have to 

be stored under very transient conditions, i.e. for relatively short times and sometimes at high rates. 

Such applications emphasise fast kinetics and high power, rather than the total amount of energy that 

can be stored. A very long cycle life is also generally very important. The amount of energy that can be 

stored by such methods is generally much less than can be stored by electrochemical methods. [1]  

The two general mechanisms in electrical energy storage can also be described as: 

• Electro-static energy storage: the electricity is stored in the electrostatic field between two 

electrodes. During charging and discharging the ions move from one electrode to the 

other, 

• Electro-magnetic energy storage: the electricity is stored in the magnetic field of a coil. 

 

Electrolytic capacitor. (Source: Wikimedia Commons) 

 

6.3.2 Super capacitors (SuperCaps) 

Learning objectives: After completing this section, you should be able to: 

• explain the design, performance and functionality of devices that can store energy within 

electric fields, 
• understand the performance and challenges in implementation of SuperCaps, and 

• describe the maturity of the technology and future trends. 
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Design, functionality and performance 

Energy can be reversibly stored in materials within electric fields and in the vicinity of interfaces in 

devices called capacitors, including super capacitors (also known as double-layer capacitors, or DLC). 

Compared to batteries, SuperCaps have a very high cycle life and power density, but a much lower 

energy density. Therefore, they are used in short-term and high-power storage systems, i.e. 

milliseconds to seconds, with a focus on power applications such as primary reserve and power quality. 

They are also used in hybrid storage systems with batteries in order to increase battery lifetimes. 

Furthermore, they are used, for example, for stabilizing the voltage in the on-board grids of cars and 

trains. super capacitors have a high efficiency. [2] 

A basic parallel plate capacitor consists of a dielectric material that sits between two metallic plates. If 

an electrical potential difference (voltage) is applied across the plates, an electric field is created 

through the material between the plates that causes local displacements of the negative and positive 

charges within it. The behaviour of such a parallel plate configuration becomes very different for super 

capacitors, which have a different material between the plates (or electrodes) that has the properties 

of a liquid, or even a solid electrolyte (see figure below). 

 

Schematic diagram of a super capacitor. (Source: iSEA (2012) 

 

The charge is stored in the region where the electrode (electronically conducting) meets the electrolyte 
(ionically conducting). [1] Current research activities are focused towards improving energy density of 
the core technology, developing miniaturised capacitors, and demonstrating power electronics  that 
support the control and management of super capacitors when combined with batteries or another 
secondary energy storage technology. [3] 
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Key Indicators for SuperCaps Values 

Round-trip efficiency 90 - 97 % 

Energy density (volumetric) ~10 – 30 Wh/l 

Power density (volumetric) 100+ kW/l 

Depth of discharge 75 % 

Cycle life 100,000+ 

Lifetime 10-30 years 

Optimal temperature range Ambient temperature 

Self-discharge Up to 10-40 %/day 

Deployment time Milliseconds 

Typical discharge time Milliseconds – 1 h 

(iSEA 2012], (Xing Luo 2015), (IRENA 2017)  

Maturity of the technology and new developments 

Super capacitors are now widely commercialised in hybrid bus, rail, and automotive applications, as 
well as back-up power applications such as wind pitch control systems and uninterrupted power 
supplies. They are in the demonstration/piloting phase for grid energy storage systems as a stand-alone 
technology or hybridised with a second, low-cost high energy density technology, such as flow batteries 
and high energy Li-ion batteries. [3] 

Despite their current high cost, super capacitors are likely to remain a popular technology to meet the 

needs of the very special field of short-term storage (in the range of up to 10 seconds) with very high 

cycle load. 

6.3.3 Superconductive magnetic energy storage (SMES) 

Learning objectives: After completing this section, you should be able to: 

• explain the design, performance and functionality of devices that can store energy within 

magnetic fields, 
• discuss the state of and challenges for implementation of SMES, and 

• describe the maturity of the technology and future trends. 

Design, functionality and performance 

A typical SMES system is composed of three main components: a superconducting coil unit, a power 
conditioning subsystem, and a refrigeration and vacuum subsystem. The SMES system stores electrical 
energy in the magnetic field generated by the direct current (DC) in the superconducting coil, which 
has been cryogenically cooled to a temperature below its superconducting critical temperature. In 
general, when current passes through a coil, the electrical energy will be dissipated as heat due to the 
resistance of the wire; however, if the coil is made from a superconducting material, such as mercury 
or vanadium, in its superconducting state (normally at a very low temperature), zero resistance occurs, 
and the electrical energy can be stored with almost no losses. [4] 
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Schematic diagram of SMES (Source: Xing Luo (2015)) 

During the charging process, the superconducting coil is fed with direct current from an inverter. The 

electric current induces a constant magnetic field in which the energy is stored. Once the current is 

established in the superconductor, the power supply can be disconnected. To be able to use the 

superconducting properties (no losses) of the coil, it has to be placed e.g. in liquid helium, to guarantee 

temperatures below -260°C. The discharging process begins when the coil is connected to an external 

load by the switching system. The energy is then supplied by the magnetic field which drives a current. 

The magnetic energy and the current are decreased during discharging.  

Other key issues of SMES are a high robustness, full charging and discharging, and a long lifetime with 

a virtually unlimited number of cycles, but they also have very high standby losses due to the cooling 

demand. [2] 

Key Indicators for SMES Values 

Round-trip efficiency 90 – 98 % 

Energy density (volumetric) ~6 Wh/l 

Power density (volumetric) 1 – 4 kW/l 

Depth of discharge full 

Cycle life Not limited 

Lifetime 20+ years 

Optimal temperature range LTS: -260°C; HTS:-220°C 

Self-discharge 10 – 15 %/day 

Deployment time Milliseconds 

Typical discharge time Milliseconds – 1 h 

(iSEA 2012], Xing Luo (2015), (IRENA 2017) 
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Maturity of the technology and new developments 

SMES based on low temperature superconductors (LTS) have been proven in several long-term field 

tests to fulfil all technical requirements. Due to the relatively high system cost, however, LTS SMES has 

not been able to find a wider market. [3] 

A hybrid energy storage system, based on a SMES in combination with other storage technologies, has 

been studied for different combinations, but not more than a proof of concept and small laboratory 

experiments. [3] 

The discovery of high-temperature superconducting (HTS) materials, and the ongoing development of 

second generation superconducting wires, known as coated conductors, open a window for a new class 

of HTS SMES to work at higher temperatures (up to 50 K), higher magnetic flux densities (up to 20 T), 

and even higher efficiencies. [3] 

6.3.4 Footnotes 

[1]: Huggins (2016  

[2]: iSEA (2012)  

[3] EASE-EERA (2017)    

[4]: Xing Luo et al (2015)  

 

6.4 Electrochemical energy storage systems 

6.4.1 Introduction to chemical energy storage 

Learning objectives: In the following section „ Internal storage systems” you will learn about 

• name the main chemical energy storage systems 

• distinguish chemical energy storage systems 

Chemical storage systems can be classified as follows: 

Internal stores: 

• Low temperature battery: Lead-Acid, Lithium-Ion, Nickel-Cadmium 

• High temperature battery: Sodium-Sulphur (NaS), Sodium-Nickel-Chloride (NaNiCl2) 

External stores: 

• Redox-flow: Vanadium, Zinc-Bromine 

• Gas storage (power-to-gas): hydrogen, methanation 

Storage systems with external stores have the advantage that energy content and power capability can 

be designed separately. Important examples are hydrogen and methane storage as well as redox-flow 

batteries. 

In systems with internal storage, energy content and power capability depend on each other: higher 

energy content also means higher power capability. A distinction is made between low- and high-

temperature batteries. Low temperature batteries operate at around room temperature whereas high 

temperature batteries operate at around 300°C. [1]  
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Internal storage systems are typically used for short-term or medium-term storage, while external 

storage systems are designed for long-term storage. 

