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AMENDMENT SHEET 

Publication date 

Publication date for this catalogue “Technology Data for Energy Storage” is October 2018. This amendment 

sheet has been added and also the possibility to add descriptions of amendments in the individual chapters if 

required. Hereby the catalogue can be updated continuously as technologies evolve, if the data changes 

significantly or if errors are found. 

The newest version of the catalogue will always be available from the Danish Energy Agency’s web site.  

Amendments after publication date 

All updates made after the publication date will be listed in the amendment sheet below. 

Date Ref. Description  

March 2019 180, 183 Minor corrections to the Lithium ion battery and the Na-NiCl2 

chapters 

February 

2019 

180, Front page Small corrections to the Lithium ion battery datasheet 

implemented. 

Version number added to front page 

January 2019 180 Lithium ion battery chapter added 

December 

2018 

160, 180, 181, 182, 

183 

Formatting and internal references fixed in CAES chapter 

Added chapters on VRB-, Na-S- and Na-NiCl2 batteries 

Previous battery chapter removed 

November 

2018 

140 Seasonal Heat 

Storage, 141 Large-

scale Hot Water 

Tanks, 161 CAES 

Updated chapters on Seasonal Heat Storage and Large-scale 

Hot Water Tanks 

Updated chapter on CAES 

Small update to the Introduction and Electricity Storage 

chapters 

October 2018 142 Small-scale Hot 

water tanks, 150 

Underground 

storage of gas, 151 

Hydrogen storage, 

160 PHS, 161 CAES 

Chapters transferred from previous Technology Data 

Catalogue for Electricity and district heating production from 

May 2012 
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and 180 Batteries 
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PREFACE 

The Danish Energy Agency and Energinet, the Danish transmission system operator, publish catalogues 

containing data on technologies for Energy Storage. This is the first edition of the catalogue. This catalogue 

includes updates of a number of technologies which replace the corresponding chapters in the catalogue for 

Energy Plants published in May 2012. The catalogue will continuously be updated as technologies evolve, if 

data change significantly or if errors are found. All updates will be listed in the amendment sheet on the 

previous page and in connection with the relevant chapters, and it will always be possible to find the most 

recently updated version on the Danish Energy Agency’s website. 

The primary objective of publishing technology catalogues is to establish a uniform, commonly accepted and 

up-to-date basis for energy planning activities, such as future outlooks, evaluations of security of supply and 

environmental impacts, climate change evaluations, as well as technical and economic analyses, e.g. on the 

framework conditions for the development and deployment of certain classes of technologies.  

With this scope in mind, it is not the target of the technology data catalogues, to provide an exhaustive 

collection of specifications on all available incarnations of energy technologies. Only selected, representative, 

technologies are included, to enable generic comparisons of technologies with similar functions in the energy 

system e.g. thermal gasification versus combustion of biomass or electricity storage in batteries versus fly 

wheels.  

Finally, the catalogue is meant for international as well as Danish audiences in an attempt to support and 

contribute to similar initiatives aimed at forming a public and concerted knowledge base for international 

analyses and negotiations.  

DANISH PREFACE 

Energistyrelsen og Energinet udarbejder teknologibeskrivelser for en række energilagringsteknologier. Dette er 

den første udgave. Kataloget indeholder opdateringer af teknologier, som erstatter de tilsvarende kapitler i 

kataloget for el og fjernvarme, som blev udgivet i 2012. Kataloget vil løbende opdateres i takt med at 

teknologierne udvikler sig, hvis data ændrer sig væsentligt eller hvis der findes fejl. Alle opdateringer vil 

registreres i rettelsesbladet først i kataloget, og det vil altid være muligt at finde den seneste opdaterede 

version på Energistyrelsens hjemmeside.    

Hovedformålet med teknologikataloget er at sikre et ensartet, alment accepteret og aktuelt grundlag for 

planlægningsarbejde og vurderinger af forsyningssikkerhed, beredskab, miljø og markedsudvikling hos bl.a. de 

systemansvarlige selskaber, universiteterne, rådgivere og Energistyrelsen. Dette omfatter for eksempel 

fremskrivninger, scenarieanalyser og teknisk-økonomiske analyser.  

Desuden er teknologikataloget et nyttigt redskab til at vurdere udviklingsmulighederne for energisektorens 

mange teknologier til brug for tilrettelæggelsen af støtteprogrammer for energiforskning og -udvikling. 
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Tilsvarende afspejler kataloget resultaterne af den energirelaterede forskning og udvikling. Også behovet for 

planlægning og vurdering af klima-projekter har aktualiseret nødvendigheden af et opdateret databeredskab.  

Endeligt kan teknologikataloget anvendes i såvel nordisk som internationalt perspektiv. Det kan derudover 

bruges som et led i en systematisk international vidensopbygning og -udveksling, ligesom kataloget kan 

benyttes som dansk udspil til teknologiske forudsætninger for internationale analyser og forhandlinger. Af 

disse grunde er kataloget udarbejdet på engelsk. 
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INTRODUCTION 

This catalogue addresses technologies for energy storage. The focus is on the specific storage technology. 

Therefore, its interaction with the system and the combination with other technologies is not always 

considered. For example, hydrogen storage will be described as a gas storage system and not as a potential 

mean to store electricity. Each storage unit is defined by its energy carrier such that the boundary to the 

energy system is the input and output of this same energy carrier. For example, while a flywheel stores kinetic 

energy, it is in this catalogue for all intend and purposes defined as an electricity storage. Therefore, the 

conversion from electricity to kinetic energy and back again is included in the storage technology. Likewise, 

when defining the boundaries of an ATES a heat pump is not included in the storage since ATES is defined as a 

heat storage while the heat pump requires an external energy source - usually in the form of electricity or 

steam. 

Each chapter contains the necessary qualitative description and quantitative data to complete the storage of 

the energy carrier. The exact system boundaries and energy carrier being stored is defined for each technology 

in the qualitative description. 

The main purpose of the catalogue is to provide generalized data for analysis of energy systems, including 

economic scenario models and high-level energy planning. 

These guidelines serve as an introduction to the presentations of the different technologies in the catalogue, 

and as instructions for the authors of the technology chapters. The general assumptions are described in 

section 1.1. The following sections (1.2 and 1.3) explain the formats of the technology chapters, how data were 

obtained, and which assumptions they are based on. Each technology is subsequently described in a separate 

technology chapter, making up the main part of this catalogue. The technology chapters contain both a 

description of the technologies and a quantitative part including a table with the most important technology 

data.  

General classification 

Since there are different forms of energy stored and different possible applications of certain technologies, 

these are categorized as shown in the following table. 

The possible forms of energy stored are electricity, heat or gas. The applications are divided into system or 

local level. While the former includes large scale technologies to provide system services, the latter refers to 

household level or other smaller size applications. 

The table only lists the technologies included in the catalogue.   
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  Application 
  System level Local level 

Fo
rm

 o
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n
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d
 Electricity 

Flywheel (FES) 
Large Batteries (NaS, VRB, SoNick) 

Stationary lithium-ion batteries 

Lead-acid batteries 

Flywheel (FES) 
Stationary lithium-ion batteries 

Electric car batteries 

Heat 

Seasonal Heat storage – Water pits 

Aquifer thermal energy storage (ATES) 

Large Scale Hot Water tank 
Small scale hot water tank 

Gas 

Underground natural gas storage (caverns 

and aquifer) 
Hydrogen Storage above ground 

Hydrogen Storage in caverns 

Compressed hydrogen storage 

 

Technologies for electricity storage are further divided into power-intensive storage services and energy-

intensive storage services. See section 1.4 for definitions. 

The table below shows a categorization of electricity storage technologies. 

 

 Service provided 

Technology Power-intensive Energy-intensive 

Flywheel (FES) ✓ ✓ 

Large Batteries (NaS, VRB, SoNick) ✓ ✓ 

Lead-acid batteries  ✓ 

Stationary lithium-ion batteries ✓ ✓ 

Electric car batteries  ✓ 
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1.2. Qualitative description 
The qualitative description covers the key characteristics of the technology as concise as possible. The 

following paragraphs are included where relevant for the technology. 

Contact information 

Containing the following information: 

 Contact information: Contact details in case the reader has clarifying questions to the technology 

chapters. This could be the Danish Energy Agency, Energinet.dk or the author of the technology 

chapters. 

 Author: Entity/person responsible for preparing the technology chapters 

 Reviewer: Entity/person responsible for reviewing the technology chapters.   

Brief technology description 

Brief description for non-engineers of how the technology works and for which purpose. This includes the form 

of energy stored, any potential storage medium and the application of the technology, as mentioned in the 

table in the introduction. Moreover, the type of services that the storage technology can provide is expressed 

(e.g. storage for production plants, primary frequency regulation, load shifting, etc.) 

The system boundaries are identified in this section. In cases where the conversion units are not parts of the 

system, examples of typical conversion technologies used with the storage unit are mentioned such as heat 

pumps for ATES systems etc. 

An illustration of the technology is included, showing the main components and working principles.  

Input/output 

The form of energy input to be stored (electricity, hot water, natural gas etc.) and the output(s). 

Energy efficiency and losses 

The energy conversion efficiency 

• Charge/discharge efficiency 

• Round-trip efficiency 

and energy losses such as idle losses, self-discharge (batteries), heat loss, mechanical loss, etc. 

Regulation ability and other system services 

Mainly relevant for electricity storage technologies, i.e. how fast can they start up and how quickly are they 

able to respond to demand changes (response time) or provide grid services. For electricity storage 
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technologies, especially if suitable for power intensive application, the qualitative description includes the 

technology’s capability for delivering the following power system services: 

 Inertia 

 Short circuit power 

 Black start 

 Voltage control 

 Damping of system oscillations (PSS) 

Typical characteristics and capacities 

The characteristics are stated for a single unit capable of providing the storage service needed. In the case of 

modular technologies such as batteries, the unit is represented by a typical size of battery installation, to 

provide the service described.  

The typical characteristics expressed are: 

 Energy storage capacity, in MWh: amount of energy that can be stored 

 Input and output capacities, in MW: rate at which the energy can either charge or discharge 

 Energy density and specific energy, in Wh/m3 and Wh/kg respectively 

Beside electricity, the units MW and MWh are used for heat and gas as well. While this is not in accordance 

with thermodynamic formalism, it makes comparisons easier and provides a more intuitive link between 

capacities, production and full load hours. 

For some storage technologies, there is a certain amount of energy that has to be constantly kept in the 

storage unit to ensure low degradation or to maintain specific conditions (e.g. pressure, temperature). 

For example, in electrical batteries there could be a lower bound for the state of charge (SOC) and for gas 

storage in caverns a certain amount of cushion gas is normally required. In such cases, only the “active storage 

capacity” is specified, meaning the amount of energy between maximum and minimum level. Information 

regarding the minimum required amount of energy stored is also explained here. 

Ranges for the different parameters could be indicated here if the technology has various typical sizes. 

Typical storage period 

Qualitative expression of how long the energy is typically stored in the unit, which is closely related to the 

application and the services provided. The storage period is typically in the range from hours or days to longer 

periods such as months or years. 

Space requirement 

The space requirement for the installation of the storage technology is expressed in m2 per MWh. The space 

requirements may for example be used to calculate the rent of land, which is not included in the financial cost, 

since this cost item depends on the specific location of the plant. 
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Advantages/disadvantages 

A description of specific advantages and disadvantages relative to equivalent technologies. Generic advantages 

are ignored; e.g. renewable energy technologies mitigating climate risks and enhance security of supply. 

Environment 

Particular environmental characteristics are mentioned, for example special emissions or the main ecological 

footprints. 

For water reservoirs, as well as for cavern gas storage, the methane leakage is specified. 

For batteries the use of critical, toxic or regulated materials is specified. 

Research and development perspectives 

This section lists the most important challenges to further development of the technology. Also, the potential 

for technological development in terms of costs and efficiency is mentioned and quantified if possible. Danish 

research and development perspectives are highlighted, where relevant. 

Examples of market standard technology 

Recent full-scale commercial projects, which can be considered market standard, are mentioned, preferably 

with links. A description of what is meant by “market standard” is given in the introduction to the quantitative 

description section (Section 1.3). For technologies where no market standard has yet been established, 

reference is made to best available technology in R&D projects. 

Prediction of performance and costs 

Cost reductions and improvements of performance can be expected for most technologies in the future. This 

section accounts for the assumptions underlying the cost and performance in 2015 as well as the 

improvements assumed for the years 2020, 2030 and 2050. 

The specific technology is identified and classified in one of four categories of technological maturity, indicating 

the commercial and technological progress, and the assumptions for the projections are described in detail. 

In formulating the section, the following background information is considered: 

Data for 2015  

In case of technologies where market standards have been established, performance and cost data of recent 

installed versions of the technology in Denmark or the most similar countries in relation to the specific 

technology in Northern Europe are used for the 2015 estimates. 

If consistent data are not available, or if no suitable market standard has yet emerged for new technologies, 

the 2015 costs may be estimated using an engineering based approach applying a decomposition of 
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manufacturing and installation costs into raw materials, labor costs, financial costs, etc. International 

references such as the IEA, NREL etc. are preferred for such estimates. 

Assumptions for the period 2020 to 2050  

According to the IEA:  

“Innovation theory describes technological innovation through two approaches: the technology-push model, in 

which new technologies evolve and push themselves into the marketplace; and the market-pull model, in which 

a market opportunity leads to investment in R&D and, eventually, to an innovation” [6].  

The level of “market-pull” is to a high degree dependent on the global climate and energy policies. Hence, in a 

future with strong climate policies, demand for e.g. renewable energy technologies will be higher, whereby 

innovation is expected to take place faster than in a situation with less ambitious policies. This is expected to 

lead to both more efficient technologies, as well as cost reductions due to economy of scale effects. Therefore, 

for technologies where large cost reductions are expected, it is important to account for assumptions about 

global future demand.  

The IEA’s New Policies Scenario provides the framework for the Danish Energy Agency’s projection of 

international fuel prices and CO2-prices, and is also used in the preparation of this catalogue. Thus, the 

projections of the demand for technologies are defined in accordance with the thinking in the New Policies 

Scenario, described as follows: 

“New Policies Scenario: A scenario in the World Energy Outlook that takes account of broad policy 

commitments and plans that have been announced by countries, including national pledges to reduce 

greenhouse gas emissions and plans to phase out fossil energy subsidies, even if the measures to implement 

these commitments have yet to be identified or announced. This broadly serves as the IEA baseline 

scenario.” [7]. 

Alternative projections may be presented as well relying for example on the IEA’s 450 Scenario (strong climate 

policies) or the IEA’s Current Policies Scenario (weaker climate policies). 

Learning curves and technological maturity 

Predicting the future costs of technologies may be done by applying a cost decomposition strategy, as 

mentioned above, decomposing the costs of the technology into categories such as labor, materials, etc. for 

which predictions already exist. Alternatively, the development could be predicted using learning curves. 

Learning curves express the idea that each time a unit of a particular technology is produced, learning 

accumulates, which leads to cheaper production of the next unit of that technology. The learning rates also 

take into account benefits from economy of scale and benefits related to using automated production 

processes at high production volumes. 
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The potential for improving technologies is linked to the level of technological maturity. The technologies are 

categorized within one of the following four levels of technological maturity. 

Category 1. Technologies that are still in the research and development phase. The uncertainty related to price 

and performance today and in the future is highly significant (e.g. wave energy converters, solid oxide fuel 

cells).  

Category 2. Technologies in the pioneer phase. The technology has been proven to work through 

demonstration facilities or semi-commercial plants. Due to the limited application, the price and performance 

is still attached with high uncertainty, since development and customization is still needed. The technology still 

has a significant development potential (e.g. gasification of biomass). 

Category 3. Commercial technologies with moderate deployment. The price and performance of the technology 

today is well known. These technologies are deemed to have a certain development potential and therefore 

there is a considerable level of uncertainty related to future price and performance (e.g. offshore wind 

turbines) 

Category 4. Commercial technologies, with large deployment. The price and performance of the technology 

today is well known and normally only incremental improvements would be expected. Therefore, the future 

price and performance may also be projected with a relatively high level of certainty.  (e.g. coal power, gas 

turbine) 

 

 
Figure 1: Technological development phases. Correlation between accumulated production volume (MW) and price. 
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Uncertainty 

The catalogue covers both mature technologies and technologies under development. This implies that the 

price and performance of some technologies may be estimated with a relatively high level of certainty whereas 

in the case of others, both cost and performance today as well as in the future are associated with high levels 

of uncertainty. 

This section of the technology chapters explains the main challenges to precision of the data and identifies the 

areas on which the uncertainty ranges in the quantitative description are based. This includes technological or 

market related issues of the specific technology as well as the level of experience and knowledge in the sector 

and possible limitations on raw materials. The issues should also relate to the technological development 

maturity as discussed above. 

The level of uncertainty is illustrated by providing a lower and higher bound beside the central estimate, which 

shall be interpreted as representing probabilities corresponding to a 90% confidence interval. It should be 

noted, that projecting costs of technologies far into the future is a task associated with very large uncertainties. 

Thus, depending on the technological maturity expressed and the period considered, the confidence interval 

may be very large. It is the case, for example, of less developed technologies (category 1 and 2) and long time 

horizons (2050). 

Additional remarks 

This section includes other information, for example links to web sites that describe the technology further or 

give key figures on it. 

References 

References are numbered in the text in squared brackets and bibliographical details are listed in this section.  
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Quantitative description 

To enable comparative analyses between different technologies it is imperative that data are actually 

comparable: All cost data are stated in fixed 2015 prices excluding value added taxes (VAT) and other taxes. 

The information given in the tables relate to the development status of the technology at the point of final 

investment decision (FID) in the given year (2015, 2020, 2030 and 2050). FID is assumed to be taken when 

financing of a project is secured and all permits are at hand. The year of commissioning will depend on the 

construction time of the individual technologies. 

A typical table of quantitative data is shown below, containing all parameters used to describe the specific 

technologies. The table consists of a generic part, which is identical for all storage technologies and a 

technology specific part, containing information which is only relevant for the specific technology or the group 

of technologies (power, gas, heat storage). The generic part is made to allow for an easy comparison. 

Each cell in the table contains only one number, which is the central estimate for the market standard 

technology, i.e. no range indications. Uncertainties related to the figures are stated in the columns named 

uncertainty. To keep the table simple, the level of uncertainty is only specified for years 2020 and 2050. 

The level of uncertainty is illustrated by providing a lower and higher bound. These are chosen to reflect the 

uncertainties of the best projections by the authors. The section on uncertainty in the qualitative description 

for each technology indicates the main issues influencing the uncertainty related to the specific technology. For 

technologies in the early stages of technological development or technologies especially prone to variations of 

cost and performance data, the bounds expressing the confidence interval could result in large intervals. The 

uncertainty is related to the market standard technology; in other words, the uncertainty interval does not 

represent the product range (for example a product with lower efficiency at a lower price or vice versa). 

The level of uncertainty is stated for the most critical figures such as investment cost and efficiencies. Other 

figures are considered if relevant. 

All data in the tables are referenced by a number in the utmost right column (Ref), referring to source specifics 

below the table. The following separators are used: 

; (semicolon)    separation between the four time horizons (2015, 2020, 2030, and 2050) 

/ (forward slash)     separation between sources with different data 

+ (plus)   agreement between sources on same data 

Notes include additional information on how the data are obtained, as well as assumptions and potential 

calculations behind the figures presented. Before using the data, please be aware that essential information 

may be found in the notes below the table. 

The generic parts of the tables for storage technologies are presented below: 
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Technology  name/ decription  

  2015 2020 2030 2050 Uncertainty 

(2020) 

Uncertainty 

(2050) 

Note Ref 

Energy/technical data         Lower Upper Lower Upper     

Form of energy stored        

Application        

Energy storage capacity for one unit (MWh)           

Output capacity for one unit (MW)           

Input capacity for one unit (MW)           

Round trip efficiency (%)           

 - Charge efficiency (%)           

 - Discharge efficiency (%)           

Energy losses during storage (%/period)           

Auxiliary electricity consumption (% of output) (Expressed only 

for heat and gas storages) 

        
 

 

Forced outage (%)           

Planned outage (weeks per year)           

Technical lifetime (years)           

Construction time (years)           

           

Regulation ability (only for electricity storage) 

 

Response time from idle to full-rated discharge (sec)              

Response time from full-rated charge to full-rated discharge 

(sec) 

             

           

Financial data                                  

Total investment cost (M€2015 per MWh)            

 - energy component (M€/MWh)           

 - capacity component (M€/MW)                    

 - other project costs (M€)                    

Fixed O&M (% total investment)               

Variable O&M (€2015/MWh)               

           

Technology specific data                                  

Alternative Total investment cost (M€2015 per MW)           
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Energy/technical data 

Energy storage capacity for one unit 

The storage capacity, preferably a typical capacity (not maximum capacity), represents the size of a 

standard unit in terms of energy stored. It refers to a single unit capable of providing the storage 

service needed, e.g. a hydro plant, a heat tank or a battery installation.  

In the case of a modular technology such batteries, a typical size based on historical installations or 

the market standard is chosen as a unit. Different sizes may be specified in separate tables, e.g. 

small, medium, large battery installation.  

As explained under “Typical characteristics”, the energy storage capacity refers only to the active 

part of the storage unit, i.e. the energy that can be used, and not to the rated storage capacity of the 

storage. Additional information on the minimum level of energy required is found in the notes. 

The unit MWh is used for electricity, heat and gas energy storage capacity. 

Output and input capacity for one unit 

The nominal output capacity is stated for a full unit and refers to the active part of the storage. Any 

other information regarding the minimum level is specified in the notes. It is given as net output 

capacity in continuous operation, i.e. gross output capacity minus own consumption. 

The nominal input capacity is stated for a full unit as well.  In case it is equal to the output capacity, 

the value specified will be the same. 

The unit MW is used for all output and input capacities. 

Charge and discharge efficiencies (round trip efficiency) 

The efficiencies of the charging and discharging processes are stated separately in percent where 

possible. 

The round-trip efficiency is the product of charging and discharging efficiencies and expresses the 

fraction of the input energy, which can be recovered at the output, assuming no losses during the 

storage period. It represents the ratio between the energy provided to the user and the energy 

needed to charge the storage system.  

For electricity storage, it is intended as AC-AC value, therefore including losses in the converters and 

other auxiliaries. 

The round-trip efficiency enables comparisons of different storage technologies with respect to 

efficiency of the storage process. However, not including the losses during the storage period, it 

does not give a complete picture. Losses are treated below. 

Energy losses during storage 

The energy lost from the storage unit due to losses in a specific time horizon is specified here. 
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Technologies with different storage periods will show very different behaviour with respect to 

energy losses. Therefore, the period is chosen based on the characteristics of the technology (e.g. % 

losses/hour, % losses/day or % losses/year). 

Losses are expressed as a percentage of the energy storage capacity (as defined above) lost over the 

timeframe chosen. 

Auxiliary electricity consumption 

Storage systems for heat and gas usually need auxiliary systems to operate, such as pumps and/or 

compressor. The auxiliary consumption expresses the consumption of electricity from such 

equipment as a percentage of output, which has gone through the full storage cycle. 

For electricity storage, this component is already included in the overall round trip efficiency (AC-

AC). 

Forced and planned outage 

Forced outage is defined as the number of weighted forced outage hours divided by the sum of 

forced outage hours and operation hours. The weighted forced outage hours are the sum of hours of 

reduced production caused by unplanned outages, weighted according to how much capacity was 

out. 