For batteries, a wide variety of possibilities exist for combining different chemicals, as shown in the 

figure here. 

 

Numerous possible battery chemistries © RENAC (Source: LBST ReGrid Storage Lecture by Hubert Landinger, Ludwig-Bölkow-

Systemtechnik (LBST), Munich/Ottobrun) 

 

6.4.2 Internal storage systems 

In this section on internal storage systems you will learn about the design and functionality of low 

temperature battery (lead-acid, lithium-ion and nickel-cadmium) and high temperature battery 

systems (sodium-Sulphur (NaS), sodium-nickel-chloride (NaNiCl2)). 

The structure of the section is as follows: 

• Lead acid battery (LA) 

• Lithium-ion batteries (LI-ion) 

• Sodium Sulphur battery (NaS) 

Lead acid battery (LA) 

Learning objectives: After completing this screen page, you should be able to 

• describe the design, components and functionality of LA, 

• explain the performance and implementation of LA, and 

• describe the maturity of the technology and future trends. 
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Design, functionality and performance 

Lead-acid batteries are widely used in the deployment of renewables, most notably in solar home 
systems, in off-grid applications, island grid systems, or for ancillary services such as frequency 
control, peak shaving, and load levelling. [1], [2] 

LA typically have a good cost-performance ratio in a wide range of applications. However, they have a 

relatively low energy density, and are thus very heavy; they typically do not respond well to deep 

discharging, and lead may be a restricted material in some applications or locations due to its toxicity. 

However, the recycling rate of this battery type is very good, and a high percentage of recycled lead is 

used to produce new batteries. [2] 

The positive plates (anodes) within a lead-acid battery are made of lead dioxide (PbO2). The negative 

plates (cathodes) are made from lead (Pb). The electrolyte is a dilute solution of sulphuric acid (H2SO4) 

and water. In the charged state, the electrolyte exists as ions or charged molecules. 

Both electrodes of the battery are completely immersed in electrolyte. The reversible chemical reaction 

between the plates and the electrolyte allows the storage and retrieval of energy from the battery.  

As a lead-acid battery is discharged, the sulphuric acid is consumed from the electrolyte, and the 

voltage of the battery drops. The faster the battery is discharged (higher rate of discharge), the faster 

the sulphuric acid is consumed and the faster the voltage drops. The voltage of the battery pack is 

critically important to users of battery-stored energy. 

 

Key Indicators for Pb-Batteries Values 

Round-trip efficiency ~80-86 % 

Energy density (volumetric) 50-80 Wh/l  

Power density (volumetric) 10-400 W/l  

Depth of discharge 80 – 100 % (between predefined min and max 

levels) 

Cycle life 500 to 2,000 (2,000 cycles @ 80 % DOD) 

Lifetime 5-15 years 

Optimal temperature range 25°C… +45 °C 

Self-discharge 0.1 – 0.3 %/day 

Deployment time 3 – 5 ms 

Typical discharge time at rated power Seconds–hours, up to 10 h 

Source: (iSEA 2012), Xing Luo (2015), IRENA (2017), ADB (2018) 
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Design of a lead-acid battery © RENAC (Source: Energie Speicher Symposium Stuttgart 2012, J. Garche, FCBAT) 

 

Charging and discharging of the lead-acid battery © RENAC(Source iSEA (2012) 
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Maturity of the technology and outlook 

Lead-acid batteries are one of the oldest and most mature battery technologies.  

Currently, the research and development of lead–acid batteries focuses on (1) innovating materials for 

performance improvement such as extending cycling times and enhancing the deep discharge 

capability, and (2) implementing the battery technology for applications in the wind, photovoltaic 

power integration and automotive sectors. Several advanced lead–acid batteries that have fast 

responses comparable to flywheels and super capacitors are being developed or are in the 

demonstration phase, such as Ecoult Ultra Battery smart systems, and the Xtreme Power advanced 

lead–acid ‘‘Dry Cell’’. [4] 

Lithium-Ion batteries (Li-ion) 

Learning objectives: After completing this screen page, you should be able to 

• describe the design, components and functionality of Li-ion, 

• explain the performance and implementation of Li-ion, and 

• describe the maturity of the technology and future trends. 

Design, functionality and performance 

Lithium-ion batteries have become the most important storage technology in the area of portable 
applications (e.g. laptop, cell phone) and in electric vehicles in recent years. The wide varieties of 
lithium-based BES systems are usually classified in groups based on joining the negative electrode (i.e. 
anode) type and the electrolyte type. [2] This report focuses on the chemistries and technologies that 
relate to Li-ion technologies with liquid electrolytes. 

 
Classification of lithium batteries. (Source: RENAC, Stan (2014) 
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A typical LI battery contains a graphite anode made of graphitic carbon with a layering structure, a 
cathode formed by a lithium metal oxide (LiCoO2, LiMO2, LiNO2 etc.), and an electrolyte. The electrolyte 
consists of a solution of lithium salt (LiPF6) in a mixed organic solvent embedded in a separator felt [8], 
[10], [17]. The operation principle of Li-ion batteries differs from other electrochemistry battery cells; 
it operates by allowing the lithium ions to migrate across the anode and cathode producing a flow 
current [18]. Fig. 3 shows the structure of a typical Li-ion battery cell.  [5] During charging, the lithium 
atoms in the cathode are transformed to ions and migrate through the electrolyte toward the carbon 
anode, where they combine with external electrodes and are deposited between the carbon layers as 
lithium atoms [8], [17]. During discharge process, the reverse process takes place. The figure shows the 
principle of the discharge and charge process in a Lithium-ion cell. 
 

 

Charging and Discharge of a Lithium-Ion battery cell © RENAC (Source: iSEA (2012) 

Key Indicators for Li-ion batteries Values 

Round-trip efficiency 90-97 %  

Energy density (volumetric) 200-600 Wh/l  

Power density (volumetric) 1500-10,000 W/l 

Depth of discharge Up to 100 % 

Cycle life 1000-20,000 

Lifetime 
10 – 20 years for stationary applications, depending on 

temperature and SOC 

Optimal temperature range 20°C…+60°C 

Self-discharge 0,1-0,5 %/day 

Deployment time 3 – 5 ms 

Typical discharge time at rated power Minutes–hours, 1 ~ 8 h 

Source: (iSEA 2012), (Xing Luo 2015), IRENA (2017), ADB (2018) 
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Li-ion accumulators (i.e. batteries) can handle large discharge depths with a limited impact on their 
lifetime. The Li-ion battery has both a high energy density and a high-power density and is considered 
as a good candidate for applications where the response time, small dimensions, and/or weight of 
equipment are important. 
 

Maturity of the technology and outlook 

The battery market is currently dominated by lead-based batteries, but lithium-based batteries 

represent the highest growth sector. In Li-ion batteries different electrolytes and electrode materials 

can be used, leading to different battery characteristics. A lot of research and development is taking 

place to determine which of these material combinations will produce the best battery characteristics 

for large storage systems and various applications.  

Although some lithium-based solutions are already available and are being marketed for grid storage 

applications as well, the levelized cost of stored energy (LCOSE) remains quite high compared to, for 

instance, mechanical storage. Significant reductions in cost will help the battery storage market to 

continue its rapid growth. [7] 

Sodium Sulphur battery (NaS) 

Learning objectives: After completing this screen page, you should be able to 

• describe the design, components and functionality of NaS battery storage. 

• explain the performance and implementation of NaS, and 

• describe the maturity of the technology and future trends. 