Forced outage is given in percent, while planned outage (for example due to renovations) is given in 

days per year. 

Technical lifetime  

The technical lifetime is the expected time for which the storage facility can be operated within, or 

acceptably close to, its original performance specifications, provided that normal operation and 

maintenance takes place. During this lifetime, some performance parameters may degrade gradually 

but still stay within acceptable limits. For instance, efficiencies often decrease slightly (few percent) 

over the years, and O&M costs increase due to wear and degradation of components and systems. 

At the end of the technical lifetime, the frequency of unforeseen operational problems and risk of 

breakdowns is expected to lead to unacceptably low availability and/or high O&M costs. At this time, 

the plant is decommissioned or undergoes a lifetime extension, which implies a major renovation of 

components and systems as required making the storage unit suitable for a new period of operation. 

The technical lifetime stated in this catalogue is a theoretical value inherent to each technology, 

based on experience. The expected technical lifetime takes into account a typical number of start-

ups and shut-downs. 

In real life, specific storage facilities of similar technology may operate for shorter or longer times. 

The strategy for operation and maintenance, e.g. the number of operation hours, start-ups, and the 

reinvestments made over the years, will largely influence the actual lifetime. 

The lifetime is expressed in years for all the storage technologies. For electrical batteries it is 

expressed both in years and in number of cycles, since different utilization of the battery in terms of 

frequency of charge/discharge depth has an impact on its lifetime. This second figure is specified in 

the Technology Specific Data. 
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To calculate the technical lifetime in years for batteries based on the total number of cycles, a 

certain number of cycles per year has been assumed and is expressed in the notes. 

Construction time 

Time from final investment decision (FID) until commissioning completed (start of commercial 

operation), expressed in years. 

Regulation ability 

The regulation ability parameters are expressed for electricity storage application, while for heat and 

gas storage these parameters are not relevant. 

The electricity regulation capabilities of the technologies are described by two parameters: 

 Response time from idle to full-rated discharge (sec) 

 Response time from full-rated charge to full-rated discharge (sec) 

The response time from idle to full-rated discharge is defined as the time, in seconds, the electricity 

storage takes to reach 100% of the discharge capacity from idle condition. It is assumed to be equal 

for the charging process. 

The response time from full-rated charge to full-rated discharge is defined as the time, in seconds, 

the electricity storage takes to go from charging at full capacity to discharging at full capacity. It is 

assumed to be equal in the other direction.  

Financial data 

Financial data are all in Euro (€), fixed prices, at the 2015-level and exclude value added taxes (VAT) 

and other taxes. 

Several data originate in Danish references. For those data a fixed exchange ratio of 7.45 DKK per € 

has been used. 

The previous catalogue was in 2011 prices. Some data have been updated by applying the general 

inflation rate in Denmark (2011 prices have been multiplied by 1.0585 to reach the 2015 price level). 

European data, with a particular focus on Danish sources have been emphasized in developing this 

catalogue. This is done as generalizations of costs of energy technologies have been found to be 

impossible above the regional or local levels, as per IEA reporting from 2015 [8]. For renewable 

energy technologies this effect is even stronger as the costs are widely determined by local 

conditions. 
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Investment cost 

The investment cost is also called the engineering, procurement and construction (EPC) price or the 

overnight cost. Infrastructure and connection costs, i.e. electricity, fuel and water connections inside 

the premises of a plant, are also included. 

The rent of land is not included but may be assessed based on the space requirements, if specified in 

the qualitative description. 

The owners’ predevelopment costs (administration, consultancy, project management, site 

preparation, approvals by authorities) and interest during construction are not included. The costs to 

dismantle decommissioned plants are also not included. Decommissioning costs may be offset by 

the residual value of the assets. 

The total investment cost is reported on a normalized basis, i.e. cost per MWh of storage capacity. It 

is the total investment cost divided by the energy storage capacity for one unit, stated in the table.  

For most of the storage technologies it is possible to identify three main cost components: an energy 

component, a capacity component and other fixed costs. Where possible, total investment costs is 

divided into these components. 

The cost of energy component includes all the cost related to the equipment to store the energy, 

which you would incur in case you want to expand the MWh rating of the system, for example 

battery modules, reservoirs in a pumped-hydro plant or heat tank. The cost of capacity component 

refers to the part of equipment which condition or convert the energy carrier and make it available 

to the user or the grid, for example converter and grid connection for a battery system, 

turbine/pump and grid connection for pumped-hydro plant and heat exchanger and piping for a heat 

storage. This is the cost you would incur if you would increase the MW capability of the system. 

Finally, another cost component reflects the fixed costs related to the project, such as data 

management and control system, project engineering, other civil works, commissioning. 

Summarizing, the components considered are the following: 

 Cost of Energy component (CE) [M€/MWh]: cost related to the equipment to store the 

energy (incl. their installation); 

 Cost of Capacity component (CP) [M€/MW]): cost related to the equipment to condition or 

convert the energy carrier and make it available to the user or the grid (incl. their 

installation); 

 Other project costs (Cother) [M€]: includes fixed costs which do not scale with  capacity or 

energy, such as those for data management and control system, project engineering, civil 

works, buildings, site preparation, commissioning. 

 

In this catalogue, the Total investment cost is expressed in relative terms, in M€/MWh, by dividing 

the Total Capital Expenditure by the Energy storage capacity for one unit in MWh. 
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𝑇𝑜𝑡𝑎𝑙 𝐶𝑎𝑝𝑖𝑡𝑎𝑙 𝐸𝑥𝑝𝑒𝑛𝑑𝑖𝑡𝑢𝑟𝑒 = 𝐶𝐸 ∗ 𝐸𝑆𝐶 + 𝐶𝑃 ∗ 𝑃𝑜𝑢𝑡 + 𝐶𝑜𝑡ℎ𝑒𝑟        [𝑀€] 

 

𝑇𝑜𝑡𝑎𝑙 𝑖𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡 𝑐𝑜𝑠𝑡 =
𝑇𝑜𝑡𝑎𝑙 𝐶𝑎𝑝𝑖𝑡𝑎𝑙 𝐸𝑥𝑝𝑒𝑛𝑑𝑖𝑡𝑢𝑟𝑒

𝐸𝑆𝐶
=  𝐶𝐸 +

𝐶𝑃

ℎ
+

𝐶𝑜𝑡ℎ𝑒𝑟

𝐸𝑠𝑐
          [𝑀€/𝑀𝑊ℎ] 

 

where: 

𝐸𝑆𝐶 = Energy Storage Capacity for one unit [MWh] 

𝑃𝑜𝑢𝑡 = Output capacity for one unit [MW] 

ℎ =
𝐸𝑠𝑐

𝑃𝑜𝑢𝑡
= unload hours [h] 

 

For electricity storage applications with a power-intensive service, an alternative Total investment 

cost in M€/MW is indicated in the Technology specific data, calculated by dividing the Total Capital 

Expenditure by the Output capacity for one unit (𝑇𝑜𝑡𝑎𝑙 𝐶𝑎𝑝𝑖𝑡𝑎𝑙 𝐸𝑥𝑝𝑒𝑛𝑑𝑖𝑡𝑢𝑟𝑒 𝑃𝑜𝑢𝑡⁄ ). 

Cost of grid expansion 

The costs for the connection of the storage unit to the system are included in the investment cost 

(shallow costs), while no cost of grid expansion or reinforcement is taken into account in the 

presented data (deep costs). 

Business cycles 

The cost of energy equipment shows fluctuations that can be related to business cycles. This was the 

case of the period 2007-2008 for example, where costs of many energy generation technologies 

surged dramatically. The trend was general and global. An example is combined cycle gas turbines 

(CCGT), where prices increased sharply from $400-600 per kW to peaks of $1250. When projecting 

the costs of technologies, it is attempted, as far as possible, to compensate for the effect of any 

business cycles, that may influence the current prices.  

Economy of scale 

A typical size of the storage unit is stated in the technology description and data-sheet. No economy 

of scale or scaling rule is considered in this catalogue. Instead, the cost components for energy and 

capacity are specified for the technologies. It is intended to be used in a limited range around the 

typical capacity and not, for example, for doubling the capacity.  

In case a technology has a modular nature and could be scaled across different sizes, this will be 

specified in the specific technology chapter. 
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Operation and maintenance (O&M) costs 

The fixed share of O&M can be expressed in two different ways.  

1. The fixed share of O&M can be expressed in terms of percentage (%) of the Total investment 

cost, as defined in the previous paragraph and stated in the tables 

2. The fixed share of O&M is calculated as cost per energy storage capacity for one unit per 

year (€/MWh/year), where the energy storage capacity is the one defined at the beginning of this 

chapter and stated in the tables 

It includes all costs which are independent of how the storage system is operated, e.g. 

administration, operational staff, payments for O&M service agreements, network or system 

charges, property tax, and insurance. Any necessary reinvestments to keep the unit operating within 

the technical lifetime are also included, whereas reinvestments to extend the life are excluded. 

Reinvestments are discounted at 4 % annual discount rate in real terms. The cost of reinvestments 

to extend the lifetime of the storage unit may be mentioned in a note if the data are available. 

The variable O&M costs (€/MWh) are calculated as costs per MWh of energy effectively released by 

the storage. They include consumption of auxiliary materials (water, lubricants, fuel additives), 

treatment and disposal of residuals, output related repair and maintenance, and spare parts 

(however not costs covered by guarantees and insurances). 

Auxiliary electricity consumption is included for heat and gas storage technologies. The electricity 

price applied is specified in the notes for each technology, together with the share of O&M costs due 

to electricity consumption. This enables corrections from the users with own electricity price figures. 

The electricity price does not include taxes and PSO. 

For electricity storage technologies, auxiliary electricity consumption is included in the round-trip 

efficiency instead. 

Planned and unplanned maintenance costs may fall under fixed costs (e.g. scheduled yearly 

maintenance works) or variable costs (e.g. works depending on actual operating time), and are split 

accordingly.  

It should be noticed that O&M costs often develop over time. The stated O&M costs are therefore 

average costs during the entire lifetime. 

Technology specific data 

Additional data is specified in this section, depending on the form of energy stored. 

In heat and gas storage systems the volume (m3) and pressure (bar) is specified. For heat 

applications, the storage temperature sets are indicated as well (°C). 

For heat storage units, energy density (Wh/m3) at relevant temperatures is expressed, for example 

80/40°C, 60/35°C and 20/5°C (ATES). 

Energy density for gas storage systems is indicated in Wh/Nm3. 
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For electricity storage technologies (batteries in particular) the power density (W/m3) and energy 

density (Wh/m3) are stated, as well as the specific energy (Wh/kg) and specific power (W/kg). 

For power intensive-applications, the total investment cost per MW is also stated, as an alternative 

figure to the total investment in €/MWh (see Financial data paragraph above for clarification).     

Moreover, for technologies where it is relevant, such as pumped hydro and cavern gas storage, the 

leakage of methane is shown in m3 per year. 

The following table summarizes the technology specific data for each of the categories: 

Technology specific data 

Electricity Heat Gas 

Alternative Total investment cost 

(M€/MW) for power-intensive 

applications 

- - 

- Volume (m3) Volume (m3) 

- Pressure (bar) Pressure (bar) 

 Temperature sets (°C)  

Lifetime in total number of cycles   

Specific power (W/kg) - - 

Power density (W/m3) - - 

Specific energy (Wh/kg) - - 

Energy density (Wh/m3) Energy density (Wh/m3) Energy density (Wh/Nm3) 

Water leakage (m3/year) for 

pumped hydro 
- 

Methane leakage (m3/year) for gas 

storage in cavern. 
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Definitions 

Based on the service provided, electricity storage technologies can be divided into two main 

categories: power-intensive and energy-intensive. 

Power-intensive applications are required to provide ancillary services to the electricity system in 

maintaining the balance of frequency and voltage or providing power quality. Power intensive 

applications do this by delivering large amounts of power for time periods on the scale of seconds or 

minutes, and thus, they are characterized by a high ratio of power to energy (short discharge times) 

and fast response.  

Energy-intensive applications are used for storing large amounts of energy in order to match 

demand and supply, perform load leveling or reducing congestion in the network. These 

technologies are characterized by a lower ratio of power to energy (long discharge times) and used 

on an hourly to seasonal scale.  

The distinction between technologies providing power or energy intensive services is not always 

clear and neat. Some technologies, such as pumped-hydro or Li-ion batteries, can provide both 

services. 
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ELECTRICITY STORAGE 

Electricity storage is a key technology to enable the next phase of the energy transition, driven by 

the large-scale deployment of variable renewable energy sources (VRES) like solar and wind power. 

The technologies presented in this chapter will help to cope with the integration challenges arising 

from intermittent generation sources: the needs to both ensure the balance of production and 

consumption in real time maintaining the quality of supply and to store excess electricity over 

different time horizons (minutes, days, weeks). 

In 2017, it is estimated that 4.67 TWh of electricity storage exists, 96% of which in form of pumped-

hydro storage. The total amount of electricity storage worldwide is set to triple from 2017 to 2030, 

with a foreseeable reduction of the share of pumped-hydro, in favor of battery energy storage (BES) 

systems, which capacity is set to increase 17-fold driven by growth of utility scale and local behind-

the-meter applications [1]. 

While electrical energy storage systems are identified by the fact that they can be utilized to 

exchange power (the energy carrier) with the grid, different types of them can be identified, 

depending on the energy form ultimately stored. They are illustrated in Figure 1: 

 
Figure 1 Classification of electrical energy storage systems according to energy form. Source [2] 
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Electricity storage characteristics and services 

The services electricity storage can provide are various and are inherently related to the physical 

characteristics of the storage media and the storage system. One way to categorize the different 

storage systems and the potential service they can provide is by looking at their power rating and 

the discharge time at rated power. Figure 2 shows how different types of storage classify with 

respect to these two variables. 

 
Figure 2.  System power rating versus discharge time at rated power for different storage technologies [1]. 

Based on their characteristics and positioning in Figure, electricity storage technologies can be 

divided into two main categories: power-intensive and energy-intensive. 

Power-intensive applications are required to provide ancillary services to the system in maintaining 

the balance of frequency and voltage or providing power quality. Power intensive applications do 

this by delivering large amounts of power for time periods on the scale of seconds or minutes, and 

thus, they are characterized by a high ratio of power to energy (short discharge times) and fast 

response.  

Energy-intensive applications are used for storing large amounts of energy in order to match 

demand and supply, perform load leveling or reducing congestion in the network. These 

technologies are characterized by a lower ratio of power to energy (long discharge times) and used 

on an hourly to seasonal scale.  
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The potential applications for electricity storage across the entire value chain are various. Some of 

these applications refers to more energy-intensive services, while others to power-intensive ones. 

The most important ones can be categorized as follows1: 

 Time-shift: purchase of electricity when the price is lower to use it or sell it when the price is 

higher (also referred to as arbitrage). The effect is an increased demand in hours with lower 

load (load levelling), with advantages related to the generation pattern of conventional plants, 

and a reduction of the peak demand (peak shaving), resulting in a lower utilization of more 

expensive generators and a lower strain on the system. This service includes the potential 

provision of peak power to ensure system adequacy, when the power system is under stress
2
. 

 Time-of-use management and self-consumption: residential and small commercial 

application to maximize the self-consumption of solar photovoltaics or to shift the 

consumption in hours with lower tariffs. The application principle is similar to time-shift, but 

more small-scale/local.   

 RE capacity firming and production smoothing: compensation of the fluctuations of the 

production from variable renewables (e.g. solar and wind) to obtain a more predictable and 

regular generation profile. Reduction of the balancing cost for the plant operator and, from a 

system perspective, reduced need for reserve and modulation/ramping of conventional plants. 

 Network support and investment deferral: postponement of costly expansion of the power 

network thanks to the reduction of situations of overload and congestions in transmission or 

distribution networks. In connection to variable renewables, it refers also to the reduction of 

curtailed energy. 

 Primary regulation: participation in the primary frequency regulation, ensuring the balance 

between 

production and consumption is restored in the event of frequency deviations. The response 

time for the primary regulation is 15-30 sec. It is also referred to as Frequency Containment 

Reserve (FCR). 

 Secondary regulation: participation in the secondary frequency regulation, ensuring the 

frequency is brought back to its nominal value after a major system disturbance. The response 

time of secondary regulation is 15 min. It is also referred to as Automatic Frequency 

Restoration Reserve (aFRR). 

 Tertiary regulation: participation in the tertiary frequency regulation, which partially 

complements and replaces secondary reserve by re-scheduling generation. The response time 

must be within 15 minutes. It is also referred to as Manual Frequency Restoration Reserve 

(mFRR). 

                                                           

1
 The list of descriptions and applications are based on elaborations from [1], [11] and [12]. 

2
 Provision of peak power is very similar to arbitrage in terms of requirements from the storage system, but it 

differs in the utilization rate. The service of peak power provision would be activated only during very few 

hours in the year, where the price is very high, to ensure adequacy and security of supply. This would be 

feasible only in the case storage, due to the lower battery costs, becomes competitive with gas or other peaker 

technologies in terms of capital cost expenditure. 
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 Black-start: service of reestablishment of the grid after a generalized black-out. It can be 

provided by plants that are able to start operation autonomously, i.e. without alimentation 

from the grid. 

 Voltage support: provision of reserve for the modulation of reactive power in specific nodes 

of the grid for voltage management purposes. 

 Power quality: refers to a number of services related to the improvement of the quality of the 

power supplied. For example, improved voltage quality (compensation of voltage dips and 

distortion of voltage), reduction of the impact of distorting loads (e.g. harmonics, flicker) and 

shaving of localized power peaks (timescale of seconds). 

The suitability of different storage technologies for the specific applications described are shown in   
Table 13. 

 

Application Hydro CAES NaS NaNiCl Li-Ion Redox Fly- 
wheel 

Time-shift 
       

Time-of-use management 
       

RE firming and smoothing 
       

Network support and deferral 
       

Primary regulation 
       

Secondary regulation 
       

Tertiary regulation 
       

Black start 
       

Voltage support 
       

Power quality 
       

Legend:   Suitable   Less suitable   Not suitable  
Table 1 Suitability of different electricity storage technologies for different applications. Adapted from [3]. 

Based on data from the U.S. DOE Database of Storage project [4], today the main uses of electricity 

storage by technology group are those displayed in Figure. The vast majority of pumped-hydro 

storage is used for Time-shift applications, followed by capacity firming and black start capabilities. 

Differently, electro-chemical storage is used for frequency regulation and provision of reserve, with 

                                                           

3
 The suitability for the different services is primarily based on [1], [3] and [11]. Additional and more recent 

information have been considered. For example, thanks to the current reduction in cost, Li-ion batteries are 

starting to be deployed for energy-intensive services such as time-shift and load management. See for 

example: [13], [14] and other Li-ion projects with more than 4h of storage duration in [4]. 
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a lower share dedicated to more energy-intensive services like time-of-use management and time 

shift. Electro-mechanical storages, like flywheel systems, see the largest deployment in on-site 

power quality services and black start.     

 
Figure 3 Global Energy Storage power capacity share by main use and technology group. Source [1]. 

In the future, electro-chemical storage is expected to experience an evolution towards more energy-

intensive applications, following the reduction of battery cost. IRENA [1] estimates that its main 

applications will be: 

 Energy shifting for PV to increase self-consumption (60-64%) 

 RE capacity firming and smoothing at utility scale (11-14%) 

 Frequency regulation (10-15%) 

 Ability to provide multiple services and “stack” revenues 

Components of electricity storage cost 
The system considered when defining the characteristics of the electrical energy storage - in 

particular its cost and efficiency performance - is the entire energy storage system including the 

connection to the grid. The system boundaries and the subdivision of the equipment in the three 

cost components, as defined in the Investment cost paragraph of the main guideline, are shown 

below for different electricity storage technologies. 
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Figure 4 Components and their categorization for cell-based batteries, such as Li-ion, NaS and NaNiCl. Source: 

elaboration of [5]. 
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Figure 5 Components and their categorization for Flywheel. Source: elaboration of [5]. 

 
Figure 6 Components and their categorization for Vanadium-redox flow battery. Source: elaboration of [5]. 
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Figure 7 Components and their categorization for CAES. Source: elaboration of [5]. 

 

Energy component 

The energy component includes the following equipment and its installation: 

 Cell-based batteries: battery modules, battery management system (BMS), local 

protection, racking frame/cabinet; 

 Vanadium-redox: electrolytes, pumps and pipes, stack, battery management system 

(BMS); 

 Flywheel: spinning mass, bearings, containment and vacuum system; 

 Compressed Air Energy Storage: pressure tank or underground cavern, cavity or 

aquifer. Includes the air shaft.  

For batteries and vanadium redox storage, auxiliaries for cooling are considered in the energy 

component, since they need to be scaled when more cells or electrolytes are added to increase the 

energy storage capacity. 

Capacity component 

The capacity component includes the following equipment and its installation: 

 Cell-based batteries and vanadium-redox: power conversion system (PCS), grid 

connection and protection; 

 Flywheel: power conversion system (PCS), grid connection and protection, as well as 

electric motor/generator and cooling system; 

 Compressed Air Energy Storage: all the components excluding tank/cavern (energy 

component) and those that falls under other costs. Includes the grid connection. 

Grid connection 
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The costs for the connection of the storage unit to the power system are included (shallow costs), 

while no cost of grid expansion or reinforcement (deep costs) is taken into account.  

For system level application, unless otherwise stated, the connection is assumed to be at medium 

level voltage. The costs include: step-up transformer (low-medium voltage for BES), switchgears, 

breakers, meters and dedicated cabling to reach the connection point.  In case of local level 

applications of BES, the transformer is not needed and the battery is normally connected to the low 

voltage, with a low cost for grid connection. 

 

Power conversion system (PCS) 

The power conversion system (or power conditioning system) ensures the bi-directional conversion 

AC to DC and DC to AC during charge and discharge respectively. This is done through a bi-directional 

inverter. To control the voltage level and avoid harmonics in the grid, a two-stage converter is 

sometimes used, complementing the inverter with a DC-DC converter to keep the inverter DC 

voltage constant [6]. 

An important design parameter is the voltage range in which the converter works. Today’s 

applications are typically at 1000V, but some 1500V applications are emerging [7]. 

The cost of power conversion for battery storage systems, based on a number of references [8] [9] 

[10], is the range 0.2-0.3 M€/MW (0.4-0.5 M€/MW if including  the connection to the grid). This is 

higher than the inverter cost for photovoltaic (PV) plants. 

Among the reasons for a higher cost is the necessity for higher power performance and compliance 

to grid codes to provide ancillary services, bidirectional electricity flow and two-stage conversion, as 

well as the early stage of development and the fact that few manufacturers can guarantee turnkey 

systems [7]. 

In the future, with larger deployment of the technology and a move towards more commercial 

phase, the price of power conversion system (PCS) can be expected to drop, which is also the case 

for the module cost. 
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Brief technology description 

Seasonal heat storage (for district heating purposes) is normally based on water as storage medium, 

but other storage mediums can be used as well.  

Seasonal heat storages are generally defined as storages with a storage cycle longer than one week 

up to one year. 

This technology sheet addresses different options for long-term (seasonal) heat storage for district 

heating systems: 

 PTES, pit thermal energy storage (focal technology in the chapter) 

 BTES, borehole thermal energy storage, ground storage with closed loops 

 ATES, aquifer thermal energy storage, ground storage with open loops 

 TTES, tank thermal energy storage 
 

For PTES and TTES, treated water (district heating water) is the storage medium in order to avoid 

corrosion. For ATES and BTES, the surrounding soil or aquifer is the storage medium. 

 

mailto:fgb@ens.dk
mailto:rdg@energinet.dk
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Figure 1: Seasonal thermal energy storage – concepts. Specific storage capacity given at typical operation temperatures 

of the given storage concepts [13]. 

 

A hot-water tank (TTES) is like the water tanks used for short-term (diurnal) heat storage, only 

bigger. They are used as seasonal storage for solar heating systems in e.g. Germany, where the 

biggest tank is 12,000 m3 [2]. The TTES is not further addressed in this chapter, se chapter 141 

“Large-scale hot water tanks”. The technologies PTES, ATES and BTES will be outlined in the 

following. 

Pit thermal energy storages (PTES) 

In principle, a pit heat storage (PTES) is a large water reservoir for storing of thermal energy. The use 

of water as a storage medium has several advantages; it is non-toxic, enables stratification (layering 

according to different temperature levels), high capacity when charging and discharging, good heat 

transfer characteristics and high specific heat capacity. Moreover, water is comparably cheap. 

PTES using plastic liners is a relatively cheap storage technology, developed for operation with solar 

thermal. The application is emerging in Denmark. PTES following the Danish concept could be 

developed for operation at relatively high temperature levels (90°C all year round) increasing the 

area of application to excess heat from industries and waste incineration and as buffer storage for 

power plants. 
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Figure 2: Principle sketch of a pit heat storage cross section [15]. 

 

The pit heat storage can be designed with different shapes but the simplest is an excavation shaped 

as a truncated pyramid placed upside down in the ground as shown in Figure 2. To minimize the cost 

of soil handling and transportation the excavation is made with soil balance which means that the 

soil excavated from the bottom part of the storage is used as embankments around the upper part 

of the storage. The necessary volume of the storage depends on the overall system it is connected to 

and it is necessary to make a calculation model of the overall system to find the optimal volume. 

PTES is the most commonly used seasonal storage technology in Denmark, since initial 

demonstrations showed that this is the most cost-effective solution for large volumes [1, 4]. A water 

pit in the Danish version is essentially a hole in the ground lined by a water-proof membrane, filled 

with water and covered by a floating and insulating lid. The excavated soil may be used as banks 

surrounding the hole, thus increasing the water depth and reducing establishing costs, as local 

resources may be utilized. 
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Figure 3: Illustrations of the lid in SUNSTORE 4 Marstal. A: the lid from above showing the pipes, B: the edge of the PTES, 

C: manhole, D: vacuum valve [1]. 

The heat loss depends on several parameters such as geometry, storage temperatures, operation 

pattern, cycle duration and weather conditions.  

A characteristic figure for the heat loss per amount of stored energy is the surface/volume ratio of 

the store. A small store with a volume of e.g. 20 m³ has a surface to volume ratio that is eight times 

the ratio of a store with 10,000 m³. Hence, the heat losses referred to the stored energy are eight 

times higher for the small store than for the large one. 

Another important issue is, whether a heat pump is used to cool the stored water. Doing so 

decreases the annual heat losses substantially. The heat losses from a pit store are larger during the 

first two years than afterwards, as the surrounding soil will be heated. 

The heat loss from the PTES in Marstal (SUNSTORE 4) has been calculated to be 0.28 MW after 20 

months of operation corresponding to a decrease in temperature of 0.08 K/day (average 

temperature 78 °C). After these 20 months of initial charging, the storage is (in the energy model) 

“closed” in order to evaluate the heat losses, i.e. the only energy flow in the following period is the 

heat loss off the storage. 12 months later, the decrease in temperature is calculated to be 0.04 K/day 

(average temperature 56°C) [1].  
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PTES are characterized by a significant effect of economy of scale as illustrated in Figure 4. 

 

 
Figure 4: Project costs for PTES in Denmark [5, 16]. 

 

Borehole Thermal Energy Storages (BTES) 

BTES, a system consisting of tubes in boreholes (duct storage) operated in combination with heat 

pumps, is implemented in several countries. A typical BTES operates at low temperatures (0 to 30°C). 

The storage efficiency can reach 90 to 100 % when the BTES is operating around the average natural 

temperature of the ground [3], and there is no strong natural groundwater flow. Furthermore, BTES 

are characterized by requiring a relatively small area of land, as the surface area may be used for 

other purposes, depending on plant design. BTES can also be used for storing higher temperatures 

(up to 90°C). A pilot storage (19,000 m3 soil) of that type has been implemented in connection to 

Brædstrup Fjernvarme in Denmark. Larger storages has a.o. been implemented in Okotoks, Canada 

and Crailsheim, Germany. 

 

0

5

10

15

20

25

30

35

40

45

0

2

4

6

8

10

12

14

0 100.000 200.000 300.000 400.000 500.000

Sp
ec

if
ic

 s
to

ra
ge

 c
o

st
 (€

/m
3)

Es
ti

m
at

ed
 p

ro
je

ct
 c

o
st

 (M
€

)

Size (m3)

Estimated project costs for PTES

Estimated project cost (primary axis) Dronninglund - SUNSTORE3 (60,000 m3) Marstal - SUNSTORE4 (75,000 m3) Toftlund - 85,000 m3

Gram - 125,000 m3 Vojens - 200,000 m3 2017-estimate (50,000 m3) 2017-estimate (70,000 m3)

2017-estimate (500,000 m3) Specific storage cost (secondary axis)



 

41 

 

 
Figure 5: BTES in Brædstrup, Denmark. The depth of the pipes (grey lines) is 45 m, the depth of the ground temperature 

sensors (red lines) is 59 m. The horizontal distance between sensors is 9 m [1]. 

The heat loss of an 185,000 m3 BTES has been calculated (simulation), cf. the storage design 

illustrated above at full-scale deployment. The calculation results in a storage efficiency of 81.5 % 

[1]. 

Aquifer Thermal Energy Storage (ATES) 

When storing hot and/or cold water in natural underground aquifers, direct heat exchange is taking 

place through vertical wells, typically one centre well and a number of peripheral wells. Several 

aquifer stores are being operated together with heat pumps e.g. in the Netherlands and Sweden, for 

space cooling during summer and heating during winter. China has a long tradition of cold water 

storage in aquifers. The chemical composition of the aquifer and natural groundwater flow may 

negatively influence the performance. However, the flow can be managed by extra wells outside the 

storage area. Aquifer storage is the most cost-effective technique for large low-temperature 

volumes, when it can be mastered [3]. 

Charging of the storage is done by pumping ground water through a heat exchanger and then to 

another location (aquifer) in the ground. The heat is thus stored in the ground. When discharging the 

storage, the hot water is pumped back up, through the heat exchanger and a heat pump,     reducing 

the temperature of the water. It is then pumped into the first drilling, storing the cold water. 

 

In Denmark, the maximum average temperature is 20°C (by law) and a peak temperature of 25°C. 

Hence, ATES is low temperature heat storage technology. 
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Typical ATES capacity (each pair; hot and cold drilling) is 50-60 m3/h, corresponding to 600-700 kW 

at a temperature difference of 10°C. 

The application in Denmark is limited and ATES is mainly applicable for small-scale plants (large 

office complexes, small district-heating plants etc.) and when both heating and cooling can be 

utilized. There is currently one ATES-plant in relation to local district heating in Bjerringbro [1]. 

 
Figure 6: Principle of an ATES [1]. 

 

In the remainder of the chapter the descriptions will only refer to the PTES technology, unless 

otherwise stated. 

Input  
Hot water from any heat source, e.g. solar collectors or excess heat. 

If the heat storage is operated in combination with a heat pump, the input to the heat pump is 

either electricity or, in the case of an adsorption/absorption heat pump, high temperature heat. 

Output  
High temperature water for direct district heating or low-mid temperature water for heat pumps or 

direct low-temperature district heating. 

If the heat storage is operated in combination with a heat pump, (district) cooling can be a co-

product of the thermal storage. 

Typical Capacities (PTES) 
Typical capacities for seasonal heat storages are in the range of 50,000-500,000 m3 or 5,000-

40,000 MWh at one full charging cycle. Appropriate capacities depend on the total system design, 

e.g. a desired solar fraction in the context of the capacity of solar thermal collectors and size of the 

connected heat sink, as well as possible location specific restrictions regarding the maximum size 

and shape of a heat storage. 
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For smaller storages (up to approx. 10,000 m3) typically an insulated steel tank (TTES) is used. 

Typical Storage Period 

A typical application for e.g. solar thermal systems is storage for several months from the summer 

months to autumn. Using a heat pump to cool the storage further down can expand this period to 

approx. December. An increase in storage period is typically not economically feasible, unless it can 

be used to store seasonally available and cheap (excess) heat. The optimal storage period and (i.e. 

storage capacity) is thus to be determined by the local context, incl. the existing and available heat 

sources. 

Regulation ability and other system services 

N.A. 

Advantages/disadvantages 

Advantages: 

The district heating/electricity systems offer a buffer capacity enabling increased utilization of 

renewable energy sources such as solar thermal and wind turbines (when using P2H-technology to 

provide the heat) is a generic advantage of seasonal heat storage technologies. The increased buffer 

also allows cheap baseload units to operate at high capacity during longer periods independent of 

the seasonal changes in heat demand. This raises the utilization of those units and decreases the 

need for more expensive peak load units.  

 

PTES BTES ATES 

 High storage capacity 
possible  

 Quick charging and 
discharging with high 
capacity 

 High specific heat capacity 

 Cheap storage medium 
with good heat transfer 
characteristics 

 Enables stratification 

 Requiring relatively small 
area of land 

 Very limited visual impact 

 Expandable 

 Limited risk of leakages 
(possible to close one loop) 

 Closed system 

 Long lifetime 

 Low investment costs 

 Low operation costs 

 Small physical footprint 

 Scalable, easy to expand 
Low temperature storage 
(flexible application) 

 High storage capacity in 
each borehole-pair (1.2-1.4 
GWh at 10 °C temp. 
difference and 2000 hours 

 

Disadvantages: 

A generic disadvantage of PTES, BTES and ATES is that a suitable site in terms of e.g. soil or 

groundwater conditions must be available in order to make a seasonal storage possible. 

PTES BTES ATES 

 Requiring a relatively large 
area of land  

 Risk of difficult 
establishment (excavation) 
due to climatic conditions 
(rainfall) 

 Unknown sub-surface 
conditions (risk of higher 
investment costs) 

 Risk of heat loss due to 
ground water flow 

 Buffer tank required 

 Risk of thermal short circuit 
of ground water 

 Several parameters 
influence the feasibility 

 Low storage temperatures 
(20°C) 
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 Availability of site can be 
crucial for feasibility 

 Vulnerable liner and 
insulation materials, 
resulting in a risk of 
leakages, if not treated 
properly 

 Application of heat pump 
required 

 Slow charging and 
discharging 

 Open system (direct use of 
ground water in aquifer) 

 

Environment 

 For PTES and BTES, there is the general risk of leakage of treated water. 

 For especially ATES and BTES, there is a risk of heating of ground water surrounding the 
storage. Heating the aquifers to more than the legal 20°C (average temperature) may result 
in bacterial growth. 

 If not planned properly, PTES can have a substantial visual impact on the surrounding 
landscape. This may be addressed and minimized in the design phase. 

Research and development objectives 

A general research and development objective is the improvement of modelling of seasonal heat 

storages in order to improve the planning security in investment decisions [5]. 

 

PTES 

 Improvement of liners that can withstand a storage temperature of 90°C all year round. 
Current liners are built for short storage periods at max. temperature (approx. 90°C), e.g. in 
relation to solar thermal production peaks in the summer, and a rapid decrease in the 
storage temperature in the beginning of the heating season. The expected lifetime of 
current liners at constant storage temperature of 90°C is 3 years only. Although, in the 
SUNSTORE 3 project, 20 years with a max. storage temperature of 90°C, cf. the operation 
scheme as stated above, is guaranteed. Verification of liner lifetimes is required, e.g. 
through an accelerated test. 

 Higher temperatures will improve the possibilities for application. Most PTES of today are in 
combination with solar thermal. In the future large scale PTES in the large district heating 
systems would require more hours with temperatures of 90°C because they store heat from 
waste incineration and industries and works as buffer storages for CHPs adding flexibility to 
the electricity production. 

 Further development of insulated lids, moisture resistant at high temperature levels. 

 Low-cost PTES for low temperature heat sources. Heat source for heat pumps, utilisation of 
the produced cooling for process cooling. 

 

In conclusion, developing liner materials that are resistant to high temperatures and moisture-

resistant insulation materials over long periods are key focus areas. 

BTES 

 Monitoring of key parameters at the BTES pilot plant in Brædstrup. 

 Full-scale BTES, expected to be competitive with PTES, considering expected longer lifetime 
than PTES. 
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 Investigation of BTES established at locations with higher level of ground water (non-
flowing). Location in water-saturated soil would imply a higher heat conductivity. Location of 
PTES in these areas is expensive – hence BTES could be a more feasible solution. 

 

ATES 

 High temperature storage in ATES requires more research in order to ensure reliable 
operation (low temperature storage in ATES is more mature, and is feasible and already 
proven in stable operation) 

 Development of replicable screening program for suitable sites for ATES (e.g. methods to 
easily identify relevant aquifers, including information regarding e.g. flow. The tool could 
also be applied in relation to PTES. 

 Further investigation of critical flow rates and heat loss in ATES and BTES. 
 

Storage in geothermal reservoirs 

Seasonal heat storage in geothermal reservoirs is being investigated in Denmark, including 

investigations of the selection of suitable geological formations, identification of risks associated to 

heat storage and determination of a suitable injection strategy [4, 7]. 

Examples of Market Standard Technology 

In all examples prices are for the storage and related work and preparation, excluding heat pumps, 

heat exchangers and pipes connecting to the district heating system.  

PTES 

Denmark is a front-runner for PTES for district heating systems. Key data for a number of Danish 

seasonal heat storages are presented in Table 1.  
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PTES 

Ottrup-

gård 

SUNS-

TORE 2 

Marstal 

SUNSTORE 3 

Dronninglund 

SUN-

STORE 4 

Marstal Vojens Gram Toftlund 

Project type* Demonstration project Commercial project 

Year of  

construction 

1993-95 2003 2013 2011-12 2014-15 2014-15 2016-17 

Size, m3  

(water) 

1,500 10,000 60,000 75,000 210,000 125,000 85,000 

Price, DKK 

million 

1.68 5.0 17 19.9 37.3 32.2 30.6 

Price, DKK/m3 1,120 500 283 266 177 257 359 

Price, 

DKK/kWh 

38.6 7.8 3.1 3.3 3.06 3.18 4.54 

Temp. 

difference, °C 

35-60 35-90 10-89 17-88 40-90 20-90 20-90 

Capacity, 

MWh 

43.5 638 5,400 6,000 12,180 12,125 6,885 

Charging and 

discharging 

cap. kW 

390 6,510 26,100 10,500 38,500 30,000 22,000 

Calc. heat loss, 

total, MWh/y 

85 402 1,602 2,475 5,500 4,024 1,900 

Measured heat 

loss, MWh/y# 

70  1,175 2,927    

Table 1: Key data for seven Danish PTES [1, 13, 14, 16]. Heat loss data for Sunstore 3 from [10] 

*Ottrupgård and the four sunstore projects was build as demonstration projects, whereas the three remaining are 

commercial. There is no measured heat loss from the three commercial projects. 
#
measured data for 1998-2001 (Pilot storage in Ottrupgård) [14], 2013 (Marstal) and 2014 (Dronninglund) 

Regarding the measurement of heat loss data, it must be mentioned that the presented losses are 

calculated based on the differences in measurements at intake, PTES content and outtake. 

BTES 

There is currently one BTES in operation in a Danish district heating system (Brædstrup). 
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BTES Drake Landing 

(Otokoks) 

Crailsheim Brædstrup 

Year of construction 2006-07 2008 2011-12 

Size, m3 (soil) 34,000 37,500 19,000 

Price, DKK million 3.37 3.9 1.9 

Price, DKK/kWh 4.8 3.4 4.9 

Number of boreholes 144  48 

Depth, m  35  45 

Temperature range, °C 35-65 20-70 12-50 

Capacity (calc.), MWh 700 1,135 400 

Charging and discharging cap. kW   300-600 

Heat loss 1. Year, calc., MWh/y 280 305 148 

Measured heat loss, MWh/y*   90 

Table 2: Key data for BTES in three examples. The heat loss for Drake Landing is measured in year 4 [1] 

*Measured for 2014-16 [14] 

 

ATES 

There is currently one ATES in operation in a Danish district heating system. 

 

Table 3: Characteristics of the only ATES in Denmark in operation in relation to a district heating network. The price pr. 

kW is excluding transmission pipelines (the total price is DKK 12,000-13,000) [1]. 

 

  

ATES Bjerringbro 

Year of construction 2013 

Treturn, °C 17 

Tforward, °C 9 

Capacity, kW 1,500 

Temperature difference, heat, °C 8 

Size, m3/h 160 

Price, DKK million 19 

Price, DKK/m3 water 75-150 

Price, DKK/kW 5,000-7,000 
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Predicition of performance and costs 

 

 
Figure 7: Technological development phases. Correlation between accumulated production volume (MW) and price. 

 

PTES 

Crucial knowledge regarding PTES in the context of Danish district heating systems has been 

gathered through the last decade. This makes it possible to avoid mistakes in the design and 

operation phase. Thus, PTES are categorized as “early category 3” as the key development potentials 

lie in increased standardization in work procedures as well as the development of high temperature 

resistant liners at feasible prices, which is to be seen as improvement of existing designs. 

BTES 

The one demonstration plant in Denmark (Brædstrup – pilot project) is evaluated very positively as a 

technical solution. However, no full-scale storage is yet implemented in Danish district heating 

systems. Further development of BTES is expected through means of standardization of processes 

and improved modelling of the energy system, resulting in optimized storages for the given system. 

 

ATES 

ATES is a well-proven technology in e.g. Sweden and The Netherlands, primarily for cooling of 

commercial buildings and alike. In the context of Danish district heating, it is still a niche technology. 

However, as many key assumptions and knowledge about the technology can be adjusted to the 

Danish context, ATES is assumed to be in development category 3, as there is yet only limited locally 

embedded expertise.  

ATES 

PTES / 

BTES 
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Uncertainty 

The above is based on available information regarding the development of technical solutions in 

PTES, BTES and ATES. Hence the uncertainty as to the state-of-the-art data is very low. However, the 

results are sensible to the stated circumstances, system integration etc. I.e. the data can only be 

applied to the stated limitations as to e.g. soil conditions (soil material, absence of flowing 

groundwater etc.). 

Additional remarks 

Under Danish climatic conditions seasonal storage for solar heat typically requires 0.3-2 m3 store 

volume per m2 solar collector, with solar heat contributing 20-40 % of the total heat load (cf. 

technology element Solar district heating in this Technology Data Catalogue). For systems with 

higher solar fraction, the marginal additional storage volume needs be about 4 m3 per m2 [5 & 9]. 
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Quantitative description 

 

 

Technology

2015 2020 2030 2040 2050 Note Ref

Energy/technical data Lower Upper Lower Upper

Form of energy stored

Application

Energy storage capacity for one unit (MWh)       4,500       4,500       4,500       4,500       4,500       4,500       4,500       4,500       4,500 

Output capacity for one unit (MW) 30 30 30 30 30 30 30 30 30 A 5

Input capacity for one unit (MW) 30 30 30 30 30 30 30 30 30 A 5

Round trip efficiency (%) 70 70 70 70 70 60 80 60 80 B 1, 5, 14

 - Charge efficiency (%) 100 100 100 100 100 100 100 100 100 B

 - Discharge efficiency (%) 100 100 100 100 100 100 100 100 100 B

Energy losses during storage (K / day) 0.08 0.08 0.08 0.08 0.08 0.04 0.1 0.04 0.1 B 12

Auxiliary electricity consumption (% of output) 2 2 2 2 2 2 2 2 2 C 5

Forced outage (%) 0 0 0 0 0 0 0 0 0

Planned outage (weeks per year) 1 1 1 1 1 1 1 1 1

Technical lifetime (years) 20 20 25 25 25 15 25 20 30 D

Construction time (years) 1 1 1 1 1 1 1 1 1 E

Specific investment (M€2015 / GWhCapacity) 0.58 0.58 0.54 0.51 0.47 0.47 0.62 0.39 0.54 F 5

 - hereof equipment (%) 75 75 75 75 75 75 75 75 75 5

 - hereof installation (%) 25 25 25 25 25 25 25 25 25 5

Fixed O&M (€2015/MWhCapacity/year) 3 3 3 3 3 3 3 3 3 G 1, 5

Variable O&M (€2015/MWhoutput) 0 0 0 0 0 0 0 0 0 G 1, 5

Storage volume for one unit (m
3
)     70,000     70,000     70,000     70,000     70,000     70,000     70,000     70,000     70,000 

Storage medium

Max. storage temperature, hot(⁰C) 90 90 90 90 90 90 90 90 90

Storage temperature, discharged (⁰C) 35 35 35 35 35 35 35 35 35 H

Notes:

A

B

C

D

E

F

G

H

I Total efficiency during a one year cycle, including losses during storage period.

Heat

System

Uncertainty 

(2020)

Uncertainty 

(2050)

The Fixed O&M is set according to capacity of the Energy Storage specified in the top of the table. Corresponding to approx. 13,000 €/storage/year for e.g. 

divers for inspection, adding of possible leakages and minor fixes.

Cooling to lower temperatures is only possible when a heat pump is used to chill the PTES.

Values in the table are without a heat pump. The storage loss depends on several parameters, such as store volume, insulation, whether a heat pump is part 

of the system etc. Round trip efficiency of approx. 80 % when applying a heat pump for cooling to 10 °C. (Dis-)charge losses 0 cf. Direct use of water from the 

connected district heating grid (without exchanger).

Losses are dependent on the temperature of the storage. 0.08 K/day at average temperature of approx. 78 °C, falling to 0.04 K/day at 56°C.

Pit Thermal Energy Storage (PTES)

Excl. Extensive planning phase with possibly Environmental Impact Assessment etc. Careful timing of steps is mandatory, as the steps of excavation, 

building, installation of liners etc. Can be done within one summer. If not, the construction time expands to approx. 2 years.

Estimated from the cost of the 7 Danish plants, described in the text and due to effects of economy of scale, the total costs of a PTES in 2015  could be 

described in a formula:   Cost [M€] = 0.9 + 2.44*10
-5

*V   , with V being the volume in m3 . Corresponding to 37€/m
3 
at 70,000 m

3
  and 0.58 M€ per GWhCapacity. 

The costs are based on decent soil conditions, i.e. sand ground and not e.g. heavy clay.

The costs can be split as follows:

15 % Excavation and reinstallation of soil

35 % Buttom and side surfaces & insulation material

20 % Installation (of primarily liner)

15 % Piping 

15 % Water (incl. desalination) 

The charge/discharge capacity corresponds to an example where a solar fraction of 40 % was desired. Other input/output capacities (also relative to storage 

capacity) may occur for other purposes. Measurements from SUNSTORE 3 show approx. 80 % efficiency for a storage with heat pump.

Water

Approx. 100 MWh/year for pumps, at 2,000 fullload hours for the pumps, considering one full cycle

Current max. Technical lifetime for liners.