Design, functionality and performance 

Sodium-Sulphur-batteries (NaS) have a solid-state electrolyte, rather than a fluid like other batteries, 
and instead the electrodes themselves are liquid (molten). The anode is composed of molten Sulphur 
and sodium polysulphide (right side of the image below). The cathode is composed of molten sodium 
(left side).  The reactions normally require a temperature of 574–624 K to ensure the electrodes are in 
liquid states, which leads to a high reactivity. The desirable features of NaS batteries include relatively 
high energy density, almost zero daily self-discharge, and higher rated capacities than other types of 
batteries. The battery uses inexpensive, non-toxic materials, leading to a high recyclability rate (99%). 
However, the limitations are high annual operating cost, and additional system elements required to 
ensure its operating temperature. The NaS battery is considered one of the most promising candidates 
for high power energy storage applications. These batteries are useful in applications with daily cycling 
but are inappropriate for applications in uninterrupted power supply (UPS) with long standby times. 
This is because of high operating cost and an extra system required to 
ensure its operating temperature for uninterrupted power system [1]. 
This battery stores energy by utilizing the different energy levels possible in the sodium-sulphur 
chemical bond. Heaters are necessary to initially start the battery and to hold it at operating 
temperatures during standby periods. Once the battery is operational, the heat generated by cycling is 
sufficient to keep it at operating temperatures. The heat generated by rapid cycling of the cell is an 
advantage of the sodium-sulphur cell, because rapid cycling increases the efficiency. If a sodium-
sulphur battery is being continually cycled it requires very little, if any, additional heat input. [ 4]. NaS’s 
also have the advantage of using non-toxic materials and have a high recyclability rate of approximately 
99%. 
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Key Indicators for NaS-Batteries Values 

Round-trip efficiency ~80-90 % 

Energy density (volumetric) 150-300 Wh/L 

Power density (volumetric) ~140 – 180 W/L [2] 

Depth of discharge 100 % 

Cycle life typically 5000 cycles 

Lifetime 15-20 years 

Optimal temperature range 270°C…350°C 

Self-discharge 0.05% up to 1%/day 

Heat losses 0.01 W/Wh 

Deployment time - 

Typical discharge time at rated power Seconds–hours, typically ~1 h 

 Source: (iSEA 2012), (Xing Luo 2015), IRENA (2017), ADB (2018)  

Sodium Sulfur (NaS) battery schematic Source: NREL (2011) 

Maturity of the technology and new developments 

NaS batteries have so far only been commercialised in stationary applications because ceramic 
electrolyte could be mechanically damaged and uncontained reactions between molten sodium and 
molten sulphur could occur. This could potentially endanger the accident site. 
 
The research and development focus is on enhancing the cell performance indices and decreasing or 
eliminating the high temperature operating constraints. For instance, Sumitomo Electric Industries and 
Kyoto University have developed a low temperature sodium related battery – the novel sodium-
containing material can be melted at 330 K. The inventor claims that the new battery can achieve an 
energy density as high as 290 Wh/L. In addition, a part of the outcome to the ‘‘Wind to Battery’’ project 
led by Xcel Energy was recently presented, which showed field results and analyses quantifying the 
ability and the value of NaS battery EES in supporting wind generation integration. [4] 
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6.4.3 External storage 

The structure of the section is as follows: 

• Redox flow batteries 

• Gas storage – hydrogen 

• Gas storage – methanation 

 

Redox flow batteries (RFB) 

Learning objectives: After completing this screen page, you should be able to 

• name the main flow battery technologies, 

• describe the design, components and functionality of RFB, 

• outline the performance and implementation of RFB, and 

• describe the maturity of the technology and future trends. 

Design, functionality and performance 

There are three different electrolytes that form the basis of the existing designs of flow batteries 

currently in demonstration or in large-scale project development: 

• Vanadium Redox (VRB) flow battery 
• Zinc Bromine (ZnBr) flow battery 
• Polysulphide Bromide (PSB) flow battery 

They differ from conventional rechargeable batteries in that the electroactive materials are not stored 

within the electrode; rather, they are dissolved in electrolyte solutions.  

The most important commercially available type of flow battery is the Vanadium Redox-Flow Battery. 

Redox is an acronym made from the two words reduction and oxidation – the two chemical processes 

involved in the cell.  

In flow batteries, the active material is made up of a salt, which is dissolved in a fluid electrolyte. The 

positive liquid is known as the anolyte, while the negative fluid is known as the catholyte. Both 

electrolytes are stored in tanks. During charging and discharging the electrolytes are pumped through 

a central reaction unit where a current is applied or delivered, and where an ion-selective membrane 

separates the two electrolytes. [1]  

Flow batteries are distinguished from fuel cells and other technologies by the fact that the chemical 

reaction involved is often reversible, i.e. they can be recharged without replacing the electroactive 

material.  

The electrodes of the redox cell are composed of a solid inert material. The size of the tank determines 

the energy capacity of the battery and the reaction unit determines the power output of the battery. 

[1] Thus, the power generation is “separated” from the energy storage, which means that the installed 

power can be independently scaled from the installed energy capacity. This entails the potential for 

relatively low cost “weekly” storage. [1] 
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Key Indicators for Redox Flow-Batteries Values 

Round-trip efficiency 65 - 85% 

Energy density (volumetric) 20 – 70 Wh/l 

Power density (volumetric) ~<2 W/L 

Depth of discharge Very low 

Cycle life 12,000 + cycles 

Lifetime 5-20 years 

Optimal temperature range 0°...+30°C 

Self-discharge 0.1 - 0.4 % / day 

Deployment time Milliseconds, <1/4 cycle 

Typical discharge time at rated power Seconds – 24 h+ 

Source: (iSEA 2012), Xing Luo (2015), IRENA (2017) 

Maturity of the technology and new developments 

Polysulphide Bromide battery (PSB) technology is still in the developing phase, while ZnBr and VBR 
are already commercialised. Round-trip efficiencies for the latter two types are expected to improve 
to between 67% and 95% by 2030. [2] 
 

Gas storage – Hydrogen  

Learning objectives: After completing this screen page, you should be able to 

• describe the design, components and functionality of Hydrogen energy storage  (HES) 

technology, 

• discuss the performance and implementation of HES, and 

• describe the maturity of the technology and future trends 

Design, functionality and performance 

The major application of HES in the context of renewable energy integration is in large-scale and long-

term energy storage (weekly, monthly, seasonal).  

When power generation is higher than the load, surplus energy can be used to produce hydrogen 

through electrolysis. Later on, the hydrogen can be used in mobile or industrial applications as fuel or 

feedstock or it can be transformed back into electricity. 

During the charging process hydrogen is produced using electricity through an electrolyser. The 

produced hydrogen is compressed and stored in salt caverns or special tanks. During the discharging 

process, hydrogen can be used to drive combustion turbines or fuel cells. In addition to power 

generation for the grid, hydrogen can also be used directly as a fuel for hydrogen vehicles with fuel cells 

or special internal combustion engines, packaged for industrial use, or used for generating heat. [1] 
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Integration of variable renewable energy sources into end uses by means of hydrogen. Source: IRENA (2018) 

Due to the higher gravimetric energy density of hydrogen and the possibility of storing large amounts 

of compressed hydrogen in salt caverns, the specific costs for large-scale storage can be low. 

Commercially operated salt caverns already exist in the United States and the UK. However, suitable 

geological salt formations for caverns are limited and not equally distributed globally. Depleted gas 

field or aquifers may provide an alternative to salt caverns for large-scale underground storage. [10] 

Small- and medium-sized hydrogen storage has significantly higher specific costs than salt caverns.  