Financial data                                 

Technology specific data                                 

References

1

5

12

14

PlanEnergi 2017, based on latest three projects and tender material for two planned PTES (2017/18)

Danish Energy Agency, 1988, Energy Technology Catalogue 38.01

PlanEnergi, Teknologisk Institut, GEO & Grøn Energi, 2013, Udredning vedrørende varmelagringsteknologier og store varmepumper til brug i fjernvarmesystemer

Schmidt, Sørensen (2018). Monitoring Results from Large Scale Heat storages for District Heating in Denmark. 14th International Conference on Energy 

Storage, 25-28 April 2018, Adana, Turkey
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Brief technology description 

Thermal storage options can be split into three different technologies [1]: 

1. Sensible stores, which use the heat capacity of the storage material – mainly water for its 
high specific heat content per volume, low cost and non-toxic medium. 

2. Latent stores, which make use of the storage material’s latent heat during a solid/liquid 
phase change at a constant temperature. 

3. Chemical stores, which use the heat stored in a reversible chemical reaction. Sorption stores, 
which use the heat of ad- or absorption of a pair of materials such as zeolite-water 
(adsorption) or water-lithium bromide (absorption), are examples of chemical stores. 

 

The market is dominated by sensible hot water storage vessels due to the qualities, the cost, the 

simplicity and the versatility of water as a storage medium. Sensible stores may be constructed as 

steel, concrete or glass-fibre reinforced plastic tanks. 

Sensible stores in context of this catalogue are typically insulated on-surface steel-constructions on a 

concrete foundation. They are connected to a district heating network and supplied with an inlet 

nozzle at the top and an outlet nozzle at the bottom for charging. The cycle is reversed for 

discharging. A tank may be supplied with more nozzles than the essential two, to increase the 

possibility of layering (and hence more efficient storage of heat less than nominal storage capacity). 

 

mailto:fgb@ens.dk
mailto:rdg@energinet.dk
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Figure 1: Principal scheme of the hydraulic integration of a large scale water tank in a simple district heating system [6]. 

 

Application in Danish District Heating Systems 

In recent decades, steel tanks have been used as short-term storage in connection with most 

combined heat and power plants and for almost all biomass-heating plants in Denmark to control 

operation and to reduce emissions. Most of the installed tanks at small-scale CHP-plants were 

designed for operation of the CHP-plants according to the 3-part electricity tariff, which no longer 

applies. Water tanks are also applied in larger district heating systems, supplied by centralised CHP-

plants, and in district heating systems with heat-only heat production. The application of water tanks 

is changing from a role defined by the demand of the electricity market to facilitating fluctuating 

renewable energy production e.g. solar thermal. [2] 

The total volume of water tanks in Danish district heating systems was in 2013 approx. 875,000 m3, 

located on 284 district heating plants [2], with a typical tank capacity being 500-5,000 m3. 

To increase energy efficiency in storage systems, it is often chosen to fill the large-scale water tanks 

with district heating water, i.e. treated water at pH 9.8, which impedes corrosion. Alternatively, 

tanks can be filled with pH-neutral water, which however necessitates an additional heat exchanger 

and pressurization of the tank, to avoid corrosion. 

Energy efficiency 

Steel tanks for hot water storage are a well-established technology. Typically, a steel tank for diurnal 

use in district heating applications is insulated with about 300 mm insulation (mineral wool), but for 

long-term storages, 450 mm may be more suitable [3]. 

The size and height/diameter factor also influence the heat loss. A theoretical calculation of three 

different sizes (500, 1,000 and 5,000 m3) with a height/diameter factor of 1.8 shows heat losses of 

2.1 %, 1.7 % and 1.0 % per week at 90°C water temperature and 0°C outside temperature, 10 m/s 

wind and 300 mm insulation [2]. 

Input 
Hot water, max. approx. 95°C. If the tank is pressurized higher temperature can be obtained. Eg. 

100-120°C  
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Output 
Hot water. 

Typical capacities 
Typical capacities vary by the district heating plant. Sizes of 500-5,000 m3 are very common for this 

purpose in a Danish district heating context, with an average tank size of approx. 3,000 m3. [2] 

The estimated energy capacity in the Danish district heating system in 2017 is 56 GWh, based on an 

assumption of a temperature difference of 55K. However, in practice, only approximately 90 % can 

be utilized, and the available total capacity is therefore approximately 50 GWh. [2] 

The capacity of the tanks in terms of energy depends on the temperature difference and therefore 

also the temperature levels. The change of production technology towards e.g. heat pumps and 

solar thermal results in lower temperatures (e.g. 70-80°C), whereas the temperature is higher (e.g. 

90-100°C) if the heat is produced on e.g. a CHP-plant. Hence, the capacity of the tanks in terms of 

energy is likely to be reduced, depending on the heat production technology. [2] 

Typical Storage Period 
The typical storage period depends on the heat demand and varies from a few hours to approx. two 

weeks. Additionally, water tanks can be used for covering peak demands, i.e. to cover morning and 

evening peaks by charging the tank in the night and throughout the day. 

In smaller district energy systems, large-scale water tanks can be used for seasonal storage, when 

the desired storage capacity is too small to necessitate e.g. a pit thermal energy storage (cf. Seasonal 

Heat Storage, chapter 60). For storages up to approx. 10,000 m3 storage volume, steel tanks have 

generally proven to be more cost-effective than e.g. small-scale pit heat storages. 

Regulation ability and other system services 
N.A. 

Space Requirements 
With a typical ratio height:diameter of 1:1.5-2.5 the space requirements for a steel tank with 

300 mm insulation, 55K temperature difference, 40 m2 for piping and service area and 90 % 

availability are as follows: 

 
Table 1: Space requirements for examples. 

Advantages/disadvantages 

Advantages: 

 Well-known technology 

 Increases short-term flexibility of operation in district heating plants 

Storage volume m3

Storage capacity MWh

Ratio h:D 1.5 2.5 1.5 2.5 1.5 2.5

Space requirements m2 71.9 67.3 85.1 78.4 93.1 85.1

Space requirements m2/MWh 1.25 1.17 0.49 0.45 0.32 0.30

1000 3000 5000

58 173 288
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 Can in some cases keep the pressure in district heating systems 

 Cost-effective storage of heat 
o The most cost-effective storage medium for thermal energy storage at low (0 - 20°C) 

to medium (20 - 100°C) temperature is water, because it is relatively cheap, 
environmental friendly and convenient material. Furthermore, water has, compared 
to other common storage materials, a very high specific heat capacity as well as a 
very high volumetric heat capacity and possibility of temperature stratification. 

 Low investment cost 
 

Disadvantages: 

 Space requirements 

 Energy losses 

 N2 or steam is necessary as protection against oxygen for corrosion protection in pressure 
less tanks 

Environment 

Large tanks may have an influence on the surrounding landscape. However, as they are typically 

installed next to district heating plants, this influence is assessed to only have little impact. 

The risk of leakage of treated water is a possible environmental threat. However, major leakages 

happen very seldom.  

Research and development perspectives 

The research and development of large steel tanks in Danish district heating systems is assessed to 

be limited to adjusted operation strategies of the existing technological solutions. This includes: 

 Operation at lower temperatures and temperature differences in district heating grids, 
resulting in lower energy content per water volume. 

 Use of large tanks for cooling storage. 

 Using one tank for storage at different temperature levels to accommodate the optimal 
supply temperatures for heating and cooling purposes. 

Examples of Market Standard Technology 

Large scale water tanks are installed in approx. 280 district heating systems [2] and are thus widely 

applied. 
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Prediction of performance and costs 

 

 
Figure 2: Technological development phases. Correlation between accumulated production volume (MW) and price. 

Large-scale water tanks are a mature and proven technology; hence, the technology is in category 4 

“Commercial”. The development potential comprises storage at different temperature levels. 

Additional remarks 

Economy of scale 

Large-scale water tanks are characterized by a considerable effect of economy of scale. Cf. Figure 3, 

the unit price is best described in an exponential formula, as stated in note H in Section 0. However, 

as Figure 3 only indicates the change in CAPEX for the given sizes, it must be noted that the optimal 

size of a water tank must be evaluated over the total lifetime of the tank, including the benefits for 

operation flexibility it may contribute with in the specific energy system that the tank is installed in. 
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Figure 3: Specific price pr. m
3
 by total size of tank, incl. foundation [2 & 4]. 
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Quantitative description 

 

 

 

 

  

Technology

2015 2020 2030 2040 2050 Note Ref

Lower Upper Lower Upper

Form of energy stored

Application

Energy storage capacity for one unit (MWh) 175 175 175 175 175 45 315 45 315 A

Output capacity for one unit (MW) 2.9 2.9 2.9 2.9 2.9 0.8 5.3 0.8 5.3 B 7

Input capacity for one unit (MW) 2.9 2.9 2.9 2.9 2.9 0.8 5.3 0.8 5.3 B 7

Round trip efficiency (%) 98 98 98 98 98 96 99 96 99 J 2

 - Charge efficiency (%) 100 100 100 100 100 100 100 100 100 C

 - Discharge efficiency (%) 100 100 100 100 100 100 100 100 100

Energy losses during storage (% / day) 0.2 0.2 0.2 0.2 0.2 0.14 0.24 0.14 0.24 2

Auxiliary electricity consumption (% of output) 1 1 1 1 1 0 1 0 1 D 7

Forced outage (%) 0 0 0 0 0 0 3 0 3 7

Planned outage (weeks per year) 1 1 1 1 1 0 4 0 4 E 7

Technical lifetime (years) 40 40 40 40 40 30 50 30 50 F 2

Construction time (years) 0.5 0.5 0.5 0.5 0.5 0.5 1.0 0.5 1.0 G 7

Specific investment (M€2015 / GWhCapacity) 3.0 3.0 3.0 3.0 3.0 2.2 8.0 2.2 8.0 H 2, 7

 - hereof equipment (%) 70 70 70 70 70 70 70 70 70 7

 - hereof installation (%) 30 30 30 30 30 30 30 30 30 7

Fixed O&M (€2015/MWhCapacity/year) 8.6 8.6 8.6 8.6 8.6 5 33 5 33 E 7

Variable O&M (€2015/MWhoutput) 0 0 0 0 0 0 0 0 0 I 7

Tank volume of example (m
3
) 3,000 3,000 3,000 3,000 3,000 1,500 5,000 1,500 5,000

Typical temperature difference in storage 

(hot/cold, K)
55 55 55 55 55 30 60 30 60

Notes:

A

B

C

D

E

F

G

H

I

J Total efficiency during a one year cycle, including losses during storage period.

References:

2

7

PlanEnergi, Teknologisk Institut, GEO & Grøn Energi, 2013, Udredning vedrørende varmelagringsteknologier og store varmepumper til brug i fjern-

varmesystemer

CAPEX for large-scale water tanks are best described in a formula, due to significant impact of economy of scale. For 2015, the following eqation is used to 

estimate the CAPEX in € pr. m
3
, based on data as presented in Figure 61.2: 7450*V* (̂-0.47), V=Water Volume of tank in m

3
.

Development in CAPEX depends primarily on the development in steel prices.

Only variable O&M is electricity consumption for pumps and N2-production as specified above.

Considering a temperature difference of 55K (hot/cold), 90% availability.

Considering a full charging cycle of 60 hours (2.5 days), cf. traditional application of steel tanks in Danish DH-plants. The capacity is practically limited by 

the available pipe dimensions for charge/discharge and the number of installed valves in the tank (in order to increase flow at same low turbulence).

As tanks are typically connected directly to the district heating supply/return hydraulic system, there is no loss due to the dis-/charging.

The Fixed O&M is set according to capacity of the Energy Storage specified in the top of the table. Corresponding to approx. 1500 €/tank/year. Typically 

limited to one inspection/year using a diver, if any at all.

Primarily limited by the extent to which the system is held corrosion-free.

Installation period for approval by authorities, site preparation, welding, connection, cleansing, initial filling and insulation. 

Additional delivery time for steel may apply.

Less than 1 % of the stored energy for circulation pumps and N2-production.

PlanEnergi, references from various projects in Danish district heating systems.

Heat

System

Financial data                                 

Technology specific data                                 

Large-Scale Hot Water Tanks (steel)

Uncertainty 

(2020)

Uncertainty 

(2050)

Energy/technical data
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142 SMALL-SCALE HOT WATER TANKS 

This chapter has been moved from the previous Technology Data Catalogue for Electricity and 

district heating production from May 2012. Therefore, the text and data sheets do not follow the 

same guidelines as the remainder of the catalogue. 

 

Brief technology description 

Hot water storage vessels in private homes are used for different purposes: 

 Domestic hot water; to ensure sufficient flow for high demands such as showers and filling 
bath tubs. Basically a drum filled with water and equipped with a heating mechanism on the 
bottom or inside. 

 Space heating; to function as ‘peak shavers’ for district heating or solar heating. 

 Shift load storage to capture the cheaper, off-peak electricity and using it at other times, 
effectively shifting portions of peak load to off-peak hours. Reshaping the load curve 
improves the utility's capacity factor and, by extension, its financial health. 

 

 

For solar domestic hot water, the heat exchanger from the solar 

collectors is usually placed in the bottom of the store, cf. the lower 

coil in figure 1. Often, an extra coil is placed in the top of the store to 

raise the temperature by an additional heat source, when needed. 

 

For shift load storage there is no need to have heat exchanger coils, if 

for example the store is a component in a closed circuit with a heat 

pump. 

 

In Denmark, hot water vessels are typically made in steel, corrosion 

protected by enamel and anode. Other countries also use stainless 

steel, which is generally found too costly in Denmark [1]. 

Figure 1: Typical domestic hot water store used for solar heating [1]. 

 

 

 

 

Input 

Heat 
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Output 

Hot water 

Typical capacities 

To store domestic hot water, the volume is often 100 - 150 litres for a single-family dwelling. 

For solar water heaters, with no seasonal storage, the store volume needs be around 50-65 litres per 

m2 solar collector [1]. 

If a large volume is needed, the limit is often determined by the available space, e.g. in the laundry 

room of the dwelling. A cupboard solution, 60 by 60 cm horizontal and 2+ metres high, has a water 

volume of approx. 400 litres [5]. 

The energy content of heated water (in kJ per litre) is 4.187 times the temperature difference, so 

with a temperature difference of 40 oC, the storage capacity is 167 kJ/litre. For illustration, to deliver 

a heat output of 1 kJ/s for a full week, you need a tank of about 3000 litres. 

Regulation ability 

The Danish electricity transmission and systems operator Energinet.dk has funded a demonstration 

project (‘From Wind Power to Heat Pumps’, 2010-12) involving 300 homes with heat pumps to test 

how these can be used to create dynamic demand, responding to electricity prices or serving the 

electricity distribution companies in providing regulation power to the overall system. As part of the 

project, Energinet.dk has analysed the potential for operating heat pumps with increased flexibility 

by means of hot water stores [4].  

Under Danish conditions, the potential benefit from full utilization of flexible electricity demand is 

1.35 – 2.90 €cents/kWh. If an owner of a heat pump, with an annual electricity demand of 6000 

kWh/year, received the entire benefit, this gives an annual saving of 80 – 140 €/year. However, a 

heat pump has very little flexibility during the coldest months, when it is operated next to full load. 

Therefore, moving electricity demand within 24 hours at anytime during the year will realistically 

yield a benefit of less than 40 €/year [4].  

A hot water store of 400 litres enables disconnecting a heat pump 1 – 2 hours during cold days, in 

average up to 4 hours, without significantly compromising the indoor temperature. A cheap store, 

with no heat exchanger, costs 540 – 670 € [5]. Thus, the solution is not very attractive for home 

owners, unless more of the societal benefits are transferred to the home owners through price 

mechanisms or other incentives. 

Advantages/disadvantages 

Tanks are ideally suited for water storage since they are cheap and easy to produce (for 

example, 50-1000 liter tanks are built by millions each year for the domestic and international 

market). 
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The major challenges with water stores are that they are difficult to insulate sufficiently, and that 

they take much space. Therefore, developers are searching for feasible stores using chemical 

processes. 

Environment 

Electricity is produced and delivered more efficiently during off-peak hours than during on-peak 

periods. The reduction in source fuel normally results in a reduction of greenhouse-gas emissions 

produced by the power plant 

Additional remarks 

The heat loss coefficient for a 200 liters store insulated by 10 cm mineral wool is about 1.1 J/s per oC, 

and about 2.0 J/s per oC, if the volume is 600 liters. The coefficients are twice as big, if the insulation 

is only 5 cm. Thus, a 600 liters store, insulated by 10 cm mineral wool, and storing water at 40 oC 

above an average room temperature of 20 oC loses 2.5 GJ/year.  

The cost of a hot water store is almost a linear function of the volume [2]. The figure below shows 

the nominal prices of some hot water stores in Denmark, including heat exchanger coil and excluding 

installation: 

 

 

 

 

 

 

 

 

Figure 2: Prices of hot water stores in Denmark, 2011 [3]. 
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150 UNDERGROUND STORAGE OF GAS 

This chapter has been moved from the previous Technology Data Catalogue for Electricity and 

district heating production from May 2012. Therefore, the text and data sheets do not follow the 

same guidelines as the remainder of the catalogue. 

 

Brief technology description 

Large volumes of gas may be stored in underground reservoirs or as liquefied gas in tanks 

(e.g. LNG - liquefied natural gas). This technology element is about underground storage, of 

which there are three principal types:  

 

Depleted gas reservoirs are the most prominent and common form of underground storage. They 

are the reservoir formations of natural gas fields that have produced all their economically 

recoverable gas. The depleted reservoir formation is readily capable of holding injected natural gas. 

Using such a facility is economically attractive because it allows the re-use, with suitable 

modification, of the extraction and distribution infrastructure remaining from the productive life of 

the gas field which reduces the start-up costs. Depleted reservoirs are also attractive because their 

geological and physical characteristics have already been studied by geologists and petroleum 

engineers and are usually well known. Consequently, depleted reservoirs are generally the cheapest 

and easiest to develop, operate, and maintain of the three types of underground storage. 

However, off-shore depleted gas fields are generally quite expensive. 

 

Aquifer reservoirs are underground, porous and permeable rock formations that act as 

natural water reservoirs. In some cases they can be used for natural gas storage. Usually 

these facilities are operated on a single annual cycle as with depleted reservoirs. The 

geological and physical characteristics of aquifer formation are not known ahead of time 

and a significant investment has to go into investigating these and evaluating the aquifer’s 

suitability for natural gas storage. 

 

Salt caverns allow no gas to escape from storage. The walls of a salt cavern are strong and 

impervious to gas over the lifespan of the storage facility. Once a suitable salt feature is 

discovered and found to be suitable for the development of a gas storage facility a cavern is 

created within the salt feature. This is done by the process of cavern leaching. Fresh water is 

pumped down a borehole into the salt. Some of the salt is dissolved leaving a void and the 

water, now saline, is pumped back to the surface. The process continues until the cavern is 

the desired size. Once created, a salt cavern offers an underground natural gas storage 



 

66 

 

vessel with very high deliverability. Cushion gas requirements are low, typically about 33 

percent of total gas capacity. 

 

Input 

Underground storage is primarily used for natural gas (almost pure methane, CH4), but other gasses 

may also be stored underground.  

That may include hydrogen (H2), but the surface facilities need be designed differently, as hydrogen 

is much more explosive and also aggressive towards steel structures. The costs of storing hydrogen 

would be larger, since the heating value per volume is about three times less (cf. Technology 

element 42). 

If biogas (approx. 65 % CH4 and 35 % CO2) is to be stored underground, it would be instrumental to 

remove the CO2 before storage. This is because stores are always wet, i.e. containing some water, 

and CO2 in contact with water becomes acidic, posing potential problems for the surface facilities. 

Also, the energy density will be increased, when the CO2 is removed. 

Output 

Same as input gas, but it will have to be cleaned before usage, e.g. water has to be removed. 

Typical capacities 

The characteristics of gas storage differ depending on the geological properties of the reservoir, 

which in turn define their use [2]: 

 Depleted field Aquifer Salt cavern 

Working gas volume
4
 High High Relatively low 

Cushion gas ~50 % ~80 % ~30 % 

Injection rate* Low Low High 

Withdrawal rate* Low Low High 

              *as compared to working gas volume 

Working gas is the volume of gas that can be extracted during an operation of a facility. 

Cushion gas (or base gas) is the share of residual gas that needs to be maintained to ensure 

appropriate reservoir pressurization. 

                                                           

4
 A depleted field is often above 1 billion m

3
, an aquifer store from around 0.3 – 0.4 to above 1 billion m

3
, and 

salt caverns about 35 – 100 million m
3
 per cavern. There are several caverns in one store. 
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Using highly sophisticated technology, depths of up to 3,000 m are made accessible and cavern 

diameters of 60 to 100 m, heights of several hundred meters, and geometrical volumes of 800,000 

m³ and more can be realized today [1]. 

Regulation ability 

The short-term regulation characteristics of an underground gas store are not relevant for the 

overall gas system, as the gas transmission and distribution pipelines normally have substantial 

storage capacity (so-called line pack). If, for example, a power plant wishes to start up from zero to 

full load in a moment, the required gas volume is ready by the gate. The gas pressure in the pipeline 

will drop a little, much within the operational limits, and the pressure will soon rebuild by drawing 

gas from other parts of the system, incl. underground stores.  

The primary regulation values of underground gas stores are as seasonal stores (gas production is 

fairly constant, while summer demand is much lower than winter demand) and as back-up supply-

security in cases of emergency. 

Examples of best available technology 

The total gas storage capacity in Europe is around 67 billion m3. Of 125 storage facilities analyzed by 

Gas Storage Europe, 64 % were depleted fields, 26 % salt caverns, 8 % aquifers and 2 % LNG peak 

shaving [3]. 

Example, aquifer reservoir: Stenlille, Denmark. Gas is stored in porous water-saturated sandstone 

approx. 1.5 km below surface. Total gas volume 1.5 billion m3, working gas 0.6 billion m3. 

Example, salt caverns: Lille Torup, Denmark. Gas is stored in 7 caverns 1-1.7 km below ground. Each 

cavern is 200-300 metres high and 40-60 metres in diameter. Total gas volume 0.7 billion m3, 

working gas 0.44 billion m3. The store can extract 8 million m3/day and inject about half this flow. 
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Data sheet 

 

 

 

  

Cavern leaching

Plant for cavern leaching Mill. €

Total 9.9

Establishment of one cavern, 100 million Nm3 (approx. 1.1 TWh)

Mill. €

Construction and equipment 22

Cushion gas for one cavern (40% of total) 14

Total cost, 100 mio Nm3 active volume 36

Process equipment; injection 200,000 Nm3/hour (approx. 2200 MW),

withdrawal 600,000 nM3/hour (approx. 6600 MW)

Mill. €

Construction work 2.8

Compressors, incl. auxiliaries 30

Udtrækstog 13

Withdrawal equipment 4.5

Connections, transformer, regulation, and 

instruments 13

Total investment cost 63

A new greenfield store, equivalent to Lille Torup in Denmark, would require

one leaching plant, 5 caverns, and one process plant.

Total investment cost 254 mill. €

Operation and maintenace, salt cavern, 400-500 million m3 working gas

Mill. € per year

Electricity 0.7 - 1.1

Gas consumption to reheat extracted gas 0.13

Total, incl. administration 6.5
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151 HYDROGEN STORAGE 

This chapter has been moved from the previous Technology Data Catalogue for Electricity and 

district heating production from May 2012. Therefore, the text and data sheets do not follow the 

same guidelines as the remainder of the catalogue. 

 

Brief technology description 

Hydrogen serves as a storage and transportation medium for energy. In general there are five 

different ways of storing hydrogen [1]:  

 storage of pressurised gas  
o in caverns  
o in tanks e.g. for mobile applications up to 700 bar 
o in pipelines between producers and consumers (like natural gas) 

 storage of liquid hydrogen  
o liquefied at -253°C, stored in cryo-tanks 

 storage via absorption  
o Metal hydride storage used in submarines commercially today, heavy   

 storage in chemical compounds, including SNG, ammonia and synthetic liquid hydrocarbons 
(DME, Methanol) 

 storage via adsorption 
o Adsorption at low temperatures on high surface area carbon and similar 

compounds, under development. 
 

Input 

Hydrogen 

Output 

Hydrogen 

The lower heating value of hydrogen is 10.79 MJ/Nm3 (0 oC and 1.015 bar) or 3.00 kWh/Nm3, while 

the higher heating value is 12.75 MJ/Nm3. The density is 0.0899 kg/Nm3. 

 

Typical plant capacities 

Hydrogen storages can differ greatly in sizes from caverns of 100-100.000 GJ down to pressurised 

tanks of 300 bar with capacities of 0.4-2.5 GJ [1]5.  

                                                           

5
 General Motors and QUANTUM Fuel System Systems Technology Worldwide has furthermore developed and 

tested a 700 bar hydrogen storage system which extends the range of a fuel cell vehicle by 60-70 percent 

compared to an equivalent-sized 350 bar system. (4) 
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Regulation ability 

Production and storage of hydrogen is a tool to enhance regulation ability of the overall energy 

system, without having to convert the electricity into low value energy like heat. How fast the 

hydrogen can be converted into electricity and heat depends on the type and number of hydrogen 

converting fuel cells. 

Environmental aspects 

Hydrogen is, like electricity, an energy carrier, which is only as clean as the energy source from which 

it is produced.  

Some emissions of hydrogen will take place during storage, distribution and utilisation of the 

hydrogen. Hydrogen emits to the stratosphere, where it connects with oxygen to form water. An 

increased amount of water in the stratosphere will lead to further destruction of the ozone layer. It 

is however calculated that the increase in water in the stratosphere due to hydrogen will be 

significantly less than the increases, which are expected already to have appeared in the 

stratosphere during the last 50 years. Therefore, it is uncertain whether future emissions of 

hydrogen may lead to further damages on the ozone layer [2+3]. 

Research and development 

Most research in hydrogen storage is directed towards storage in tanks for mobile applications, 

where the challenge is to store hydrogen in tanks under high pressure or liquefied with low weight 

while ensuring safety and energy amounts for ranges comparable to cars run on fossil fuels today. 

Examples of best available technology 

When it is necessary to store large amounts of hydrogen in a future energy economy then hydrogen 

can be pumped into subterranean cavern storages. The method is already in use in UK (Tees Valley), 

France and the USA (ConocoPhillips Clemens Terminal built a 2500 tonnes cavern store in Texas in 

the 1980’es, while Praxair established a hydrogen cavern store, also in Texas, more recently). 

Caverns used for storage of natural gas could be used for the storage of hydrogen in the future. 

 

References 
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Data sheet 

 

 

 

  

Technology

2015 2020 2030 2050 Note Ref

Output capacity, MW 2 1

Storage volume, MWh 10 1
Overall cycle efficiency, AC-AC (%) 35 A 1

Technical lifetime (year) 30 1

Investment storage, € per kWh storage volume 11 A+B+C 1

Investment converter, € per kW output capacity 3000 A+B+C 1

Fixed O&M (€/MW/year)

Variable O&M (€/MWh)

References:

1

Notes:

A

B

C

Hydrogen storage, cavern

System: PEM electrolysis, storage of hydrogen at 30 bar, and a gas engine to convert back to AC.

The two investment components shall be added, cf. paragraph 1.3 in the introductive chapter.

Cost data are the same as in the 2010 catalogue, however inflated from price level 2008 to 2011 by 

multiplying with a general inflation factor 1.053

Energy/technical data

Financial data

“Economical and technical evaluation of energy storage systems”, presentation by J. Oberschmidt & 

M. Klobasa, Fraunhofer Institut, at the “Third International Renewable Energy Storage Conference 

(IRES 2008)”, Berlin, November 2008
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160 PUMPED HYDRO STORAGE 

This chapter has been moved from the previous Technology Data Catalogue for Electricity and 

district heating production from May 2012. Therefore, the text and data sheets do not follow the 

same guidelines as the remainder of the catalogue. 

 

Brief technology description 

For bulk electricity storage in utility grids, pumped hydro power plants dominate, with 

approximately 100 GW in service around the globe [2]. 

A typical pumped hydro store (PHS) consists of two water reservoirs (lakes), tunnels that convey 

water from one reservoir to another, a reversible pump-turbine, a motor-generator, transformers, 

and transmission connection. The amount of stored electricity is proportional to the product of the 

volume of water and the height between the reservoirs. As an example, storing 1,000 MWh requires 

an elevation change of 300 m and a water volume of about 1.4 million m3. 

A new PHS, including dams, has high capital expenditures and a long construction time. If an existing 

hydro plant is extended to also be a PHS, the investment per installed MW is significantly lower and 

the construction time between 2 and 3 years. 

With this technology electricity is basically stored as potential energy. Others ways of storing 

electricity as potential energy may have similar characteristics. 

Input 

Electricity 

Output 

Electricity 

Typical capacities 

PHS facilities are dependent on local geography and currently have capacities up to 1,000 MW. In 

addition to large variations in capacities PHS is also very divers regarding characteristics such as the 

discharge time, which is ranging from several hours to a few days. Efficiency typically is in the range 

of 70 % to 80 %, due to the losses in the process of pumping water up into the reservoirs.  

Regulation ability 

The primary intent of PHS is to provide peaking energy each day. However, their duty can be 

expanded to include ancillary service functions, such as frequency regulation in the generation 

mode. A variable-speed system design allows providing ancillary service capability in the pumping 

mode as well, which increases overall plant efficiency [2]. 

Advantages/disadvantages 

The advantage of PHS is the large volumes compared to other storages e.g. various batteries. In 

addition PHS does not use fossil fuel such as e.g. CAES.  
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A disadvantage with PHS is the need for differences in height between the two reservoirs. When a 

new PHS is not built in connection with an existing hydropower plant there are also environmental 

concerns in flooding large areas. 

Research and development 

In the 1890's PHS was first used in Italy and Switzerland. After over 100 years of development PHS is 

considered to be a mature technology. New developments include seawater pumped hydro storage 

that was built in Japan in 1999 (Yanbaru, 30 MW). It is also technically possible to have a pumped 

underground storage by using flooded mine shafts or other cavities. 

 

A new (2009) Danish concept is storing electricity as potential energy by elevating sand. The sand is 

lifted by pumping water into a balloon underneath the sand, and then lowered by taking the water 

out through the pump, now acting as a turbine. 

Additional remarks 

There are frequently several hydro power plants on the same river, and the operation of these 

plants is to some degree interlinked. The benefits of a new PHS therefore depend also on the 

existing hydropower infrastructure.  

For new large hydropower plants in OECD countries, capital costs are about 2400 USD/kW and 

generating costs around 0.03-0.04 USD/kWh. The cost of pumped storage systems depends on their 

configuration and use. They may be up to twice as expensive as an equivalent unpumped 

hydropower system. Depending on cycling rates, their generating costs may be similar to those of 

unpumped systems [1]. 

 

 

References 

  “Energy technology perspectives 2008”, International Energy Agency, 2008. [1]

 “Capturing Power Grid”, IEEE Power & Energy Magazine, July/August 2009,  [2]

http://www.electricitystorage.org/images/uploads/docs/captureGrid.pdf   

 

 

Data sheet 

 

http://www.electricitystorage.org/images/uploads/docs/captureGrid.pdf


 

74 

 

 

 

 

 

  

Technology

2015 2020 2030 2050 Note Ref

Generating capacity for one unit (MW) 10-1000 10-1000 10-1000 10-1000 A 2

Total efficiency (%) net 70 - 80 70 - 80 70 - 80 70 - 80 A 1

Technical lifetime (years) 50 50 50 50 A 1

Construction time (years) 2-3 2-3 2-3 2-3 A

Investment, pump part (M€/MW) 0.6 0.6 0.6 0.6 B;C;A 1&2

Investment, total, greenfield plant (M€/MW) < 4 < 4 < 4 < 4 D;A 4

Fixed O&M (€/MW/year) - 1-2% of investment 6-12,000 6-12,000 6-12,000 6-12,000 B;A 3

Variable O&M (€/MWh)

References:

1

2

3 BKK and Sira-Kvina 

4

Notes:

A

B

C

D Cf. paragraph 'Additional remarks' above.

Cost data are the same as in the 2005 catalogue, however inflated from price level 2002 to 2011 by 

multiplying with a general inflation factor 1.2306

Tonstad Pumpekraftverk, Sira-Kvina kraftselskap, 2002

BKK, presentation on Nygard Pumpekraftverk

No significant technology advance or cost decrease is expected, since hydropower and water pumping are 

established technologies.

Financial data

“Energy technology perspectives 2008”, International Energy Agency, 2008.

Based on the September 2004 exchange rate of 1NOK = 0,12€

Pumped hydro storage

Depends on power price

Energy/technical data



 

75 

 

161 COMPRESSED AIR ENERGY STORAGE 

Contact information 

Danish Energy Agency: Thomas Mandal Østergaard , tmo@ens.dk  

Energinet.dk: Rune Duban Grandal, rdg@energinet.dk 

Author: Allan Schrøder Pedersen, DTU, Department of Energy Conversion and Storage 

Publication date 

November 2018 

Amendments after publication date 

Date Ref. Description  

December 

2018 

 Formatting and internal references fixed 

   

 

Brief Technology Description  

Compression/expansion 

Compressed Air Energy Storage (CAES) is a way of storing electrical energy mechanically and thus the 

input is electricity to drive a compression. In the most basic form of CAES electrical energy is used to 

compress air, which can subsequently be stored in pressure tanks or in huge amounts in 

underground formations, where such suitable formations are available. When release of the stored 

energy is required, the compressed air is used to drive a turbine able to generate electricity. The 

expansion of air is associated with a temperature drop. 

When air is compressed, heat is released and constitutes a loss of energy during the storage 

operation because it dissipates to the external environment. However, if the heat may be stored 

intermediately (e.g. sensibly in ceramic material), the heat may be reinjected during the expansion 

process and thus it is not lost. This has an impact on the overall efficiency (electricity to electricity). 

This form of CAES is usually called Adiabatic CAES, A-CAES (or sometimes Advanced Adiabatic CAES, 

AA-CAES) because of the lack of exchange of heat between the storage system and the external 

environment. Additional forms of CAES have been proposed, such as isothermal CAES. For these 

additional forms of CAES there are currently no commercial installations and we will only consider 

CAES and AA-CAES here. 

Presently CAES technology is used in combination with gas turbine combustion, which can be said to 

compensate for the temperature drop. Therefore CO2 is released in traditional CAES. 

Although the concept of CAES has been considered favorable for energy storage for many years for 

storing variable, renewable energy only two plants have been realized until now, the first in Huntorf, 

Germany, in 1978 and the second in McIntosh, Alabama, USA, in 1991. Interestingly, the Huntorf 

storage facility was constructed to balance nuclear power so that the nuclear generation could be 

run in an optimal way and the CAES facility could handle the differences between production and 

demand for electricity. None of the realized facilities are based on A-CAES, but only on CAES, 

mailto:tmo@ens.dk
mailto:rdg@energinet.dk
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meaning that the round trip efficiencies are relatively low. Both plants have been operated with use 

of natural gas turbines to compensate for the lost heat (cf above).  

Several excellent and more exhaustive technical descriptions of Compressed Air Energy Storage 

(CAES) and Adiabatic Compressed Air Energy Storage (A-CAES) are available in literature. Figure  

illustrates a plant diagram of two different CAESplants – see also further references in the 

“References” section.  

  

Figure 1: Operating principle of the CAES plant Huntorf (left) and the McIntosh (right) [1] 

Table  gives key data for the same two plants. The Huntorf plant uses 0.8 kWh of electricity and 1.6 

kWh of gas to produce 1 kWh of electricity and was the world’s first CAES plant when it was 

commissioned in 1978 [2]. The newer McIntosh plant includes a recuperator which recycles waste 

heat from the exhaust stream and uses 0.69 kWh of electricity and 1.17 kWh of gas to produce 

1kWh of electricity [2]. 

 

Table 1: Data for the Huntorf and the McIntosh traditional CAES plants [3]. 

For A-CAES (a technology, which has not yet been realized) storage of heat has been proposed in 

ceramic materials like rocks or bricks at elevated temperatures (say 600 °C). 

It is questionable how many traditional CAES plants will actually be built in the future. Many 

optimistic studies have been performed - particularly in the US - during the past 25 years, however it 

remains a fact that none have been built. In Denmark the preparation of new salt caverns is 

associated with environmental problems, as heavy metals are dissolved together with the salt as the 

cavern is solution-mined. 
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Air storage volumes 

CAES depends completely on a connection to suitable storage volumes. Small units may utilize  high 

pressure gas cylinders (surface level), but to allow for large amounts of energy (hundreds of MWh) 

CAES is usually planned and established in connection with large underground formations able to 

hold significant amounts of compressed air. Such formations could be depleted oil or gas fields, 

aquifers, salt caverns, lined rock caverns and abandoned mines [4]. An illustration of some of the 

storage principles is shown in Figure 2. 

 

Figure 2: Various Geological Formations for Underground Storage [5] 

The two existing CAES plants are connected to solution-mined caverns in salt domes. Such caverns 

are relatively cheaply and easily developed and suitable salt deposits are found in many places all 

over the world. However, the preparation of caverns may be restricted due to potential 

environmental issues and political opposition.  Figure 3 shows the coincidence of large wind power 

potentials and salt deposits suitable for cavern excavation.  
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Figure 3: Coincidence of high wind potential (red circles) and salt domes in Europe (blue areas) [6] 

Input/output 

The input for CAES is electricity. For traditional CAES input of some fuel (usually natural gas) is 

required in the electricity output phase. For Adiabatic Compressed Air Energy Storage fuel is not 

required (see below). 

The output for CAES is electricity. Traditional CAES also generates heat in the compression phase, 

whereas ACAES stores this heat and thus does not generate heat to the external environment. 

Energy efficiency and losses 

Figure 4 illustrates details of the energy lost by using CAES in the compression stage and in the 

expansion stage. The numbers which can be derived are a charging efficiency of about 80 % and a 

discharge efficiency of about 70 % leading to a round cycle efficiency of approx. 55 % (electricity to 

electricity). However, input of chemical fuel in this calculation complicates the calculation since the 

electricity that could have been produced from the fuel should be subtracted. Setting the electrical 

efficiency of chemical fuel to 35 % (see note A in Quantitative description) the output efficiency in 

Figure 4 would be 44 % leading to a round cycle efficiency of 44 %. 
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Figure 4: Energy transfer of a conventional CAES plant [7]. The source does not quote numbers but only graphics. 

 

Regulation ability and other system services 

Startup times of about 10 minutes are described in the literature for CAES [8]. This allows several 

ancillary services and thus both black starts, secondary reserves and reactive power system services 

are possible. Furthermore the technology is perfectly suited for load shifting (the original purpose of 

the Huntorf plant) within the limits of available storage and power capacity. 

Typical characteristics and capacities 

As mentioned above only two CAES plants have been realized until now and consequently it does 

not really make sense to state typical performance characteristics and capacities. The characteristics 

of the two existing plants can be seen in Table 2. 
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Table 2:  Supplementary descriptive data for the Huntorf and McIntosh facilities. The indicated heat rates (thermal 

energy in over electrical energy out) can be recalculated to 1.96 kWh/kWh for Huntorf and 1.20 kWh/kWh for McIntosh 

[9]. 

As can be seen the CAES plants have been built for up to 50-60 MW charging power and 100-300 

MW discharging power.  

Based on the numbers shown in the above table the energy storage capacities of the plants are 480 

MWh for Huntorf and 1,900 MWh for McIntosh. 

The energy density of compressed air naturally depends on the pressure difference between upper 

and lower limit of the pressure variation. For the Huntorf facility the energy density is approximately 

0.3 kWh/m3. For the McIntosh the number is about the same since the same pressure range is used. 

However, the energy densities (kWh/m3 and kWh/kg) associated with CAES is not considered 

relevant, one reason being that the technology is stationary. 

It is interesting to note that both plants are utilizing salt domes as storage facility for the compressed 

air. Other proposed storage facilities are abandoned mines and aquifers, but these types have not 

yet been realized. 

Figure 2 in the Electricity Storage chapter shows a comparison between CAES and several other 

energy storage technologies concerning discharge time and power rating. Clearly CAES is a bulk 

storage technology in class with pumped hydro and power to gas (not shown). 
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Typical storage period 

The practical span of storage periods for CAES can be estimated from Figure 5  showing the number 

of starts per year for the Huntorf plant in the period from 1978 to 2000. In course numbers the 

numbers of starts vary in the range 50-200 with outliers up to 400 and down to about 25. This shows 

that practical storage periods range between hours and days. However, these storage periods reflect 

the facility´s actual use pattern rather than the capability. Since air is stored in underground caverns 

in salt domes, which are very tight (cf. use of salt caverns for natural gas) the air can be stored for 

much longer time if so desired. The levelized cost of energy storage will increase if longer time 

periods are applied, but it can easily be done. 

 

Figure 5: Number of compressor starts (charges) and turbine starts (discharges) for the Huntorf facility for the period 

between 1978 and 2000 [10] 

 

Space requirement 
The space requirement for a CAES facility can be seen from the following photo [11], which shows 

the Huntorf CAES plant from above. Thus an area of approx. 200x200 m (40,000 m2) is required for 

320 MWel output. However, according to reference [8] 1 acre, which corresponds to approximately 

4000 m2 (63x63 m), is required for a 100 MW output plant.  
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Figure 6: Aerial photo of the Huntorf facility [12] . 

The placing of a CAES plant depends completely on accessibility to store large amounts of 

compressed air. Since the energy storage capacity depends on the volume of underground 

formations it is not possible to give a number in m2/MWh. As mentioned the existing two plants 

utilize underground caverns in salt domes. Other structures may be used but the entrepreneur is not 

free to establish a CAES plant wherever needed and thus the 200 by 200 m2 surface area (for 320 

MW) mentioned above does not set the complete requirements. 

 

Advantages/disadvantages 

Advantages 

The following advantages are cited from [8] : 

• The CAES plant can provide significant energy storage (in the thousands of MWhs) at relatively 

low costs (approximately (in 2003 USD) $400/kWac to $500/kWac). The plant has practically 

unlimited flexibility for providing significant load management at the utility or regional levels. 

• Expanders have a large size range. Commercial turboexpander units range in size from 10 -20 

MWac (Rolls Royce-Allison) to 135 MWac (Dresser-Rand) to 300-400 MWac (Alstom).  

• The CAES technology can be easily optimized for specific site conditions and economics.  

• CAES plants are capable of black start. Both the Huntorf and McIntosh plants have black start 

capability that is occasionally required.  

• CAES plants have fast startup time. If a CAES plant is operated as a hot spinning reserve, it can  

reach the maximum capacity within a few minutes. The emergency startup times from cold 

conditions at the Huntorf and McIntosh plants are about 5 minutes. Their normal startup times 

are about 10 to 12 minutes.  

• CAES plants have a ramp rate of about 30 % of maximum load per minute.  

• A CAES plant can (and does) operate as a synchronous condenser when both clutches are 

opened (disconnecting the motor-generator from both the compressor train and the expander 
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train), and the motor-generator is synchronized to the grid. Reactive power can be injected and 

withdrawn from the grid by modulating the exciter voltages. Both the Huntorf and the McIntosh 

plant are used in this manner. Since this operation does not require the use of stored air, the 

plant operator can choose to operate the plant in this mode for as long as necessary. 

• Danish installations could benefit from the widespread and developed district heating 

infrastructure. CAES installations can sell the heat generated in the gas compression phase and 

purchase the heat in the decompression phase, thus reducing the need for natural gas. 

 

Disadvantages 

• For traditional CAES the use of natural gas implies CO2 emissions. However, for A-CAES there is 

no use of chemicals and no exhausts.  

• Geographical placement is limited to places, where high pressure air can be stored in sufficient 

amount. Several geological underground formations are suitable, but the restriction puts 

limitations to where CAES can be placed. 

• In the basic form (without intermediate heat storage) CAES shows a relatively low electricity to 

electricity efficiency around 45 % without recuperation. 

 

Environment 

The main environmental impacts from operating a CAES plant - except from surface footprint – 

relate to the use of fossil energy in the expansion phase [13]. This problem could be overcome by 

the development of A-CAES (Adiabatic CAES), where heat is stored from the compression phase and 

redelivered in the expansion phase. 

However, in the construction phase it has been found that the environmental impacts correlate 

strongly with the size and method of construction of the underground storage cavity [14]. 

Particularly for solution mined salt caverns the dissolved salt may (depending on location) contain 

concentrations of heavy metals, which may not readily be disposed in rivers or lakes or even in the 

sea. 

 

Research and Development Perspectives 

Research and development efforts for CAES are directed towards improving the relatively low round 

cycle efficiency by intermediately storing the heat generated in the compression phase and reuse it 

during the expansion phase (ACAES) [15]. Figure 7 shows how the German utility company RWE  

envisages how a heat storage facility can be incorporated in a CAES plant. Heat may be stored at 

temperatures up to 600 °C or even higher in rock (stone) or other ceramic materials and the 

technology is being developed for a variety of purposes these years. Within a time perspective of 10-

15 years it thus seems fair to anticipate that A-CAES will be commercially available. This 

development is expected to improve the power-to-power efficiency to around 70 % and bring A-

CAES into a much more attractive efficiency class 
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Figure 7: RWE´s vision for an ACAES plant [15]. 

 

Examples of market standard technologies 
There is not a living market for CAES plants. As mentioned, only two plants have been built 

worldwide until now – in 1978 and 1991. It does not seem fair to take any of these as standard 

technologies. If the demand for CAES will increase at some point in the future it must be expected 

that CAES market standards will be developed based on up-to-date technologies for compressors, 

turbines and thermal energy storage (A-CAES). 

 

Prediction of performance and costs 

Efficiency until 2016 

Recorded performance – in terms of electricity to electricity efficiency – for the Huntorf and 

McIntosh plants are 42 % and 54 % respectively [16]. The main reason for the difference is that the 

McIntosh plant utilizes recuperation of waste heat from the expansion turbine. Conventional CAES 

uses additional fuel in the discharge phase and thus has a not ignorable CO2 emission. 

In the Datasheet it is assumed, that a CAES plant built today will have the same efficiency as the 

McIntosh plant or maybe higher. 
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Efficiency 2020 - 2050  

It must be expected that future CAES plants 10-15 years from now will be based on adiabatic CAES, 

which has a much better efficiency, estimated to be around 70 %. We are therefore likely to see a 

stepwise increase in efficiency of CAES at some point in the future, when appropriate thermal 

energy storage technology has been developed. Considering present activities within high-

temperature energy storage technologies this point is estimated to be about 2030. 

Cost 

A-CAES comes at an increased cost, because of the addition of the thermal energy storage. For an 

indication of the price difference see Table 4. 

It is questionable how many traditional CAES plants will actually be built in the future. Many 

optimistic studies have been performed - particularly in the US - during the past 25 years, however it 

remains a fact that none have been built. Since 2013 the Irish utility company Gaelectric has been 

working to establish a traditional CAES plant in Larne, Northern Ireland [17]. The company reports 

that plans are underway to establish CAES plants in the United Kingdom and in the Netherlands. 