One drawback is that the energy efficiency of the conversion chain is low (20-40 % for one charge-

discharge cycle). [1] 

Key Indicators for Hydrogen storage Values 

Round-trip efficiency 20-60 % 

Energy density (volumetric) 

3 Wh/l (@ normal pressure, 0.1 MPa) 

136 Wh/l (@ 5 MPa) 

600 Wh/l (@ 25 MPa) 

2,400 Wh/l (liquid) 

Energy density (gravimetric) 33.33 kWh/kg (without storage container)  

Power density 33.33 W/L + 

Depth of discharge1 variable 

Cycle life2 variable 

Lifetime3 > 20 years 

Optimal temperature range4 n.a. 
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Self-discharge5 0-0.1 %/day 

Deployment time6 0-10 min. 

Typical discharge time at rated power Seconds – 24 h+ 

Source: iSEA (2012), IRENA (2017), IRENA (2018) 

1 The depth of discharge depends on the hydrogen storage technology used. When H2 is stored as compressed gas, often a 

minimum pressure must be sustained for reasons of integrity. Two examples:  

o for a salt cavern with a geometrical volume of 500,000 m³ and an operating range between 60 and 180 bar, 

around 33% of the stored H2 needs to remain in the cavern as so-called cushion gas.   

o for high-pressure storage tanks operating at 500 bar maximum pressure, around 5% of the stored H2 remains in 

the tank. 

2, 3 The cycle life depends on the technologies used for the hydrogen storage system. The lifetime of electrolyser cells are in 

the range of 40,000 to 80,000 hours. Different types of fuel cells reach lifetimes of 40,000 to 90,000. Theoretically, minimum 

lifetimes of five years can be achieved at baseload operation levels. Additional system components are designed for a 

lifetime of 20 years or more. 

4 The temperature range depends on the electrolysis and fuel cell system. For both technologies, both low-temperature (40-

90 °C) and high-temperature (120-800 °C) systems exist. 

5 The self-discharge for hydrogen storage systems is equal to the physical loss of H2 from the storage containment. For 

compressed H2 storage, the losses are negligible, at less than 0.01%/day. In contrast, for liquid H2 storage losses of around 

0.1%/day occur due to boil-off.   

6 The deployment time for hydrogen storage technologies depends on the discharging technology for re-electrification. 

While fuel cells can respond very fast, gas turbines need longer deployment times of up to 10-15 minutes. 

Maturity of the technology and new developments 

Today there are no large-scale hydrogen energy storage systems in operation, because at the current 

level of renewable energy penetration conventional backup generation capacity, or long-distance 

transmission plus instant consumption, are much cheaper. Hydrogen storage is expected to become 

more important as seasonal storage option for power systems with high penetrations (e.g. 80-100 %) 

of renewable energy. [1] 

Ongoing development efforts are focusing on increasing the conversion efficiency and the load 

flexibility at lower cost. Hydrogen turbines are not yet commercially available but are technically 

market-ready. However, hydrogen-rich fuel gases with up to 60% H2 content can be combusted in 

several industrial gas turbines.  Different types of fuel cells are commercially available, while the 

module sizes are currently in the range of 3.6 MW at maximum.  

Gas storage – Methanation 

Learning objectives: After completing this screen page, you should be able to 

• describe the design, components and functionality of methanation and synthetic natural 

gas (SNG) storage technologies, 

• discuss the performance and implementation of SNG storage, and 

• describe the maturity of the technology and future trends. 
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Design, functionality and performance 

An alternative to the storage of hydrogen is the storage of synthetic natural gas (SNG). It can be 

produced from hydrogen and carbon dioxide by a process of methanation, an exothermic reaction also 

known as the Sabatier process. The end products of that process are water and methane; the latter, 

also called SNG, is the main constituent of natural gas and is fully compatible with the existing 

infrastructure for natural gas. The large storage capacity of the natural gas grid could then be used for 

medium- and long-term storage purposes. [1] 

The design principle of the synthetic natural gas storage is basically the same as for hydrogen. 

Compared to hydrogen, the SNG system is extended by one additional process step – the methanation. 

The conversion of electric power into methane starts with electrolysis, which is the production of 

hydrogen and oxygen by using electric power and water. Then the hydrogen and carbon dioxide (CO2) 

are converted into methane. The CO2 sources can be ambient air, biogas plants or the flue gases from 

thermal power plants. To generate electricity out of methane, a gas engine, a gas turbine, or a fuel cell 

can be used. Methane can be used for heating purposes in households or industry, as well as for 

electricity generation in power plants. It can also serve as fuel in the transport sector or as feedstock 

in industrial processes.  

 

Power to gas © RENAC (Source: Viebahn et al., (2018) 

The major advantage of methanation over the direct use of hydrogen is methane’s full compatibility 

with the existing value chain of natural gas. The main drawback, however, is an additional loss in 

conversion efficiency and the added cost.  
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Besides this, the process requires an external CO2 source and produces waste heat. If this heat is not 

used for residential heating or industrial processes, the efficiency of the overall process is further 

decreased. CO2 can be captured from the flue gas from thermal power plants or biogas plants.  

However, the times when there is excess electricity for methanation do not necessarily coincide with 

the times when power plants are generating CO2. Therefore, there will likely be a need for CO2 storage, 

which will add to the overall system cost. In addition, in an energy system with a high share of 

renewables, CO2 from conventional plans will not be available. Thus, extraction from the atmosphere 

or from biomass/biogas plants are important options for the future.  

 

Key Indicators for Power to gas storage Values 

Round-trip efficiency 28-34 % 

Energy density (volumetric) 3-5 times higher than H2 

Power density (volumetric) n.a. 

Depth of discharge n.a. 

Cycle life n.a. 

Lifetime n.a. 

Optimal temperature range n.a. 

Self-discharge 0.03-0.003 %/day 

Deployment time 10 min. 

Source: iSEA (2012), IRENA (2017), IRENA (2018) 

Maturity of the technology and new developments 

Besides the thermo-chemical catalytic methanation process, which is well established and suited for 

large-scale storage system, SNG can also be produced in a biological methanation process using 

specialised microorganisms. The biological methanation offers low operating temperatures and a high 

load flexibility. However, thermo-chemical methanation plants are today commercially available, while 

biological methanation systems are between the demonstration and commercial phase. [9] 

Power-to-X 

Learning objectives: After completing this screen page, you should be able to 

• describe the design, components and functionality of power-to-X (P2X) technology, 

• discuss the performance and implementation of P2X, and 

• describe the maturity of the technology and future trends. 

Design, functionality and performance 

The concept of power-to-X generally refers to the conversion of renewable electricity into other end 

products such as chemical energy carriers, chemical feedstocks, or heat. The term power-to-X covers a 

broad range of applications in different end use sectors, which are not necessarily related to energy 

storage. Power-to-X therefore needs to be thought of not only as energy storage technology, but also 

as the key technology for an integrated energy transition that enables sector coupling with 100 % 

renewable electricity.  
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Typical supply chains for P2X consist of multiple process steps: power generation, hydrogen production 

(first-stage conversion), second-stage conversion, storage, and transport.  

The second-stage conversion is dependent on the type of fuel produced: methanation (synthetic 

methane), methanol synthesis, Fischer-Tropsch-synthesis (for diesel-like fuel) or Haber-Bosch-synthesis 

(for ammonia). In addition to hydrogen the synthesis of these fuels requires a source of carbon dioxide 

(CO2) or nitrogen (N2). Both CO2 and N2 can be captured from the ambient air by absorption processes. 

Biogas plants or industrial processes can provide CO2 at higher concentration where needed.  