Gaelectric states the total investment cost to be £300 million in the Larne CAES project, according to 

independent analysis by PMCA Economic Consulting [18]. The facility will generate up to 330 MW of 

power for periods of up to 6 hours. It will create demand of up to 200 MW during the compression 

cycle [18]. 

Documented prices for CAES plants are few and old. The individual technologies involved in a CAES 

plant (i.e. compressors, solution mining and turbines) existed before they were put together in a 

CAES plant. On the other hand the same technologies (or close to the same) have been further 

developed concerning performance and costs and the same (matured) development must be 

expected to continue for many years ahead showing a price decreases of 0.5-1%/year characteristic 

for such technologies. It should be noted here, though, that one source [19] quotes a report, which 

the author of this section has not been able to retrieve, in the following way: 

A 2005 report on the economic impact of CAES suggests the following reasons: 

1. Since regulated utilities grew through an increase in invested capital, there was no economic 

incentive to add CAES, which increases the efficiency of existing plants and decreases the total 

capital required to serve a given load; 

2. Independent power producers in the US did not develop CAES because CAES did not qualify for 

Public Utility Regulatory Policies Act (PURPA) contracts, which were available only for renewable 

power plants or for cogeneration facilities. 

3. There was a boom in power plant construction in the late 1990's, but a lack of available 

equipment prevented the development of new CAES plants. Until very recently, major turbine 

manufacturers had sold out production capacity and had not been willing to invest in the 

development of CAES turbines. 

As mentioned above several researchers have estimated prices for CAES plants over recent years. It 

is likely that not all sources quoting such prices have actually developed prices themselves 

independently. Quite some redundancy is seen in estimated prices and looking into the literature 

you find that many authors actually rely on Electric Power Research Institute [8], [20]. 
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Table 3 gives 2015 inflation-corrected prices for CAES plants in terms of EUR/kW and EUR/kWh [21]. 

The cost per kW varies from 300 EUR/kW to 1250 EUR/kW and costs per kWh prices vary between 

0.09 EUR/ kWh and 120 EUR/ kWh. 

For use in the data sheet the costs per kWh between 0 and 2 EUR/kWh have been disregarded 

because it is assumed, that only storage costs are included here (that is costs for mining the storage 

cavities). 

  

Investments cost per 
discharge capacity  

Investments cost 
per energy storage 
capacity    

Year of 
publication 

$/kW* 
€/kW     
(2015 
prices) 

$/kWh* 
€/kWh     
(2015 
prices) 

Reference 
no. 

2003 450 460 1.0 1.0 12 

2007 850 680     23 

2007 890 710     24 

2008 650 530 1.75 1.40 6 

2009 750 580     25 

2009 540 420 130 100 26 

2010low 430 340 2 1.6 27 

2010high 480 380     27 

2011 1000 820 150 120 20 

2011 900 740     22 

2012low 400 320 2 1.6 8 

2012high 1150 910 120 100 8 

2012 400 320     28 

2012     0.12 0.09 29 

2013low 400 300 120 90 9 

2013high 1000 740     9 

2014low 500 420     16 

2014high 1500 1250     16 

2014 1400 1170     2 

2015low** 300 410 0.6 0.8 30 

2015high** 500 690 18 25 30 

2016 1300 1220     31 

2017*** 750 660     18 
Table 3: Prices for CAES plants from literature. Year, references and prices in source currency are given. The cost is 

converted into 2015 prices. *in reference year prices, **reference in £, ***reference in €. 
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Table 4 below gives yet another cost breakdown for CAES and A-CAES plants illustrating the cost 

differences between the two types. The total cost for A-CAES is seen to be 43 % higher than for 

conventional CAES. Comparing the table with Figure 3 above also gives an impression of the 

divergence (or uncertainty) of the prices (compare e.g. salt cavern cost fraction). 

 

Table 4: Cost breakdown for a conventional and adiabatic CAES system deployed with a salt cavern [22]. These costs 

represent a conventional system with 10 hours of storage and an oversized expander (110 MW) relative to the 

compressor (81 MW). Capital costs are expressed in terms of expander capacity. These costs represent an adiabatic CAES 

system with 10 hours of storage and oversized compressor (96 MW) relative to the expander (72 MW). Capital costs are 

expressed in terms of expander capacity. 

Table 5 shows the costs for the energy storage components in $/kWh. The share of the cost that can 

be related to the energy storage differs significantly depending on the storage media, from 0.3 % for 

porous media to 46 % for hard rock (new cavern). The solution-mined salt caverns (which are 

relevant for Danish conditions) can be seen to be cheap in particular in comparison with hard rock 

solutions, the cost related to the salt mine energy storage makes up 3 % of the total. 

 

 

Table 5: CAES plant costs for various storage media [23], 2002 
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 Figure 8 gives another cost breakdown for a CAES plant and shows the fraction of costs associated 

with developing the salt cavern. This fraction is about 40 %. It can be seen that the turbine is another 

costly component of the system and comprises about 30 % of costs. Comparison with the numbers 

in Table 4 also gives an indication of the uncertainty of prices stated in different reports and articles. 

 

Figure 8: The capital cost breakdown for a CAES plant, approximately 262 MW net with 15 hours of storage and 

with storage in a solution‐mined salt dome is assumed [24], 2012 

Table 6 gives a detailed cost breakdown for CAES showing cost classes that are not often shown. The 

size of the designed plant was 150 MW charging and 83 MW discharging.  
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Table 6: Overnight capital costs of hybrid CAES facility [25] 

 

Prediction of performance 

The perspectives for significantly improving performance of conventional CAES are not very positive. 

The technology relies on quite well known technology (i.e. compressors, expanders/turbines and 

cavern), which can indeed be purchased in a mature state already today. 

Table 7 below shows results prepared by Black & Veatch for the National Renewable Energy 

Laboratory in the USA for a conventional CAES plant [24]. The lack of improved cost (inflation and 

deflation cleaned prices) and performance characteristics in this study is obvious for the period 

towards 2050. Data is simply the same in all columns over the period. 

An informal communication with Energinet.dk (natural gas storage section) did not suggest any 

foreseen change in prices for solution mining salt caverns. In addition, solution mining is done quite 

rarely and thus not much data is available. Costs for solution mining depend strongly on local 

geographic and underground conditions.  

Based on the fact that conventional CAES relies very much on well-known, well-proven and long 

existing technology components it is not anticipated that the costs for CAES plants will change 

significant towards 2050.  
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Table 7: Cost and performance projection for a 262 MW CAES plant [24]. The source does not explain how efficiency 

over 1 should be interpreted. 

 

The energy storage cost target set by the European Commission for Thermal Energy Storage in 2030 

is 28 €/kWh or 0.028 M€/MWh [26]. This will naturally add to the CAES price in 2030, when A-CAES 

is expected to gain market share. However, in 2050 this cost add-on is expected to be reduced by 50 

% because of a steep learning curve and the effect of mass production by that time.  
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Quantitative description 
Technology  Compressed Air Energy Storage   

  2015 2020 2030 2050 Uncertainty 
(2020) 

Uncertainty 
(2050) 

Note Ref  

Energy/technical data         Lower Upper Lower Upper
  

    

Form of energy stored Electricity to mechanical and heat        

Application System, energy-intensive        

Energy storage capacity for one unit 
(MWh) 

3000 3000 3000 3000 - - 3000 10000 I [3]  

Output capacity for one unit (MW) 300 300 300 300 - - 300 500 I, J [3]  

Input capacity for one unit (MW) 60 60 60 60 - - 60 80 I, J [9]  

Round trip efficiency (%) 55 60 70 72 55 55 64 72 A, B (Nakhamkin 
& Brotel, 

2012) 
(Materials 
Roadmap 
Enabling 

Low 
Carbon 
Energy 

Technologi
es, 

Commissio
n Staff 

Working 
Paper, 
2011) 

 

 - Charge efficiency (%) 80 80 84 85 80 80 80 85  [7]  

 - Discharge efficiency (%) 69 80 84 85 69 69 80 85  [7]  

Energy losses during storage (%/period) Close 
to 0 

0 0 0 0 0 0 0  [27]  

Auxiliary electricity consumption (% of 
output) 

- - - -     
 

 
 

Forced outage (%) 5 5 4 4 - - 2 4 I, K [9]  

Planned outage (weeks per year) 5 5 4 3 - - 2 3 I, K [9]  

Technical lifetime (years) 40 40 40 40 35 45 35 45  [20] [8]  

Construction time (years) <3 <3 <3 <3 2 3 2 3  [8]  

            

Regulation ability 
 

 

Idle to full discharge (sec) 700 700 1000 1000 500 1000   800  1200 D, G [3], [8]  

Full charge to full discharge (sec) - - - -        F  

            

Financial data                                   

Specific investment (M€2015 per MWh) 0.65 0.65 1.0 0.8 0.3 1.2 0.4 2.0  C, E Table 3 [26]  

  -Energy component (M€/MWh) 0.002 0.002 0.002 0.002 0.002 0.01 0.002 0.01 H [23]  

  -Capacity component (M€/MW) 0.6 0.6 0.9 0.9 0.3 1.2 0.3 1.2  [24]  

  -Other project costs (M€/MWh) 0.085 0.085 0.085 0.085 0.08 0.09 0.08 0.09  [24]  

Fixed O&M (€2016/MW/year) 2460 2460 2460 2460 2000 4000  2000  4000    [20]  

Variable O&M (€2016/MWh) 2.46 2.46 2.46 2.46 2 3  2  3    [20]  

            

Technology specific data                                   

Specific investment ((€2016/kW) 640 640 640 640 - - 550 640 C, K Table 3  
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Notes 

A. For efficiency it is assumed that that new CAES plants can be constructed with at least the same efficiency as the 

McIntosh plant. 

B. The use of gas in a CAES plant is assumed at the same efficiency as the average use of chemical fuels in the 

Danish electricity system, i.e. 35% in 2014 

C. In general it is assumed that at some point between 2020 and 2030 adiabatic CAES plants will dominate the 

market. This means that investment costs will increase and performance characteristics will improve. 

D. The obtainable ramping rate is likely to decrease after application of thermal energy storage. This is because the 

heat must be delivered to the storage material, which is a process that cannot be controlled independently. 

E. For the costs per kWh in Table 3 the data lying between 0 and 2 EUR/kWh have been disregarded because it is 

assumed, that only storage costs are included 

F. Operation not suitable nor relevant for CAES. Data not available.  

G. If a CAES plant is operated as a hot spinning reserve, it can  reach the maximum capacity within a few minutes. 

The emergency startup times from cold conditions at the Huntorf and McIntosh plants are about 5 minutes. Their 

normal startup times are about 10 to 12 minutes [8] 

H. Energy component here taken as the cavern excavating  

I. New plants cannot be realized in 2020 because of lead time. Furthermore the upper limit for storage capacity of 

one unit is determined by cavern volume, which can be obtained practically without. 

J. Upper limit in 2050 is based on the author´s assessment of technological development until then. 

K. Lower limit in 2050 is based on the author´s assessment of technological development until then. 
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Brief Technology Description 

Flywheels store energy mechanically as kinetic energy by bringing a mass into rotation around an axis. 

According to classical, mechanical physics the kinetic energy of a rotating mass m in distance r from the point 

of rotation can be expressed as: 

𝐸𝑘𝑖𝑛 = ½ · 𝐼 · 𝜔2, 

where I is the moment of inertia – equal to 𝑚 · 𝑟2 – and ω is the angular velocity (radians per second).  

It is seen from this expression that the kinetic energy of a rotating flywheel increases proportionally to the 

mass and to the distance from the rotation point squared. The energy also increases proportionally to the 

angular velocity squared. 

To maximize the stored energy for a given mass and rotation speed, the mass should be separated from the 

rotation point as much as possible. On the other hand the centrifugal force acting on the mass is defined as: 

𝐹𝑐 = 𝑚 · 𝑟 · 𝜔2 

and thus the requirements to the materials binding the mass to the rotation center - increases proportionally 

to the separation distance. This fact sets limits to the maximal available distance because of the properties 

(tensile strengths) of known, available construction materials. 

Whereas flywheels were formerly mainly constructed of metallic materials, modern flywheels are usually 

constructed – at least partially - by polymer/fiber composite materials. Flywheels are appropriate for fast 

dynamic energy storage for applications like peak shaving or long energy storage times. Large flywheels should 

preferably be designed from composite materials due to the high rotational speeds and the bigger strength to 

weight offered by these materials. Metallic rotors are mainly used for simple seconds to minutes energy 

mailto:tmo@ens.dk
mailto:rdg@energinet.dk
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storage systems like UPS (uninterruptable power supplies). Thus, Amber Kinetics believes in steel as a suitable 

rotor material as seen on the photo to the right in Figure 1. 

 

 

Figure 1: Photo of WattsUp Power´s and Amber Kinetics´ flywheels. The latter allowing for a look into the internal steel rotor 

whereas the first utilizes composite materials for the rotor [1].   

 

Flywheels have been known and used for centuries in steam and combustion engines, whereas development of 

the independent energy storage potential has only been underway since the 1960s [2]. According to the 

reference given in [3] the world´s largest flywheel has been in operation since 1985. It consists of 6 discs each 

with a diameter of 6.6 m and thickness 0.4 m, weighing 107 t. The system can supply 160 MW over a 30 sec 

period and has shown excellent reliability, particular concerning the mechanical construction. Another system 

developed by Okinawa Electric Company and Toshiba ROTES (ROTary Energy Storage) has been operated since 

1996 [4]. The two examples indicate that flywheels represent highly reliable technology. This statement is 

supported by more recent data from Beacon Power, which states that their system is capable of more than 

150,000 charge/discharge cycles at constant full power [5]. Such flywheel systems can be seen in Figure 2, with 

the addition of a separate fiber composite flywheel being carried by a forklift.  
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Figure 2: Photo of Beacon Power´s flywheels [6]. The fiber composite flywheel itself is seen to the right on the fork-lift. Each unit is 

100 kW. Photo from manufacturer´s store. 

A cross section of a flywheel system and the system installed in an operation environment can be seen in 

Figure 3. 

 

 

Figure 3: Drawing showing a cross section of the flywheel system and a visualization of how each module of a Beacon flywheel is 

mounted for operation [6] 

 

Input/Output 

The input for flywheels is electricity.  

The output from flywheels is electricity. 



 

 99 

In principle flywheels can also be charged and discharged mechanically, but in any practical perspective for grid 

applications electricity would be the input and output. 

Energy efficiency and losses 

Modern flywheels are operated in high vacuum to eliminate (or strongly reduce) aerodynamic drag. Likewise, 

the bearings are contact-less magnetic bearings, which means that the mechanical energy losses during a full 

storage cycle are negligible from a practical perspective. Flywheel technology in itself does not imply any 

significant energy loss even over prolonged periods. However, the power electronics taking care of converting 

primary power to the power format suitable for the flywheel and vice versa (the power electronics include 

rectifier, bus, inverter and converter)  gives rise to loss of energy during the use of flywheels. These losses are 

naturally associated with charging and discharging the wheels and depends somewhat on the mode of 

operation. In 2018 WattsUp Power stated that stand by losses of today’s flywheel technology is about 5% per 

day whereas round trip efficiency is 98 % for the wheel. 

In contrast Beacon Power in 2009 stated that the energy loss would be about 15% for a full charge/discharge 

cycle, measured at the transformer terminals, whereas for typical operation providing frequency control the 

loss per cycle would be 6-7% [5]. 

Due to its mechanical design and working principle, flywheels have zero degradation in energy storage capacity 

over time. This is independent of how the system is operated and in particular independent of depth of charge 

and discharge, which is in noteworthy contrast to the properties of most electrochemical battery systems. 

Regulation ability and other system services 

Flywheels can absorb and release electro-mechanical energy extremely fast. The response time is up to 10 

times faster than the response times of batteries, meaning that flywheels can react on demand and supply 

signals almost instantaneously. This property is attractive for providing ancillary services in the power grid and 

makes flywheels highly suitable for frequency regulation.  

Due to the fast response time flywheels can provide ultrafast ancillary services to the grid, with reaction times 

down to 3 ms. In particular primary reserves – and even synthetic inertia - for maintaining grid frequency can 

easily be provided and managed by use of flywheels. The reason for flywheels sometimes outshining batteries 

for certain applications is their high ramping rate. The fast up and down ramping rates and the not ignorable 

storage capacity makes flywheels suitable [2] for 

• Ramping (how fast an application can increase or decrease load) 

• Peak Shaving 

• Time Shifting (storing energy from one time to another) 

• Frequency regulation 

• Power quality (in particular voltage) – Power distribution grids strive to have a power factor as close to 1 

as possible. Using flywheels, power utilities may vary active and re-active power to reach a perfect power 

factor.  



 

 100 

 

An example illustrating the response time of a flywheel system can be seen on Figure 4.  

 
Figure 4: The reaction of a flywheel (MW input/output) in response to signals from the Automatic Generation Control. It can be seen 

that within the accuracy of the graph (please note the axis scaling) the flywheel follows signals completely. Source: Beacon Power. 

Typical characteristics and capacities 

Storage density 

The energy storage density – whether on volume or weight basis – for flywheels (about 0.05 kWh/kg) is 

comparable to advanced batteries and in the range of 1-2 orders of magnitude lower than for chemical 

methods for storing energy (in ways similar to the natural energy storage media oil and gas). This is, however, 

not important for static applications. On the other hand flywheels have high power densities of about 1 kW/kg 

[7] also confirmed by WatssUp Power in February 2018. 

Sizes of flywheel plants 

Flywheels for energy storage can be produced and deployed in numerous sizes ranging from multi MW utility 

applications to small systems (few kW and kWh) intended for use in cars and buses. Until recently Beacon 

Power seemed to be the dominating producer of large scale flywheels. Their systems are based on a modular 

flywheel size (a single flywheel) of 100 kW and 25 kWh, with the standard unit size consisting of an assembly of 

10 modules which can be combined in any multiple of 10. Such modules sum up to 1 MW and 250 kWh. Figure 

5 shows a photo of an example of their systems that currently provides 20 MW of frequency regulation service. 
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Figure 5: Photo of Beacon Power flywheel installation in commercial operation in PJM, Hazle, Pensylvania. The plant includes 200 

flywheel modules lowered into the ground (5 on each side of a container. The plant currently provides 20 MW of frequency 

regulation service to PJM and reached full commercial operation in July 2014 [6]. 

Typical storage period 

Flywheels can be constructed to store energy from seconds to years, but usually the storage period is shorter 

than days. Flywheels have relatively small standby losses, and the user or producer will design a flywheel for 

each specific application. Now a typical 10 second storage application could be a UPS (uninterruptable power 

supply) for hospitals or server centers. In other less typical applications like power peak shaving, the flywheel 

will be designed to store the power for days and in the most extreme conditions in space applications NASA’s 

flywheel designs store the power for up to 3 years.  

Space requirement 

The land area requirement for flywheels naturally depends on the capacity of the installation. Figures 5 above 

gives indications of the area demand, additionally, Beacon Power states that the space required for an 

installation of 20 MW is 1 acre (approx. 4000 m2) 

Advantages/disadvantages 

Advantages 

Flywheels are fast reacting, reliable, efficient and clean in terms of use of resources and waste disposal. 

Some advantages and disadvantages are shown in Table 1.  
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Table 1: Advantages and disadvantages of Flywheel Energy Storage Relative to Other Energy Storage Technologies, 2003 [8]. Please 

note that the table reflects data from 2003, and may have been improved since then. For instance WattsUp is now using tip speed of 

875 m/sec. 

As an example of hazardous failure modes the crash of two Beacon Power flywheels in 2011 is prominent.  The 

incident was described by the Beacon Power spokesman:  

“flywheels failed due to flawed early production runs of the carbon fiber material used in their manufacture. 

The faulty flywheels spun out of balance and tilted to touch the chamber sides, which caused the flywheels to 

"grind down" into a heated "cotton candy-like material" of carbon fiber. Safety features in the chamber 

detected the rising temperature and released water to cool the units, which created steam that caused pressure 

to increase, blowing off chamber covers in an explosive manner” [9]. 

Environment 
There are no particular environmentally hazardous aspects of flywheels. Materials and production methods 

imply the same environmental emissions as any manufacturing based on metals and polymers. 

Under operation, there is no use of water, harmful chemicals or hazardous materials.   

It can be argued that application of flywheels in the grid will save CO2 emissions to the extent they improve the 

ability to utilize variable renewable energy production. 

Research and Development Perspectives 

In 2013 the European Association for Energy Storage (EASE) stated the following R&D needs for flywheels [10]: 

1. Flywheel disc: Study of better materials for fibre flywheels (high density) should be carried out in order to 

reduce the total cost. 
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2. Electrical machines: High performance machines are required to be used in these devices and although 

permanent magnet machines seemed to be the best option, the high cost of the magnets has redirected the 

research to search new machine concepts with less magnets. 

3. Bearings: Faster control systems are being developed to improve the bearings response and more efficient 

actuators are used to increase the performance of the complete system. 

4. Power electronics: Increase the added value of the power electronics in an energy storage system, ensuring 

the robustness and reliability.  

5. Digital control and communications: Communication improvements permit to control the system with 

guaranties of robustness, being able to analyse a lot of variables, maintaining a complete analysis of the 

application from anywhere, being easily integrated with some other subsystems. 

6. Security case or frame: A better knowledge and a more wide experience in prototypes would reduce the 

cost in security. 

7. Demonstration plants to demonstrate the convenience or not of flywheel technology for certain 

applications 

 

Figure 6: Ranking of energy storage technologies concerning maturity level [11]. Data published in 2013. Flywheels have moved to 

the next class of the figure since then. 

Figure 6 shows how the International Energy Agency (IEA) considers the maturity of flywheels compared to 

other storage technologies. The ranking was published in 2013 and since then flywheels have gained maturity 

so that they are now used in commercial applications. 

Flywheels are generally considered to be a little less mature technology than many batteries and in addition 

the cost is perhaps still too high to make them competitive on the commercial market somewhat depending on 

the specific application, though [12]. However, as described in the present document, flywheels also seem to 

be catching up rapidly and gain market shares although batteries are still dominating many energy storage 
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applications. In some applications – like grid stabilization for railways and large battery charging – flywheels are 

often a preferred solution. 

Examples of market standard technologies 

Test standards 

SAE, the Society of Automotive Engineers, has developed standards [13] for smaller flywheels used in 

combination with combustion engines. The SAE Recommended Practice applies to flywheels used with internal 

combustion engines of spark ignition and diesel type. The document is intended to provide a uniform test 

procedure for flywheel assemblies to determine the rotational speeds at which they will either burst or 

withstand a specified limiting speed. 

According to the IEC, International Electrotechnical Committee, [14] standards have only been developed for 

mature electrical energy storage systems (such as PHS, LA, NiCd, NiMH and Li-ion) and for those technologies 

various IEC standards exist. However, to the knowledge of the author of this section no standards exist for grid-

connected flywheels. 

Potential flywheel suppliers 

A number of potential suppliers are listed below. Most manufacturers seem to concentrate their product 

development towards niche applications like the market for uninterrupted power supply. A simple check of the 

below web sites shows that some suppliers may not even really market flywheels in the sense that they have 

standard designs and products. However in relation to ancillary services particularly Beacon Power, Calnetix 

and recently WattsUp Power have pioneered a considerable development work and seem indeed to be reliable 

suppliers. 

Active Power  www.activepower.com 

Amber Kinetics http://amberkinetics.com 

Beacon Power www.beaconpower.com 

WattsUp Power http://wattsuppower.com/about-us 

CAT http://www.cat.com/en_US/power-systems/electric-power-

generation/ups-flywheel.html 

Calnetix https://www.calnetix.com/ 

Optimal Energy Systems http://www.optimalenergysystems.com/ 

Pentadyne http://www.pentadyne.com/ 

Piller GmbH www.piller.com  

Precise Power Corporation http://www.precisepwr.com 

Toshiba http://www.toshiba.co.jp/thermal-

hydro/en/hydro/products/facts/rotes.htm 

Vycon www.vyconenergy.com 

Urenco Power Technologies http://www.urenco.com/ 

Ricardo http://www.ricardo.com/en-GB/Who-we-are/ 
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Prediction of performance and costs 

Performance and costs in 2017 

Performance  

Figure 7 is an excerpt from test data for a flywheel run in the New York ISO grid in the US. The extremely fast 

reaction time of flywheels is indicated (often superior to reaction times for batteries). There is no reason to 

anticipate improvement (or need for improvement) of this performance. 

 

 

Figure 7: Test data run in the New York ISO grid in the US. The data shows regulation during one day and night after 8 months 

following fast changing frequency regulation signal. Availability to respond 97.2% of the time it was online. Source: Beacon Power. 

Costs 

System installation prices naturally depend on the individual location conditions and size of purchase. 

Examples of prices for flywheels in 2010 and 2017 and comparison of these prices are shown in Table 2 which is 

based on information provided by Beacon Power in 2010 and by WattsUp Power (WUP) A/S in 2017 (numbers 

are based on recent sales). 
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Cost of flywheel 2010 and 2017   

Beacon Power plants 2010   

Discharge-/charge capacity (MW) 1 0.2 

Energy storage (Wh/W) 0.25 0.25 

Cost per charge capacity M$(2010)/ MW 2.9 8 

Cost per capacity M$(2015)/ MW 3.1 8.5 

Cost per charge capacity M€(2015)/ MW 2.3 6.4 

Cost per energy storage M€(2015)/MWh 9.3 4.6 

WattUp plants 2017    

Discharge-/charge capacity (MW) 1 2 

Energy storage (Wh/W) 0.1 0.1 

    

Cost per charge capacity M€(2015)/ MW 0.20 0.16 

Cost per energy storage M€(2015)/MWh 2.0 1.6 

    

Flywheel cost reduction 2010 to 2017   

  1  

Cost per charge capacity per MW 92%  

Cost per energy storage per MWh 79%  

Table 2: Prices for flywheels and comparison of prices, information is provided by Beacon Power in 2016 and WattsUp Power (WUP) 

A/S in 2017 (numbers are based on recent sales)  

In the examples in Table 2 significant drop in cost from 2010 to 2017 can be seen. The costs calculated per 

charging/discharging capacity has fallen approximately 90 % (for 1MW plants) and calculated relative to energy 

storage capacity it has decreased 80 %. This can indicate of that the prices in general have decreased 

significantly, even if the plants are not directly comparable as the energy storage capacities are not the same.  

                                                           

6
 Beacon Power 2009:- Full system price for a 1MW(250kWh) system in the range of $2.8-3 million/MW; -2 

flywheel(200kW) system app. $1.6 million/MW, both prices without VAT and to be adjusted for relative scope.  

7
 WattsUp Power 2017: Standard solutions optimized to stabilize MV/LV power transformers in the power grid. The 

system is sold in modular configurations. Each module has a capacity of 100kWh and a peak discharge capacity of 1 MW 

capacity. Full system price in the range of 1.5 million Dkkr/MW and for a 2 MW (200kWh)system in the range of 2.5 million 

DKkr/MW, both prices without VAT and to be adjusted for relative scope. 
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One major reason for the dramatic decrease in flywheel prices is a corresponding decrease in materials prices 

for materials (polymer composite materials) used for production of the flywheel itself. In 2017, 40% of the total 

investments cost, including BoP, for flywheels arises from rotor materials costs [15]. The reason for the 

materials price decrease is the considerable market expansion for windmills, which use the same kind of 

materials and manufacturing routines for turbine rotor blades. This decrease in materials prices is expected to 

continue for the coming decade.  

Table 3 shows historical flywheel prices as well as recent up-to-date prices for flywheel systems. Looking at the 

prices in the table it is difficult to predict a significant tendency neither in energy price nor in power price. 

  

Investment cost per energy 

storage capacity  

Investment cost per 

discharge capacity    

Year of 

publication 
$/kWh* 

M€/MWh     

(2015 prices) 
$/kW* 

M€/MW     

(2015 prices) 
Reference 

2001     230 0.35 19 

2003     300 0.35 10 

2010   9.3   2.3 Beacon Power8 

2010   5   6.4 Beacon Power9 

2011 4000 3.1 1500 1.1 20 

2012 1000 0.81 250 0.20 9 

2012 14000 11 25000 20 9 

2013 300 0.23 1333 1.0 22 

2014     130 0.10 15 

2015 6500 5.9 24 0.02 23 

2015 1340 1.2 3360 3.0 24 

2015 1570 1.4 3920 3.5 24 

2015 3000 2.7     25 

2017   0.3   0.03 WattsUp Power 

2017   2.0   0.20 WattsUp Power10 

2017   1.6   0.16 WattsUp Power11 

Table 3: Overview of energy- and power prices for flywheel storage systems, from different references and years, prices are updated 

to 2017 based on CPI index change.*Price year is the year of the publication. 

                                                           

8
 Table 2 Beacon Power, plant size: 1 MW 

9
 Table 2 Beacon Power, plant size: 0.2 MW 

10
 Table 2 WattsUp Power, plant size: 2 MW 

11
 Table 2 WattsUp Power, plant size: 1 MW 
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Maintenance 

Maintenance costs decreased considerably from 2009 to 2017, as shown by information from Beacon Power 

2009 and WattsUp Power 2017. 

 

Data from Beacon Power 2009: 

• Detailed operating and maintenance manuals available 

• No onsite operator presence 

• Remotely monitored 

• Specific faults shut down systems and notify operators 

• Flywheels monthly visual inspections 

• Monthly BOP maintenance (pumps/fans/chillers/etc.) 

• ~4-5% of capital cost/year 

 

Data from WattsUp Power 2017: 

• Detailed operating and maintenance manuals are available. 

• No onsite operator presence. 

• Remotely monitored. 

• Specific errors/malfunctions shut down systems and notify operators. 

• Flywheels yearly visual inspections. 

• Maintenance cost < 1% of capital cost/year.  

• Product life time +25 years on mechanics and 15 years on electronics. 

 

The demand for inspection is reduced from once each month to once a year and the expected yearly cost of 

maintenance is reduced from 4-5% of capital cost to 0.01% of capital cost p.a. At the same time, the expected 

capital cost for WattsUp Power flywheel is a fifth to a tenth of the cost of Beacon Power meaning that the 

maintenance cost for a WattsUp Power flywheel in 2017 is less than 1 % of the maintenance cost for a Beacon 

Power flywheel in 2009. 

Lifetime     

The expected lifetime for a flywheel system in 2017 is in the range of 20-25 years for the wheel or more than 

1,000,000 cycles. 

Losses from flywheels are low and can be down to the range of 1%/year when left in a spinning state [16]. The 

practical number however is 5% (WattsUp). 
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Reliability: Mean time between failures 3.400.000 hours (Beacon Power). 

Prediction of price and performance 

As mentioned above a significant decrease of material prices for manufacturing the flywheel rotors has been 

seen over recent years and this development is believed to continue in years to come. Since the cost of the 

rotor in 2017 is about 40% of system costs a decrease in materials prices has a significant impact on the full 

system cost. This is the explanation why flywheel system prices have recently decreased up to 30%/year and is 

expected to continue decreasing significantly over the next decades. 

The price prediction data given in Table 4 below are based on an evaluation of how the price decrease 

development can be anticipated towards 2050. In fact, the materials and production technology used for the 

wheels themselves are the same as used in wind turbine industry for rotor blades. The strong demand for new 

and more efficient wind turbines at lower price has driven a correspondingly strong decrease in materials 

prices, which has in turn had a parallel impact on flywheels. The same development is anticipated to go on 

approx. for the next 10 years supported also by learning processes and increased production volume. After 

2025 a much more controlled – although still decreasing – price development for flywheel systems is expected. 

Uncertainty 

As described in the above section there is uncertainty to the flywheel price projection shown in the present 

document (Table 4 below). 40% of this uncertainty is linked to the corresponding development in wind turbine 

rotor blades and this effect is expected to decrease in the years towards 2050 due to increasing maturity of 

composite production technology. The remaining 60% of system price concerns more mature and well-known 

technology (e.g. electronics and control system), where the price projection is less uncertain. The price 

projection shown in Table 4 results from summing the estimations from the two contributions. 

System delivery time 

Delivery time for a flywheel system will depend somewhat on the local site schedule including permits from 

relevant authorities. But it seems that the delivery time in 2017 has been reduced to about half of the delivery 

time in 2009. 

In 2009 Beacon Power informed that an optimistic schedule for flywheel delivery would be 

• For purchase of 1-2 flywheels 0.1 MW approx. 9 months 

• For purchase of 1 MW module around 12-15 months 

• For purchase of 20 MW SEM initial operation after 12-15 months and full operation after 15 months 

 

In 2017 WattsUp Power informed that delivery time for a flywheel system is 3-6 months, including planning. 

Laboratory tests are available within 2 – 4 weeks.  
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Quantitative description 
Technology  Flywheels  

 
2018 2020 2030 2050 

Uncertainty 
(2020) 

Uncertainty 
(2050) 

Note Ref 
 

Energy/technical data 
    

Lower Upper Lower Upper 
 

 
 

Form of energy stored Electro-mechanical energy        

Application 
Short and medium term grid 

services 
       

Energy storage capacity for one unit 
(MWh) 

0,1 0,1 0,1 0,1 0.1 0.1 0.1 0.15 A, F, M  
 

Output capacity for one unit (MW)* 1 1 1 1 1 1 1 1.5 A, F, M   

Input capacity for one unit (MW)* 1 1 1 1 1 1 1 1.5 A, F, M   

Round trip efficiency (%) 98 98 98 98 98 99 98 99 G, M   

- Charge efficiency (%) 99 99 99 99 99 99.5 99 99.5 G, M   

- Discharge efficiency (%) 99 99 99 99 99 99.5 99 99.5 G, M   

Energy losses during storage (%/day) 5 3 1 1 2 5 0.5 1.5 H [16]  

Auxiliary electricity consumption (% of 
output) 

0        C   

Forced outage (%) 0         [17]  

Planned outage (weeks per year) 0           

Technical lifetime (years) 20 20 25 25 20 25 20 25 B, M [17]  

Construction time (years) 0.5 0.25 0.25 0.25 0.25 0.25 0.25 0.25 A, M  
 

 
           

Regulation ability  

Response time from idle to full-rated 
discharge (sec) 

0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 D, M  
 

Response time from full-rated charge to 
full-rated  discharge (sec) 

0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 D, M  

            

Financial data  

Specific investment (M€2015 per MWh) 1 0.335 0.335 0.335 0.3 0.36 0.3 0.36 E, J, L [18] 
 

- energy component (M€2015 per MWh) 
1 

0 

0.33 0.33 0.33 0.3 0.36 0.3 0.36 D  
 

- capacity component (M€2015 per MW) 0.1 0.1 0.1 0.1 0.1 0.1 0.09 0.1 D  
 

Fixed O&M (€2015/MW/year) 750 750 750 750 750 750 750 750 D, M   

Variable O&M (€2015/MWh)         I [7]  

            

Technology specific data  

Specific investment (M€2015/MW) 0.164 0.145 0.136 0.131 0.14 0.15 0.13 0.14 A [18] 

 
Specific energy (Wh/kg) 115 350 350 350 300 400 350 400 A  

Specific energy (Wh/l) 500 1500 1500 1500 1300 2000 1300 2000 A  

Cycle life 10
6 

10
6 10

6 
10

6 
10

6
 10

7
 10

6
 10

7
 A  
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Notes 

A. Data informed by WattsUp Power February 2018 

B. +25 years on mechanics. 15 years on electronics. Informed by WattsUp Power March 2017 

C. 150 W during upstart procedure for 7 min informed by WattsUp Power. After upstart auxiliary power is included 

in round trip efficiency 

D. Informed by WattsUp Power February 2018 

E. Confer also Table 2 

F. Please note that the mentioned 1 MW is standard size of one unit that can be assembled to larger entities 

functioning as “larger units” (somewhat similar to the case of cells in batteries). The displayed financial data is for 

a 2 MW plant. Flywheels can be connected and provide 20 MW regulation power and several MWh of storage 

capacity (this size is in commercial operation cf. Figure 5 above). Higher capacities can be obtained and the price 

per unit decreases when several units are purchased. 

G. Informed by WattsUp Power February 2018 

H. Loss per day measured by WattsUp Power. The projected losses towards 2050 is justified by results already now 

obtained by NASA 

I. The variable costs of flywheels are not directly related to the power put in and out. The data is based on storing 

(and discharging) 33 MWh per day in 350 days per year. Data from WattsUp Power. 

J. Displayed price information is based on recent WattsUp Power sales prices for two units (each 1 MW, 100 kWh). 

Price for one unit of 1 MW and 100 kWh is approx. 0.1 mill EUR. If several units are purchased unit price may be 

lower than by purchase of two units. 

K. Based on plans for increasing rotational speed by a factor 3 (WattsUp Power) 

L. The non-flywheel costs depend on the use of the flywheel. Demanding use patterns may increase non-flywheel 

costs from the 5 kEUR (as included here) to 75 kEUR per MWh 

M. Future uncertainties based on author´s best assessment 
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Brief technology description  

How does a Lihium-ion battery work?  

A lithium-ion battery or Li-ion battery (abbreviated as LIB) can store electric energy as chemical energy. Both 

non-rechargable and rechargeable LIBs are commercially available. The non-rechargable LIBs (also called 

primary cells) have long shelf-life and low self-discharge rates, and are typically fabricated as small button cells 

for e.g. portable consumer electronics, arm watches and hearing aids. Rechargeable LIBs (also named 

secondary cells) are applied in all kinds of consumer electronics, and is currently entering new markets such as 

electric vehicles and large-scale electricity storage. The rechargeable LIBs can be used to supply system level 

services such as primary frequency regulation, voltage regulation and load shifting, as well as for local 

electricity storage at individual households. Below we only focus on the rechargeable LIBs. 

A LIB contains two porous electrodes separated by a porous membrane. A liquid electrolyte fills the pores in 

the electrodes and membrane. Lithium salt (e.g. LiPF6) is disolved in the electrolyte to form Li+ and PF6
- ions. 

The ions can move from one electrode to the other via the pores in the electrolyte and membrane. Both the 

positive and negative electrode materials can react with the Li+ ions. The negative electrode in a LIB is typically 

made of carbon and the positive of a Lithium metal oxide. By convention, the negative and the positive 

electrode are also called the anode and the cathode respectively. Electrons cannot migrate through the 

electrolyte and the membrane physically separates the two electrodes to avoid electrons crossing from the 

negative to the positive electrode and thereby internally short circuiting the battery. The individual 

components in the LIB are presented in Figure 1. 

 

 

Figure 1. Schematic diagram of a typical LIB system displaying the individual components in the battery.   
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When the two electrodes are connected via an external circuit the battery start to discharge. During the 

discharge process electrons flow via the external circuit from the negative electrode to the positive. At the 

same time Li+ ions leaves the negative electrode and flows through the electrolyte towards the positive 

electrode where they react with the positive electrode. The process runs spontaniously since the two 

electrodes are made of different materials. In popular terms the positive electrode “likes” the electrons and 

the Li+ ions better than the negative electrode.  

The energy released by having one Li+ ion, and one electron, leaving the negative electrode and entering the 

positive electrode is measured as the battery voltage times the charge of the electron. In other words the 

battery voltage - also known as the electromotive force: EMF - measures the energy per electron released 

during the discharge process. EMF is typically a around 3-4 Volts and depends on the LIB cell chemistry, the 

temperature and the state of charge (SOC – see below). When e.g. a light bulb is inserted in the external circuit 

the voltage primarily drops across the light bulb and therefore the energy released in the LIB is dissipated in 

the light bulb. If the light bulb is substituted with a voltage source (e.g. a power supply) the process in the 

battery can be reversed and thereby electric energy can be stored in the battery.  

The discharge and charge process is outlined in Figure 2. The battery is fully discharged when nearly all the 

Lithium have left the negative electrode and reacted with the positive electrode. If the battery is discharged 

beyond this point the electrode chemistries become unstable and start degrading. When the LIB is fully 

discharged the EMF is low compared to when it is fully charged. Each LIB chemistry has a safe voltage range for 

the EMF and the endpoints of the range typically define 0% and 100% state of charge (SOC), and the safe 

voltage range prevents complete Lithium removal.  The discharge capacity is measured in units of Ampere 

times hours, Ah, and depends on the type and amount of material in the electrodes. Overcharging, or 

prolonged storage at high SOC also accelerates degradation. 

 

 

Figure 2. Schematic diagram of a LIB system in charge and discharge mode. During discharge the green Li+ ions moves from the 

negative electrode (left side) to the positive electrode. The process is reversed during charge mode (right side). 
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The first lithium batteries were developed in the early 1970s and Sony released the first commercial lithium-ion 

battery in 1991. During the ‘90s and early 2000s the LIBs gradually matured via the pull from the cell-phone 

market. The Tesla Roadster was released to customers in 2008 and was the first highway legal serial production 

all-electric car to use lithium-ion battery cells. Further, around 2010 the LIBs expanded into the energy storage 

sector.   

Lithium-ion chemistries 

Table 1 shows a comparison of the three most widely used LIB chemistries for grid-connected LIB systems and 

the major manufactures. Other LIB chemistries such as LCO, LMO and NCA are generally not used for first life 

grid electricity storage and are therefore not included in the table. The numbers in the table are taken from cell 

manufactures, product or system suppliers.  NMC is the most widely used of the three chemistries due to the 

increased production volume and lower prices lead by the automotive sector. The NMC battery has a high 

energy density but uses cobalt. The environmental challenges in using cobalt are described in the section: 

“Environment”. 

The LFP battery do not use cobalt in the cathode, but are not as widely used as NMC, and are therefore 

generally higher priced, primarily due to the lower production volumes. 

Both NMC and LFP batteries have graphite anodes. The main cause for degradation of NMC and LFP LIBs is 

graphite exfoliation and electrolyte degradation which in particular occur during deep cycling when the SOC is 

decreased below 10%. 

LTO LIBs are the most expensive cell chemistry of the three. In LTOs the graphite anode is replaced with a 

Lithium Titanate anode. The cathode of a LTO battery can be NMC, LFP or other battery cathode chemistries. 

The LTO battery is characterized by long calendar lifetime and high number of cycles. 
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Short 

name 
Name Anode Cathode 

Energy 

density 

Wh/kg 

Cycles 
Calendar 

life 

Major 

manufactures 

Refer

ences 

NMC 

Lithium 

Nickel 

Manganese 

Cobalt 

Oxide 

 

Graphite 

 

Li 

Ni0.6Co0.2

Mn0.2O2 

120-300 
3000-

10000 

10-20 

years 

Samsung SDI 

LG Chem 

SK Innovation 

Leclanche 

Kokam 

[1–5] 

LFP 

Lithum Iron 

Phosphate 

 

Graphite 

 
LiFePO4 50-130 

6000-

8000 

10-20 

years 

BYD/Fenecon 

Fronius/Sony* 

 

[6,7] 

LTO 

Lithium 

Titanate 

 

LiTO2 

LiFePO4 

or Li 

Ni0.6Co0.2

Mn0.2O2 

70-80 
15000-

20000 
25 years 

Leclanche 

Kokam 

Altairnano 

[1,3,4,

8] 

Table 1. A comparison of four widely used LIB chemistries. 

*Residential energy storage system. All other systems are multi-MWh size. 

 

Lithium-ion battery packaging 

The most common packaging styles for LIB cells are presented in Figure 3. Examples are provided in Figure 4. 

Figure 3(a) show a schematic drawing of a cylindrical LIB cell. Cylindrical cells find widespread applications 

ranging from laptops and power tools to Tesla’s battery packs. Figure 4(a) shows Tesla’s 21700 cylindrical LIB 

cell which is 21 mm in diameter and 70 mm in length. The cell is produced in Tesla’s Gigafactory 1 for Tesla 

Model 3 [9]. Figure 3(b) outline a coin LIB cell. Coin cells are usually used as primary cells in portable consumer 

electronics, watches and hearing aids. Since they are not used for secondary cells (rechargeable) in grid-

connected LIB Battery Energy Storage Systems they are not described further in this text. Figure 3(c) displays a 

schematic drawing of a prismatic LIB cell. Prismatic LIB cells are often used in industrial applications and grid-

connected LIB Battery Energy Storage Systems. The Samsung SDI prismatic LIB cell is shown in Figure 4(b). This 

cell type is used in the BMW i3 [10]. Figure 3(d) shows a schematic drawing of a pouch LIB cell. Figure 4(c) 

shows an LG Chem pouch NMC LIB cell used in LG Chem’s grid-connected LIB Battery Energy Storage Systems. 

Pouch LIB cells are also used in electric vehicles such as the Nissan Leaf [11]. 
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Figure 3. Schematic drawing showing the shape, packaging and components of various Li-ion battery configurations [12]. (a) 

Cylindrical; (b) coin; (c) prismatic; and (d) pouch.  

 

   

Figure 4. Examples of LIB cells. (a) Tesla 21700 cylindrical NMC LIB cell [13]. (b) Samsung SDI prismatic LIB cells [14]. (c) LG Chem 

pouch NMC LIB cell [15]. 

 

Components in a lithium-ion battery energy storage system  

Figure 5 provides an overview of the components in a LIB storage system with interface to the power grid. In 

LIB storage systems battery cells are assembled into modules that are assembled into packs. The battery packs 

include a Battery Management System (BMS). The BMS is an electronic system that monitors the battery 

conditions such as voltage, current, and temperature and protects the cells from operating outside the safe 

operating area. A Thermal Management System (TMS) regulates the temperature for the battery and storage 

system. The TMS depends on the environmental conditions, e.g. whether the system is placed indoor or 
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outdoor. Further an Energy Management System (EMS) controls the charge/discharge of the grid-connected 

LIB storage from a system perspective. Depending on the application and power configuration the power 

conversion system may consist of one or multiple power converter units (DC/AC link). For system coupling a 

transformer may be needed for integration with higher grid voltage levels. The grid integration provides 

services to the grid such as increased reliability, load shifting, frequency regulation etc. The services are 

described further below in the section “Regulation ability and other system services”. Value generation and 

profit is created by selling the services to grid Transmission System Operators (TSOs). Battery capacity may be 

sold to the TSOs in full or partially, allowing for alternate use of the remaining capacity, for example local load 

management, energy trading or DSO services. Appropriate sizing of the battery and power conversion systems 

is essential to maximize the revenue. Technical and economic aspects of a battery storage system, system 

coupling and grid integration are summarized in Table 2. 

 

 
Figure 5. Schematic drawing of a battery storage system, power system coupling and grid interface components. Keywords highlight 

technically, and economically relevant aspects. Modified from [16]. 

 

 Battery & Storage System System Coupling Grid Integration 

T
ec

h
n

ic
a

l 

 

Battery System (Cell, Module, Pack) 

Battery Management System (BMS) 

Energy Management System (EMS) 

Thermal Management System (TMS) 

 

Power Electronics (AC/DC) 

& Transformer 

 

Environmental Conditions 

 

Application Specific Profile 

Local Connection / 

Grid Level of Integration 

Dispatching according to 

operator. 