For storage and transport of P2X fuels the fossil fuel infrastructure can generally be used. Gaseous fuels 

can be stored and transported in existing pressure vessels or pipelines. Liquid fuels can be stored in 

tanks and transported with tank trailers or tanker vessels over long distances. The same does not hold 

for hydrogen, which requires a dedicated infrastructure. [13] 

 

 

Power-to-X: conversion of renewable power into various forms of chemical energy carriers . (Source: WEC (2018) 
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 Power-to-

Hydrogen 

Power-to-

methane 

Power-to-

methanol 

Power-to-

fuels 

Power-to-

ammonia 

Technology Water 

electrolysis 

Methanation 

(Sabatier-

Process) 

Methanol 

synthesis 

Fischer-

Tropsch-

synthesis 

Haber-

Bosch-

synthesis 

Basic 

chemical 

reactions 

𝐻2𝑂

→ 𝐻2

+
1

2
𝑂2 

𝐶𝑂 + 3𝐻2

↔ 𝐶𝐻4

+ 𝐻2𝑂 

𝐶𝑂2 + 4𝐻2

↔ 𝐶𝐻4

+ 2𝐻2𝑂 

𝐶𝑂 + 2𝐻2

↔ 𝐶𝐻3𝑂𝐻 

𝐶𝑂2

+ 3𝐻2

↔ 𝐶𝐻3𝑂𝐻

+ 𝐻2𝑂 

𝑛 𝐶𝑂2

+ (2𝑛

+ 1) 𝐻2

↔ 𝐶𝑛𝐻2𝑛+2

+ 𝑛 𝐻2𝑂 

𝑁2 + 3𝐻2

↔ 2𝑁𝐻3 

Technology 

readiness  

Commercial/ 

Mature 

Mature Mature Mature Mature 

End-

products 

Hydrogen 

(Oxygen) 

Methane Methanol Diesel, 

Kerosene, 

Wax 

Ammonia 

Process 

efficiency 

65-75% 50-75% 38-63%* 

*depending on 

technology & CO2 supply 

7.1 – 11 

kWh/kgNH3 

Power-to-

Power 

efficiency 

20-45% 15-45% 12-38% 25-39% 

Energy 

density 

(gravimetric) 

33.33 

kWh/kg 

13.9 kWh/kg 5.5 

kWh/kg 

12.7 

kWh/kg 

(gasoline) 

6.25 

kWh/kg 

Energy 

density 

(volumetric) 

3.0 kWh/l  

(STP) 

9.9 kWh/l 4.4 kWh/l 9.7 kWh/l 

(gasoline) 

4.25 

kWh/l 

Applications Energy 

carrier, 

chemical 

feedstock 

Energy 

carrier, 

chemical 

feedstock 

Energy 

carrier, 

chemical 

feedstock 

Energy 

carrier, 

chemical 

feedstock 

Fertiliser, 

chemical 

feedstock, 

energy 

carrier 

STP: Standard pressure and temperature condition (273.15 K, 1 bar), Sources: IRENA (2018), WEC (2018), ISPT (2017), Schmidt 

et al. (2016) 
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Maturity of the technology and new developments 

There are multiple technologies and sub processes implemented in power-to-X forms, so it is not 

possible to say whether P2X as a whole is a mature technology or not. For example, high-pressure or 

low-pressure storage for hydrogen are mature technologies, but high temperature electrolysis and 

solid oxide electrolyser cells (SOEC) are currently not mature.  

6.4.4 Footnotes 

[1] iSEA (2012) 

[2] IRENA (2017) 

[3] ADB (2018)     

[4]: Xing Luo et al (2015) 

[5] Stan, et al (2014) 

[6]: NREL (2011)  

[7] EASE-EERA (2017)    

[9] IRENA (2018)  

[10] DLR (2014)  

[11] Schmidt et al. (2018) 

[12] Viebahn et al. (2018) 

[13] WEC (2018) 

[14] EU (2019)   

[15] ISPT (2017)  

[16] Schmidt et al. (2016) 

 

6.5 Thermal energy storage (TES) 

6.5.1 Introduction to Thermal energy storage (TES) 

Learning objectives: After completing this section, you should be able to: 

• name the principal thermal energy storage systems, and 

• distinguish thermal energy storage systems in terms of their operation temperature. 

 
Thermal energy storage (TES) already exists in a wide spectrum of applications. A TES system normally 
consists of a storage medium in a reservoir/tank, a packaged heat exchanger or built-up refrigeration 
system, piping, pump(s), and controls. [1]  
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Schematic diagram of thermoelectric sensible energy storage system. (Source:  iSEA (2012) 
 
TES can be classified into two groups depending on whether the operating temperature of the energy 
storage material is higher or lower than the room temperature: low-temperature TES (consisting of 
aquiferous low-temperature TES and cryogenic energy storage) and high- temperature TES (including 
latent (fusion) heat TES, sensible heat TES, and concrete thermal storage). [1] 

 
TES categories (Source: RENAC) 
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TES can be also categorised into industrial cooling (below 18 °C), building cooling (at 0–12 °C), building 
heating (at 25–50 °C) and industrial heat storage (higher than 175 °C). [2]  
 
A TES system can generally store large quantities of energy without any major hazards, and its daily 
self-discharge loss is small; the reservoir offers good energy density and specific energy. However, the 
cycle efficiency of TES systems is normally low. [1] 
 

6.5.2 Low-temperature TES 

Learning objectives: After completing this section, you should be able to: 

• explain the design, performance and functionality of low-temperature TESs, 
• discuss the performance for the implementation of low-temperature TESs, 

• describe the maturity of the technology and future trends. 

Design, functionality and performance 

Aquiferous low-temperature TES (AL-TES): Water is cooled/iced by a refrigerator in off-peak hours and 
stored for later use to meet cooling needs during the peak time. The amount of stored cooling energy 
depends on the temperature difference (plus fusion heat for iced water) between the chilled/iced 
water stored in the tank and the warm return water from the system’s heat exchanger. Aquiferous TES 
is particularly suitable for peak shaving of commercial and industrial daytime cooling loads, especially 
for large commercial buildings, thus allowing for smaller chillers and substantially lower air conditioning 
operating costs (and particularly peak demand charges). [2] 
 
Cryogenic Energy Storage (CES): The principle of such a technology is shown in the figure. Cryogen (e.g. 
liquid nitrogen or liquid air) is cooled using off-peak power or surplus renewable electricity, or possibly 
through direct mechanical work from hydro or wind turbines. During a peak demand period, heat from 
the surrounding environment boils the cryogen liquid; the heated cryogen is used to generate 
electricity using a cryogenic heat engine. At the same time, the waste heat from the flue gas of the 
power plant, if available, can be used by the CES to generate additional electricity. CES can also provide 
direct cooling (refrigeration and air conditioning) and can also act as a fuel for vehicles. CES can have a 
relatively high energy density, however, it also has a relatively low efficiency. [2] 
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Schematic diagram of CES, (Source: Chen et al (2009)) 

 

Key Indicators for Low-

temperature 

AL-TES CES 

Round-trip efficiency ~40-60 % ~30-50 % 

Energy density (volumetric) 80-120 Wh/L 120-200 Wh/L 

Power density (volumetric) - - 

Depth of discharge - - 

Cycle life - - 

Lifetime 10-20 20-40 

Optimal temperature range - - 

Self-discharge 0,5 %/day 0,5-1%/day 

Deployment time Not for rapid response Not for rapid response 

Typical discharge time 1-8  1-8  

Source : Chen et. Al (2009), Xing Luo et al (2015) 

Maturity of the technology and new developments 

AL-TES technologies have been in development for decades. This is especially true for low temperature 

water storage such as small-scale, single-home storage of solar thermal heat, for which many 

commercially available products are available. Larger storage facilities, such as for district heating, are 

on a demonstration level or used industrially for heating larger facilities. Underground thermal energy 

storage (UTES) is widely applied together with renewable solar or geothermal heat and electricity from 

photovoltaics, in combination with district heating, in many European countries.  
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In some countries, though, UTES is still at a demonstration and pilot level. [3] CES is still under 

development in the US, UK, and China. [1] 

6.5.3 High-temperature TES 

Learning objectives: After completing this section, you should be able to: 

• explain the design, performance and functionality of High-temperature TESs, 
• discuss the performance for the implementation of High-temperature TESs, and 

• describe the maturity of the technology and future trends. 

Design, functionality and performance 

High-temperature TES technologies in use and under development include the following: 
 
Latent-fusion-heat TES makes use of the liquid–solid (usually solid to liquid) transition of a material at 
constant temperature. In the energy accumulation phase, the phase change material will shift from the 
solid state to liquid and, in the retrieval phase, will transfer back to solid. The heat transfers between 
the thermal accumulator and the exterior environment are made through a heat-transfer fluid (sodium 
hydroxide). The energy is stored at a given temperature; the higher the heat the higher the 
concentration of energy. The fusion enthalpy grows with the fusion temperature of the bulk material 
used.  
 
Sensible TES systems store energy in the form of high temperature sensible heat (-200 -700°C) in a well-
insulated volume. Storage is achieved by heating a bulk material (sodium, molten salt, pressurised 
water, etc.) that does not change states during the accumulation phase; the heat is then recovered to 
produce water vapor, which drives a turbo-alternator . An example of sensible TES is molten salt storage 
and room temperature ionic liquids (RTILs): RTILs are organic salts with negligible vapour pressure in 
the relevant temperature range, and a melting temperature below 25 °C. Such liquids have been 
proposed for energy storage, as they have the potential to be stored at temperatures of many 100s of 
degrees without decomposing (see diagram).  
 
Concrete storage: The concept of using concrete, rocks or castable ceramics to store energy at high 
temperatures with synthetic oil as the heat transfer fluid (HTF) has been investigated in some projects 
in Europe. [2]  
 

Key Indicators for High-

temperature TES 

Values 

Round-trip efficiency ~30-60 % 

Energy density (volumetric) 120-500 Wh/L 

Power density (volumetric) - 

Depth of discharge - 

Cycle life - 

Lifetime 5-15 

Optimal temperature range - 

Self-discharge 0.05-1%/day 

Deployment time Not for rapid response 

Typical discharge time 1-24 h+ 

Source: Chen et. Al (2009), Xing Luo et al (2015) 
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High temperature thermoelectric energy storage systems are generally used for medium-term energy 

storage and can be used for similar applications to pumped storage hydro and CAES systems. 

 

Schematic diagram of a parabolic trough solar power plant with a two-tank molten salt storage. (Source: RENAC, absed on 

Herrmann (2004) 

 

Maturity of the technology and new developments 

Latent-fusion storage technologies based on a phase change material (PCM) are still in an early stage 
of development. [2] Molten salt storage systems, on the other hand, have become the standard 
solution for dispatchable and large scale solar thermal electricity generation, and have reached a high 
level of technological maturity. However, in other industrial contexts they are not yet commercially 
available. [3] Some have claimed the implementation of a concrete storage system is realisable within 
less than 5 years. [1] In contrast, thermal energy has been stored within ceramic bricks at temperatures 
up to 70°C in residential storage heaters since the mid-20th century. [3] 
 

6.5.4 Footnotes 

[1] Xing Luo et al (2015) 

[2] Chen H. et al (2009)  

[3] EASE-EERA (2017)    

[4] Herrmann Ulf (2004) 

[5] ULB (2010) 
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7 Economics of energy storage systems 

7.1 EESS costs 

The following section on “Energy storage costs” will examine  

• which parameters should be considered for a comprehensive life cycle cost calculation, 

and 

• how to calculate the capacity costs, energy costs, annual storage costs and the specific 

total cost of ownership. 

The structure of the section is as follows: 

• Life cycle cost calculation parameters 

• Cost calculation examples 

7.1.1 Levelised cost of storage   

Learning objectives: After completing this section, you should be able to: 

• explain the term levelised cost of storage (LCOS), 

• distinguish LCOS depending on the technology and use case  

This chapter will introduce cost calculations and economic considerations around ESS. Storage costs 

quoted in the literature vary considerably, depending on the parameter values selected. There are 

many indicators used for cost comparison of EESS, such as cost per kW (power), cost per kWh (energy), 

and cost per cycle. Furthermore, the levelised cost of a complete system is represented by the 

calculation of the levelised cost of storage (LCOS) as the total lifetime cost. This is determined by adding 

all relevant initial, variable and end-of-life costs, and then dividing by the life time output of discharged 

electricity, measured in kWh or MWh. The calculation considers the time value of money with an 

appropriate discount rate over the life of the system. [1], [2] 

𝐿𝐶𝑂𝑆 =
∑(𝐶𝑎𝑝𝑖𝑡𝑎𝑙𝑡 + 𝑂&𝑀𝑡 +  𝐶ℎ𝑎𝑟𝑔𝑖𝑛𝑔 𝐶𝑜𝑠𝑡𝑡 + 𝐷𝑡) ∗  (1 + 𝑟)−𝑡

∑ 𝑀𝑊ℎ𝑡 (1 + 𝑟)−𝑡  

 

𝐶𝑎𝑝𝑖𝑡𝑎𝑙𝑡 Capital costs in year t  
𝑂&𝑀𝑡  Operation and maintenance costs in year t, excluding fuel and possible carbon tax  
𝐶ℎ𝑎𝑟𝑔𝑖𝑛𝑔 𝐶𝑜𝑠𝑡𝑡 Charging costs of EESS in year t 
𝐷𝑡  Decommissioning and waste management costs in year t  
𝑀𝑊ℎ𝑡  The amount of electricity generated by storage in MWh in year t  
(1 + 𝑟)−𝑡 The discount factor for year t, with r being the discount rate  
 

The following diagrams present a study analysing the LCOS among different use cases which calculated 

the LCOS for those energy storage technologies that could technically meet the purpose of the use 

case. [1] Use cases included the transmission grid, utility-scale PV + storage, and commercial/industry 

or residential use. The costs can often be reduced, to a greater or lesser extent, depending on 

technological progress, economies of scale, and other factors. Looking at storage systems using in 

commercial & industrial, standalone applications, for example, Lithium-ion batteries are much cheaper 

that Lead-acid batteries. With regard to short-term storage systems for residential use, though, 

Lithium-ion batteries have still high cost reduction potential and a large cost interval.  
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Unsubsidised levelised cost (LCOS) [$/MWh] of BESS: a comparison. (Source: LAZARD (2018)1 

7.1.2 Life cycle cost calculation parameters 

There are multiple parameters influencing the selection of the appropriate EESS for any certain use 

case. The most relevant parameters are shown in the figure below. Actual costs of ownership might be 

higher due to costs not taken into account here, for example costs associated with connecting the 

storage system to the grid. 

By combining a storage technology parameter set with a set of parameters determined by the 

application, it is possible to calculate the total cost of ownership for supplying energy from the storage 

system as well as the cost per installed kW power. 

The technology parameters need to be chosen carefully with regard to the requirements in the specific 

application, as most storage technologies can be optimised according to specific demands. 

 
1 Flow (V)=Flow Battery-Vanadium, Flow (Zn)=Flow Battery-Zinc Bromide, Lead=Lead-Acid, Lithium=Lithium-Ion 
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Parameters for costs for energy storage (Source: iSEA (2012)2 

7.1.3 Cost calculation examples 

With regard to the unit costs of investment, capacity costs are calculated by dividing the investment or 

upfront costs by the installed storage capacity. The following example is based on a Sodium-Sulphur 

(NaS) battery with an installed output power P inst of 10 MW and expected produced storage energy 

Eexpect of 40 MWh/annum. The capital investment Cinvest accumulates to € 7.8 million. 

𝑃𝑜𝑤𝑒𝑟 𝑐𝑜𝑠𝑡𝑠      𝐶𝑃𝑜𝑤𝑒𝑟 =
𝐶𝑖𝑛𝑣𝑒𝑠𝑡 

𝑃𝑖𝑛𝑠𝑡
=

€ 7.8 𝑚𝑖𝑙𝑙𝑖𝑜𝑛

10 𝑀𝑊
= 780€/𝑘𝑊𝑒𝑙  

 

𝐸𝑛𝑒𝑟𝑔𝑦 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑐𝑜𝑠𝑡𝑠      𝐶𝑒𝑛𝑒𝑟𝑔𝑦 =
𝐶𝑖𝑛𝑣𝑒𝑠𝑡  

𝐸𝑒𝑥𝑝𝑒𝑐𝑡
=

€ 7.8 𝑚𝑖𝑙𝑙𝑖𝑜𝑛

40 𝑀𝑊ℎ
= 195€/𝑘𝑊ℎ𝑒𝑙 

The storage cost, i.e. the cost for a unit of electricity provided by the storage system, is calculated from 

the total cost of ownership and use. The following financial and technical parameters are assumed for 

this example. 

 
2 DOD = depth of discharge 
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Application lifetime 𝑻 15 years 

Interest rate 𝒊𝒓 8 %/year 

Operation & maintenance 𝑶&𝑴 1 %/year of invested capital 

Average round-trip efficiency 𝒆𝒇. 80 % 

Energy output per year 𝑬 29.2 GWhel/year 

Average cost of electricity input (purchased at power exchange) 

𝑪𝒆𝒍.𝒊𝒏𝒑𝒖𝒕 
0.10 €/kWhel 

𝑪𝒊𝒏𝒗𝒆𝒔𝒕𝒔 7,800,000 € 

 

The annual storage costs Cyr are then calculated as follows 

𝐴𝑛𝑛𝑢𝑎𝑙 𝑠𝑡𝑜𝑟𝑎𝑔𝑒 𝑐𝑜𝑠𝑡𝑠      𝐶𝑦𝑟 = 𝐶𝑖𝑛𝑣𝑒𝑠𝑡

𝑖𝑟 ∗ (𝑖𝑟 + 1) 𝑇

(𝑖𝑟 + 1)𝑇 − 1
 + 𝐶𝑖𝑛𝑣𝑒𝑠𝑡 ∗ 𝑂&𝑀 + 𝐶𝑒𝑙.𝑖𝑛𝑝𝑢𝑡 ∗

𝐸

𝑒𝑓.
 

 

𝐶𝑦𝑟 = 911,270
€

𝑦𝑟
+ 78,00

€

𝑦𝑟
+ 3,650,000 

€

𝑦𝑟
= 4,639,270

€

𝑦𝑟
 

Note that the amount of electricity purchased is the energy output divided by the efficiency. 

Furthermore, this calculation shows the share of costs for the different cost factors under the 

conditions of this example.   

7.1.4 Future costs and performance outlook of EESS 

The figure below presents a broad view of EESS installation costs compared to round-trip efficiencies 

for various technologies, both current (2016) and projected (2030). For Li-ion systems, for instance, the 

efficiency is expected to increase from between 92% and 94% in 2016 to between 94% and 96% by 

2030. As shown, significant cost reduction is expected for Li-ion systems like LTO or LFP.  No notable 

cost reduction is expected for PHS or large CAES storage systems.  
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Average energy installation costs and round-trip efficiencies of some EESS3 for power production, for 2016 and 2030.            

Source: IRENA (2017) 

Power-to-X is a technology that could significantly support the energy transition in the medium to long 

term, by converting electrical energy into synthetic fuels that can be transported in liquid and gaseous 

form at proportionally low costs to Europe, capitalising on the existing pipeline, trans-shipment, interim 

storage, and tanker infrastructure. 

One study by the WEC Energy Group [7] examines power-to-X production cost in different regions 

worldwide. LFacilities in locations such as North Africa, the Middle East or Iceland, far outperform 

outlets in northern Europe, in terms of producing synthetic methane and liquid fuels at low costs (see 

chart). For example, in the short term, synthetic methane and liquid fuels can be imported at EUR 0.18 

€/kWh via PV and PV-wind-hybrids in North Africa and the Middle East, as compared to a local 

production at EUR 0.24 €/kWh on the basis of offshore wind generation in the North and Baltic Seas – 

an import cost advantage of 27%.  

In 2030, the cost advantage is expected to remain almost the same at around 26%, and even until 2050 

synthetic methane and liquid fuels from North Africa and the Middle East will still be imported at a 20% 

discount. 

 

 

 

 
3 CAES: compressed air energy storage, LA: lead-acid, LFP: lithium iron phosphate, LTO: lithium titanate, NaS: sodium sulphur, 
PHS pumped hydro storage, VRFB: vanadium redox flow battery. 
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International comparison of P2X production cost (synthetic methane and liquid fuels). Source: WEC (2017) 

 

7.2 Competition among technologies 

The following section “Competition among technologies” outlines:  

• which storage systems of the electricity-to-electricity conversion chain might compete 

with each other, 

• typical voltage levels at which storage technologies are connected to the grid,  

• considerations as to why a substantial number of small, decentralised modular systems 

could replace large, centralised technologies, and 

• whether storage system might be used for other purposes than those for which they had 

originally been installed (double use). 

The structure of the section is as follows: 

• Electricity-to-electricity 

• Large versus small systems 

• Double use of storage systems 

7.2.1 Electricity-to-electricity 

Generally speaking, energy storage systems do not often compete with each other. Instead, they tend 

to supplement each other, since each technology is suitable for specific conditions only (see figure).  
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Thus, different applications create separate markets, for which specific types of storage systems are 

most suitable. From this we can conclude that it is not very appropriate to compare the energy storage 

costs of different technologies with different applications.  

However, two areas of competition should be mentioned. 

1. The first is where EESS compete with single applications participating in the electricity-to-

electricity conversion chain. 

2. The second is in the replacement of large, centralised technologies through a large number 

of small, decentralised modular systems. 

In general, electricity storage systems are able to supply positive (feed-in of power into the grid) and 

negative (draw of power from the grid) control power to the grid. They are able to convert “electricity 

to electricity”. There are also systems that only supply positive control power, converting “anything to 

electricity”; an example is biogas power plants. Systems that only supply negative control power 

convert “electricity to anything”. The production of hydrogen and the use of electricity for heat 

production are examples of this. A combination of “electricity to anything” and “anything to electricity” 

storage systems can produce the same behaviour as an “electricity to electricity” storage system. [3] 

The graph compares several technologies (CAES, PHS, Flywheel, batteries such as Lead-acid or Lithium-

ion) in terms of the amount of energy that can be stored (y-axis) and the nominal capacity (x-axis). The 

graph shows that hydrogen and SNG are in the range up to multiple weeks, while supercaps store small 

amounts of energy, usually for seconds or less. 

 
 

 
 

 
 
 

 
 
 
 
 

 
 
 

 
 
 
 
 
 
 

 
Comparison of power rating and rated energy capacity with discharge time duration at power rating. Source: Xing Luo et al 

(2015) 
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7.2.2 Large versus small systems 

Another area in which the different storage technologies may compete is in the replacement of large, 

centralised technologies by a large number of small, decentralised modular systems. For example, it is 

possible to generate the same characteristics as a pumped hydro storage plant with an aggregated set 

of 300,000 electric vehicles: the amount of energy stored is relatively small and lasts for only a few 

hours, but the power output is relatively high. The same is valid for a combination of residential storage 

systems. The main issue with large numbers of small, decentralised modular systems is the high 

demand for communication, control and management. With existing and emerging 

telecommunications infrastructure, this seems increasingly possible. A new operator might soon arise 

within electricity systems: a storage system aggregator that can manage a large number of small 

storage systems and be able to operate in the existing energy and control power markets. These small 

storage systems could be bundled together into a virtual power plant. [4] 

The direct competition of technologies within one of these markets holds true, with one limitation: 

renewable power generators and storage systems are located in real-world grids with limited capacities 

to transfer power between different voltage levels, and with limited long-distance transmission 

capacities. The figure below shows a simplified representation of the power grid, the typical voltage 

levels at which wind turbines or wind parks and PV systems are connected to the grid, and a selection 

of appropriate storage technologies for the different voltage levels. 

It is not sufficient to discuss the need for storage capacities in general. It is also necessary to consider 

the required storage capacities at different voltage levels in the grid. 

 

Integration of storage systems into the grid structure. (Source:  iSEA (2012) 
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7.2.3 Double or multiple use of EESS 

In some situations, it may be necessary to combine benefits from two or more applications using the 

same EESS, so that total benefits exceed total costs. Of course, applications must be compatible. A 

combination of applications has operational compatibility if there are no operational conflicts among 

the applications.  

For example, a battery in an electric vehicle primarily provides mobility. People will buy and install such 

a storage system for private use. However, once the storage system is there, it will be relatively easy to 

use it in a second way as a virtual, large-scale storage system with distributed components in the power 

markets in the time where the vehicle is not in use.  The “double use” system can offer its service at 

close to zero differential or marginal cost, because its investment would have occurred anyway, and 

any earnings from power markets are additional income. [4] 

The table below shows some EESS application compatibilities for multiple use. 

 

Electric 
Energy 

Time shift 

Electric 
Supply 

Capacity 

Load 

Following 

Electric 
Service 

Reliability 

Electric 
Service 
Power Quality 

Electric Energy 

Time shift 
 ++ + - - 

Electric Supply 

Capacity 
++  + - - 

Load Following + +  - - 

Electric Service 

Reliability 
- - -  ++ 

Electric Service 
Power Quality 

- - - ++  

++ Excellent, + good, - incompatible 

Applications Synergies Matrix. (Source: J. Eyer & G. Corey (2010) 

7.3 Footnotes 

[1] IRENA (2015)  

[2] Belderbos et al (2016) 

[3]: LAZARD (2018)  

[4] iSEA (2012) 

[5] IFC (2017)  

[6] IRENA (2017) 

[7] WEC (2018)  

[8]: Xing Luo et al (2015)  

[9] J. Eyer & G. Corey (2010)   
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8 Summary of the course 

Renewable energy, in conjunction with energy storage systems, can provide all those services that are 

currently provided by conventional generation. However, the storage markets are still in their infancy, 

and many storage technologies promise a further cost reduction through technological progress and 

economies of scale. 

Energy storage options can be summarised as follows: 

• All storage technologies are different with regard to response time, energy density, power 

output, efficiency, cycles, etc. 

• There is no economic ‘catch all’ or ‘silver bullet’ storage option. The best option needs to 

be assessed on a case-by-case basis. 

• Storage systems are required for a number of different purposes to operate a stable, 

reliable grid. These purposes range from balancing power and ancillary services to 

seasonal storage of large amounts of energy. 

• Pumped hydro plants are currently the most cost-efficient option for medium-term 

storage (hours to days). However, the availability of suitable sites imposes limits to this 

technology. 

• Compressed air energy storage (CAES) is only efficient with heat storage (adiabatic), but 

then only for short term storage (several hours). Here the question of the availability of 

sites arises, too. 

• Hydrogen storage in salt caverns offers reasonable storage densities and energy 

efficiencies. Higher storage densities can be achieved with methanation or power to 

liquids, but these come with higher conversion losses. 

• Hydrogen and methane production are the only storage technologies for use at TWh 

capacities (gas grid, underground caverns, pressure storage vessels) and over longer terms 

(days, weeks). They are of strategic importance to achieving a very high contribution of 

variable renewable energy to the power supply. 

By using energy storage systems in the electricity grid, challenges faced by the power industry and 

network operators can be greatly reduced – especially when a high share of renewable energies exist 

in a system. The amount of primary and secondary reserve power in the grid can be dramatically 

reduced when flexible storage systems are in use. While fossil fuel power plants need to run at a certain 

minimum load in order to be able to generate reserve power, storage systems can use their entire 

installed capacity for reserve power. 

The table below provides an overview of the many different types of storage systems, displaying their 

main advantages and disadvantages. The two columns on the right evaluate the capability of the 

technology with regard to power or energy applications. 

(Legend: + Fully capable and reasonable; +- Reasonable for this application; o Feasible but not 

economic or practical (yet); 
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Storage 

Technology 

Main Advantages (relative) Disadvantages (relative) Power 

application 

Energy 

application 

Lead-Acid Low capital cost Limited cycle life when deeply 

discharged 

+ o 

NaS High power & energy densities, high 

round-trip efficiency 

Production cost, safety 

concerns, ‘must-run’ (high 

temperature) 

+ + 

Li-Ion High power and energy densities, high 

round-trip efficiency 

High production cost + o 

Redox Flow High capacity, independent power and 

energy ratings 

Low energy density +- + 

CAES (diabatic and 

adiabatic) 

High capacity, low cost Special site requirement 

(cavern), need gas fuel 

(diabatic CAES), 

‘must-run’ (adiabatic CAES, 

heat storage) 

+ +- 

Pumped hydro High capacity, low storage costs Special site requirement 

(height), high up-front cost 

+ +- 

E-Hydrogen High capacity, multiple gas uses, 

power/energy independently scalable 

Special site requirement (if 

cavern), low round-trip 

efficiency (if re-electrification) 

+- + 

E-Methane High capacity, existing gas 

infrastructures 

Very low round-trip efficiency 

(especially if CO2 comes from 

atmosphere) 

+ + 
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11 Glossary 

Black-start 

A black start is the process of restoring an electric power station or a part of an electric grid to 

operation without relying on the external electric power transmission network to recover from a total 

or partial shutdown. 

Capital costs 

Capital costs are the initial capital outlay for an investment project to generate future returns.  

Cryogen 

(Chemistry such as liquid nitrogen) a substance used to produce low temperatures. 

Curtailed electric energy  

The abundant renewable energy may have to be curtailed because real-time balance between load 

and generation must be maintained, and electric generation cannot be economically stored on a 

large scale in some systems. Renewable energy curtailment in these cases is called curtailed 

electric energy (CEE). The massive CEE has caught more attention with a higher penetration of 

renewable energy worldwide- 

Enthalpy 

Enthalpy is a thermodynamic property of a system. It is the sum of the internal energy added to the 

product of the pressure and volume of the system. 

Latent heat 

Latent heat, energy absorbed or released by a substance during a change in its physical state 

(phase) that occurs without changing its temperature.  

Magnetic flux density is defined as the amount of magnetic flux in an area taken perpendicular to 

the magnetic flux's direction. 

Must-run units 

Must-run units are power generation facilities that are necessary during certain operating conditions 

to maintain the security of power systems in a competitive environment.  

Sabatier process or methanation 

Sabatier process involves the reaction of hydrogen with carbon dioxide at elevated temperatures 

(optimally 300–400 °C) and pressures in the presence of a nickel catalyst to produce methane and 

water.: CO2+4H2↔CH4+2H2O 

Turbo-alternator  

Turbo-alternator is a turbine to generate electricity using water vapor, which was generated by high 

temperature sensible heat in a storage.  

Virtual power plant A Virtual Power Plant is a network of decentralized, medium-scale power 

generating units such as wind farms, solar parks, and Combined Heat and Power (CHP) units, as 

well as flexible power consumers and storage systems. 