E
co

n
o

m
ic

  

CAPEX: Battery system and sizing 

OPEX: Degradation and Efficiency  

Operation Control Strategy 

 

CAPEX: Power Electronics/ 

Placement of System 

OPEX: Conversion 

Efficiency  

 

CAPEX: Regulatory Framework 

OPEX: Regulatory Framework 

Profit / Savings via Application  

 

Table 2. Formalized overview of the battery storage system, power system and grid interface components considering both technical 

and economic aspects. Modified from [16]. 
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Input/Output 
Input and output are both electricity. Electricity is converted to electrochemical energy during charge and 

converted back to electricity during discharge in the reaction process described in the section: “How does a 

Lithium-ion battery work?”. 

Energy efficiency and losses 

The losses in a LIB can be divided in operational and standby losses. The operational losses are first described, 

then the standby losses. Finally the energy efficiency is discussed.  

Operational losses 

The operational losses occur when energy is discharged or charged to/from the grid. It includes the conversion 

losses in the battery and the power electronics.  

When the LIB is not operated its voltage U equals the EMF. However, during discharge or charge the battery 

voltage U change due to current I passing the internal resistance Ri in the LIB. The voltage change U can be 

described using Ohms law   

   (1) 

and the loss in the internal resistance is defined as  

   (2) 

Equation (2) explains how the loss increases with increasing current.  

The LIB provides a DC current during discharge and needs a DC current input for charging. Before the electricity 

is sent to the grid the inverter converts the DC current to AC. The inverter loss typically increases gradually 

from around 1% to 2% when increasing the relative conversion power from 0% to 100% [17]. 

Standby losses 

Unwanted chemical reactions cause internal current leakage in the LIB. The current leakage leads to a gradual 

self-discharge during standby. The self-discharge rate increases with temperature and the graph below shows 

the remaining charge capacity as function of time and temperature for a LIB. The discharge rate is the slope of 

the curve and is around 0.1% per day at ambient temperature. 

 

iU EM R IU F  

2

loss iUP I R I
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Figure 6. Remaining charge capacity for a typical LIB as function of storage time [18]. 

Besides the self-discharge in the cell, a LIB electricity storage system requires power to operate the auxiliary 

balance of plant (BOP) components. Figure 5 outlines the BOP components which include the inverter, BMS, 

EMS and TMS. The relative energy loss to the BOP components depends on the application, and a careful 

operation strategy is important to minimize their power consumption [17]. The standby loss  is the sum of 

the energy losses during standby due to self-discharge and power consumption in the BOP components.  

Energy Efficiency 

The conversion roundtrip efficiency of the LIB cell is the discharged energy divided with the charged energy. 

The battery conversion efficiency decreases with increasing current since the  increases. An example of a 

LIB cell conversion efficiency is shown in Figure 7. The C-rate is the inverse of the time it takes to discharge a 

fully charged battery. At a C-rate of 2 it takes ½ hour and at a C-rate of 6 it takes 10 minutes.  

 

 

Figure 7. Conversion round trip efficiency vs. C-rate for one of Kokam’s NMC-based lithium polymer batteries [19].   

stbE

lossP
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The system conversion roundtrip efficiency  considers losses which occur on the conversion path from 

the energy charged  and the energy discharged  from/to the grid. It includes the 

conversion losses in the battery and power electronics 

and can be written as  

   (3) 

The total roundtrip efficiency  further includes the standby losses:   

   (4) 

Here  denotes the energy required from the grid to continuously operate BOP and maintain state of 

charge. The various types of losses makes  heavily dependent on the application. As an example, an 11 

MW/4.4 MWh LIB system was installed in Maui, Hawaii for wind ramp management, essentially smoothing the 

output of an 21 MW wind farm [20].  The total roundtrip efficiency for this system is around 80 % [21]. Lazard 

uses an estimate of 85% [22]. To summarize, the total roundtrip loss typically consist of 2-5% related to the 

cell, 2-4% to the power electronics and the rest to standby losses.    

Regulation ability and other system services 
Grid-connected LIBs can absorb and release electrical energy fast. The response time of grid-connected LIBs are 

strongly dependent on control components, EMS, BMS and TMS as well as the power conversion system (PCS).  

The competitive installation cost (outlined below) makes grid-connected LIB BESS (Battery Energy Storage 

System) suitable for a broad range of applications [23] such as peak load shaving where the BESS provides or 

recieves energy to reduce peaking in a power system. In relation to this BESS can promote renewable 

integration, e.g. time or load shifting of photovoltaic power from day to night. Further the BESS can provide 

transmission congestion relief where locally deployed BESS reduces the load in the transmission and 

distribution system. In this way the BESS can help defer expensive upgrades of the transmission and 

distribution network.  

The fast response time enables the use of BESS for a broad range of primary control provisions. These include 

Frequency regulation where the BESS are used to alleviate deviations in the AC frequency. Today, frequency 

regulation is the main application of stationary BESS systems deployed worldwide. The BESS can also be used 

to improve network reliability by reacting immediately after a contingency. Here the BESS can help maintaining 

stability in the power system until the operator has re-dispatched generation. Moreover, the BESS can 

effectively be used for black-starting distribution grids and LIB-BESS systems are suitable for enhancing the 

power quality and reducing voltage deviations in distribution networks. The BESS can further be used to 

Conversion
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provide spinning reserves and regulate active and reactive power thereby improving the network voltage 

profile. This can improve the integration of renewable energy.  

Typical characteristics and capacities 

The frame or shelf that holds the batteries is called a rack, i.e. the battery pack (Figure 5) without the BMS. The 

energy per rack is typically 60-166 kWh [2,24] and the size is e.g. 415mm x 1067 mm x 2124 mm (W x D x H) for 

a 111kWh rack from Samsung SDI [2] and 520 mm x 930 mm x 2200 mm (W x D x H) for a 166.4 kWh rack from 

LG Chem [24]. Both companies uses the NMC chemistry. The weight of the Samsung SDI rack is 1170 kg and the 

C-rate is 0.5 during charge and up to 6 during discharge [2]. For the LG Chem system the weight is 1314 kg. This 

gives an energy density of 118 kWh/m3 and 0.095 kWh/kg for the Samsung SDI system and 156 kWh/m3 and 

0.127 kWh/kg for the LG chem system The C-rate for the LG Chem systems ranges from around 0.3 to +1 but is 

not specified in detail. For this reason the Samsung SDI system is used to specify energy and power density in 

the data sheet (Table 3). For the Samsung SDI system the power density in charge-mode is 50 kW/m3 and 0.047 

kW/kg. In discharge-mode it is 708 kW/m3 and 0.569 kW/kg.  

Typical storage period 

Several aspects of the LIB technology put an upper limit to the feasible storage period. The self-discharge rate 

makes storage periods of several months unfeasible. The BOP power for standby operation adds parasitic 

losses to the system which further limits the feasible standby time. Unwanted chemical reactions in the LIB 

gradually degrade the battery and limit the calendar lifetime. This calls for shorter storage periods in order to 

obtain enough cycles to reach positive revenue.  

For LIBs the total number of full charge-discharge cycles within the battery lifetime is limited between a few 

thousands up to some ten-thousands. The exact number depends on the chemistry, manufacturing method, 

design and operating conditions such as temperature, C-rate and calendar time. This impacts the type of 

suitable applications. For instance due to the different degree of usage, the LTO chemistry may find more use 

on the FCR-N12 market while others like NMC may be preferred for the FCR-D market.  

LIB systems have been deployed to provide frequency response  with a response time ranging from seconds to 

minutes [25], and the systems are increasingly used for renewables time shifting with typical storage periods of 

a few hours [17,25].  

                                                           

12
 FCR-N: Frequency Containment Reserve for Normal operation. FCR-D: Frequency Containment Reserve for 

Disturbances 
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Space requirement 
The racks and battery packs are typically assembled in containers and the energy per 40 feet container is 4-6 

MWh for NMC batteries [2,24]. The foot-print of a 40-feet container is 29.7 m2. This gives a space requirement 

around 5-7.5 m2/MWh. 

Advantages/disadvantages 

Within the last decade the commercial interest for electricity storage using LIB systems has increased 

dramatically. The production volume is still limited and there is a promising potential for cost reductions 

through upscaling. The technology is stand-alone and requires a minimum of service after the initial 

installation.  

Containers come in standard sizes. For small systems this impacts the LIB system CAPEX, however when the 

system size exceed several container units, the price can be considered fairly linear. Compared to e.g. fuel cell 

technology the CAPEX per storage capacity is relatively high. This is because the electricity is stored in the 

battery electrodes whereas for fuel cells the electricity is stored as a separate fuel. Adding incrementally more 

energy capacity to a battery system is therefore relatively expensive. The relatively high energy specific CAPEX 

combined with the gradual self-discharge and parasitic losses in the BOP make the technology less attractive 

for long-term storage beyond a few days.  

Environment 

A US-EPA report stated in 2013 that across the battery chemistries, the global warming potential impact 

attributable to LIB production including mining is substantial [26]. More specifically a recent review on life-

cycle analysis (LCA) of Li-Ion battery production estimates that “on average, producing 1 Wh of storage 

capacity is associated with a cumulative energy demand of 328 Wh and causes greenhouse gas (GHG) 

emissions of 110 g CO2 eq“ [27].  

The LIB cathode material NMC contains toxic cobalt and nickel oxides. About 60% of the global production of 

cobalt comes from DR Congo and the environmental health risks and work conditions in relation to the cobalt 

mining raises ethical concerns [28]. Visual Capitalist believes the cobalt content in NMC could decrease to 10% 

already in 2020 [29] from 20 % today by changing from a 6-2-2 ratio to a 8-1-1 ratio. 

Starting about two years ago, fears of a lithium shortage almost tripled prices for the metal [30], and the 

demand for lithium will not fall anytime soon. According to Bloomberg New Energy Finance the electric car 

production alone is expected to increase more than thirtyfold by 2030. However, the next dozen years will 

drain less than 1 percent of the reserves in the ground, according to BNEF. One should be sceptic of this 

statement as battery makers are likely going to rapidly increase mining capacity to meet the demand.  

Research and development perspectives 

Currently a wide range of government and industry-sponsored LIB material, cell, and system level research is 

taking place. Some of the ongoing material research to further increase the energy density of LIB cells includes 

high-voltage electrolytes allowing charging voltages of up to 5 volts [31] and silicon nanoparticle based anodes 
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to boost the charge capacity [32].  Several research and development activities focus on improving the cycle 

lifetime of LMO cells [33–35].  

Some of the most promising post Li-ion technologies include Lithium Sulphur batteries that use Sulphur as an 

active material. Sulphur is abundantly available at reasonable price and allows for very high energy densities of 

up to 400 Wh/kg. Also Lithium air batteries have received considerable attention. Since one of the active 

materials, oxygen, can be drawn from the ambient air, the lithium-air battery features the highest potential 

energy and power density of all battery storage systems. Due to the existing challenges with electrode 

passivation and low tolerance to humidity, large-scale commercialization of the lithium-air battery is not 

expected within the next years. 

Several non-lithium-based battery chemistries are being investigated. Aluminum Sulphur batteries may reach 

up to 1000 Wh/kg with relatively abundant electrode materials, but are still in the very early development 

phase [36].  

Besides the materials research, improved cell design, BMS, TMS and EMS technology and operation strategy 

can improve storage efficiency considerably [17]. 

Although LIB systems for electricity storage are now commercially available, the R&D is still in its relatively 

early phase and is expected to contribute to future cost reductions and efficiency improvements.  

Examples of market standard technology 
Grid scale turn-key LIB systems are commercially available from a wide range of suppliers. Referenced 

examples are shown in Table 3. Two larger grid-connected LIB systems are installed in Denmark: A) In 

Nordhavn, Copenhagen, Denmark a 630kW/460kWh was installed by ABB for Radius Elnet and Ørsted in 2017. 

This set the scene for Ørsted’s first steps into commercial battery storage. For Ørsted the following energy 

storage projects are under development: a 20MW battery storage near Liverpool in UK and a 1 MW storage 

pilot project in Taiwan [37]. B) Lem Kær Wind Farm was Vesta’s pilot project for energy storage which 

participates in the DK frequency regulation market. Vestas is working on Kennedy Power Plant that integrates 

wind and solar with grid-scale energy storage and will feature a 2MW / 4MWh grid-scale LIB storage system to 

provide ancillary services, test energy arbitrage and reduce curtailment. 

Globally the two largest grid-scale LIB storage systems are the Mira Loma Substation in California which 

features 20MW/80MWh using 400 Tesla Powerpack 2 [38,39] and the Neoen’s Hornsdale Wind Farm which 

features 100MW/129MWh [40], both systems provide peak shaving.  

The Laurel Mountain, West Virginia, USA grid-scale LIB storage system at 32MW/8MWh [41] is designed for 

frequency regulation and with high power to energy ratio compared to the Tesla grid-scale LIB storage systems 

which are designed for peak shaving with a lower power to energy ratio. 
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Image Location Primary 

usage 

Year Power 

capacity 

Techn. 

provider 

Ref. 

 

Energylab 

Nordhavn, 

Copenhagen, 

Denmark 

Frequency 

Regulation 

 

Peak 

Shaving 

 

Voltage 

Regulation 

 

Harmonic 

Filtering 

2017 630 kW 

 

460 kWh 

 

NMC 

ABB for 

Radius 

Elnet / 

Ørsted 

[42] 

 

Lem Kær 

Wind Farm, 

Denmark 

Frequency 

regulation 

2014 400kW 

LFP and 

1.2MW 

LTO 

 

 

Altairnan

o and 

A123 for 

Vestas 

[43] 

 

Mira Loma 

Substation, 

California, 

USA 

Peak 

Shaving 

2016 20 

MW  

 

80 

MWh 

Tesla [38,3

9] 

 

Neoen’s 

Hornsdale 

Wind Farm, 

South 

Australia 

Peak 

Shaving 

2017 100  

MW 

 

129 

MWh 

Tesla [40] 

 

Laurel 

Mountain, 

Belington, 

West Virginia, 

USA 

Frequency 

Regulation 

and 

Renewable 

Energy 

Integration 

2011 32 

MW 

 

8 

MWh 

AES and 

A123 

[41] 

Table 3. Example of market standard technology for grid-connected LIB systems. 
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Prediction of performance and cost 
The recent industry average LIB pack cost forecast taken from Bloomberg’s New Energy Outlook 2018 is shown 

in Figure 8 [44]. The current LIB price is close to 200$/kWh and the forecast (dotted line) predicts a battery 

price of 70 $/kWh by 2030. Further, the forecasted added installed capacity between now and 2050 is 

estimated to 1291 GW [44]. Using Bloombergs 18% learning rate and the predicted capacity growth, this results 

in a forecasted 50$/kWh in 2040 and 40 $/kWh in 2050.  

 

Figure 8: Historical and forecasted Lithium-ion battery pack cost [44]. 

TESLA through its Gigafactory is reported to be 4-5 years ahead of the industry average with a pack cost level of 

US$190/kWh already in 2016 and indications have been reported of US$ 100/kWh before 2020 [45] and US$ 

80/kWh soon thereafter [46].  

The cost reductions are backed up by a rapid increase in the LIB production capacity as shown in Figure 9. The 

production capacity is expected to grow from 28 GWh in 2016 to 174 GWh by 2020 representing an impressive 

five-fold growth in four years [47].  
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Figure 9: Projected growth in LIB manufacturing capacity over next few years, total and divided on technology producers [47]. Each 

battery represents a production capacity of one GWh per year. 

The forecasted decrease in battery pack cost (Figure 8) and increase in production capacity (Figure 9) aligns 

with a forecasted steep growth rate of the utility-scale application market as shown in Figure 10. The installed 

capacity is estimated to reach 14 GW in 2023 [48]. Globaldata predicts this capacity level could be reached 

already in 2020 [49]. 
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Figure 10: Worldwide forecast of battery storage capacity (MW) and annual revenue (USD) for utility-scale applications [48].  

Uncertainty 

The LIB price forecasts imply a broad range of uncertainties. If the learning rate is not 18% as estimated in 

Bloomberg’s New Energy Outlook 2018 [44], but rather 12-16% as estimated earlier [50], the forecasted price 

reductions will be smaller. Having a 12% learning rate, the 2050 price ends at 70 $/kWh instead of 40 $/kWh. 

With a 14% and 16% learning rate the 2050 price ends respectively at 60 $/kWh and 50 $/kWh.  

As shown in Figure 11 Tesla/Panasonic seems 4 to 5 years ahead of the industry average cost per kWh. The 

figure also indicates differences in the forecasted cost reduction. The Tesla forecast indicates pack prices as low 

as 50 $/kWh already in 2025. 

  

Figure 11: Trend data for Tesla/Panasonic vs. Bloombergs forecasts for LIB pack cost [44,45].  
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The spread in the current and predicted price shown in Figure 11 indicates a substantial uncertainty in 

the current and forecasted cost. The estimated 90% confidence interval is 170-80 $/kWh in 2020 and 

for the 2050 LIB price is estimated to be 30-75 $/kWh.  
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Data sheet 
The data sheet table summarizes the development predictions. The assumptions for the predictions are 

discussed in the sections above. 

Technology  
 

Lithium-ion NMC battery (Utility-scale, Samsung SDI E3-R135) 

 
2015 2020 2030 

 
2040 2050 

Uncertainty 
(2020) 

Uncertainty 
(2050) 

Note Ref 

Energy/technical data 
   

 

 
Lower Upper Lower Upper 

 
 

Form of energy stored  Electricity       

Application 
 System, power- and energy-intensive 

      

Energy storage capacity for one unit 
(MWh) 

3.2 6 7 8 8 5 9 7 12 A [2,14] 

Output capacity for one unit (MW) 9.6 18 21 24 24 16 21 22 28 A,B [2,14] 

Input capacity for one unit (MW) 1.6 3 3.5 4 4 2.7 3.5 3.7 4.7 A,B [2,14] 

Round trip efficiency (%) AC 91 91 92 92 92 90 92 91 94 C [3,21,22,51] 

Round trip efficiency (%) DC 95 95 96 96 96 95 96 95 97 C [3,21,22,51] 

- Charge efficiency (%) 98 98 98.5 98.5 98.5 98 98.5 98 99 D [2] 

- Discharge efficiency (%) 97 97 97.5 97.5 97.5 97 98 97 98 D [2] 

Energy losses during storage 
(%/day) 

0.1 0.1 0.1 0.1 0.1 0.05 0.2 0.05 0.15 E [18,50,52] 

Forced outage (%) 0.4 0.38 0.35 0.3 0.25 0.2 0.5 0.1 0.3 F  

Planned outage (weeks per year) 0.2 0.2 0.1 0.1 0.1 0.1 0.25 0.05 0.2 F  

Technical lifetime (years) 15 20 25 30 30 15 25 20 45 G [3,5,8,14] 

Construction time (years) 0.25 0.2 0.2 0.2 0.2 0.2 0.25 0.1 0.25  [38] 

 
           

Regulation ability 

Response time from idle to full-rated 
discharge (sec) 

<0.08 <0.08 <0.08 <0.08 <0.08 <0.08 <0.08 <0.08 <0.08 H [53] 

Response time from full-rated charge 
to full-rated discharge (sec) 

<0.08 <0.08 <0.08 <0.08 <0.08 <0.08 <0.08 <0.08 <0.08 H [53] 

            

Financial data 

Specific investment (M€2015 per 
MWh) 

0.708 0.432 0.302 0.194 0.135 0.320 0.554 0.066 0.305 I [44,48] 

- energy component (M€/MWh) 0.308 0.132 0.062 0.044 0.035 0.070 0.189 0.026 0.115 J [44] 

- capacity component (M€/MW) PCS 0.29 0.27 0.16 0.1 0.06 0.24 0.51 0.04 0.25 K [54–56] 

- other project costs (M€/MWh) 0.11 0.1 0.08 0.05 0.04 0.09 0.11 0.02 0.11 L [22,40,54] 

Fixed O&M (k€2015/MW/year) 0.54 0.54 0.54 0.54 0.54 0.45 0.54 0.40 0.54 M [22] 

Variable O&M (€2015/MWh) 2.1 2.0 1.8 1.7 1.6 0.4 5.6 0.3 2.5 N [55] 

Technology specific data 

Energy storage expansion cost 
(M€2015/MWh) 

0.418 0.232 0.142 0.094 0.075 0.16 0.259 0.046 0.176 O [44,48] 

Output capacity expansion cost 
(M€2015/MW) 

0.29 0.27 0.16 0.1 0.06 0.24 0.51 0.04 0.25 P [54–56] 

Alternative Investment cost 
(M€2015/MW) 

0.39 0.33 0.20 0.12 0.08 0.28 0.58 0.05 0.31 Q 
[41,44,48,54–

56] 

Lifetime in total number of cycles 6000 14000 30000 40000 50000 10000 16000 20000 70000 R [3–5,14] 

Specific power (W/kg) 569 700 900 1000 1200 600 900 1000 2000 S [2,24] 

Power density (kW/m3) 708 800 1000 1200 1400 750 900 1200 2000 S [2,24] 

Specific energy (Wh/kg) 95 105 139 174 209 100 140 150 300 S [2,24] 

Energy density (kWh/m3) 118 130 173 216 260 150 200 200 400 S [2,24] 

** 1 € = 1.14 US$ 
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Data Sheet Notes:  

A. One unit defined as a 40 feet container including LIB system and excluding power conversion system. Values 

for 2015-2030 are taken from Samsung SDI brochures for grid-connected LIBs from 2016 and 2018 [2,14]. 

This unit of 3.2MWh/9.6MW (3C) is a typical size grid scale battery. The Specific investment cost under 

financial data is provided for a 1MWh : 1MW (1C) battery. Cost examples of a 2MWh/8MW and a 

16MWh/4MW battery are given in the section below.  

B. Power input/output are set to 0.5/3 times the energy capacity as it is the standard grid-connected LIBs 

designed for power purposes [2,14]. It is noted that the power capacity is strongly dependent on the battery 

type and chemistry.  

C. The gradual change towards lower C-rates following the transition from frequency regulation to renewable 

integration promotes lower C-rates. Therefore the average DC roundtrip efficiency is expected to increase 

slightly. The RT eff. vs. C-rate is exemplified in Figure 7 [3,51]. The AC roundtrip efficiency includes losses 

in the power electronics and is 2-4% lower than the DC roundtrip efficiency. The total roundtrip efficiency 

further includes standby losses making the total roundtrip efficiency typically ranging between 80% and 90% 

[21,22]. 

D. The C-rate is 0.5 during charge and up to 6 during discharge for the Samsung SDI batteries [2,14]. The 

presented conversion efficiencies assume average discharge C-rates in 2015-2020 around 3 and charge C-

rates around 0.5.  

E. Lithium-ion battery daily discharge loss. The central estimates for self-discharge of Li-ion batteries range 

between 0.05% and 0.20% a day in 2016 and are expected to stay flat to 2030. 

F. It is expected not to have any outage during lifetime of the grid-connected LIB. Only a few days during the 

e.g. 15 years life time is needed for service and exchanging fans and blowers for thermal management system 

and power conversion system. Forced outage is expected to drop with increasing robustness following the 

learning rate and cumulated production. Planned outage is expected to decrease after 2020 due to increased 

automation.  

G. Current state-of-the-art NMC LIB has 20 years lifetime. The NMC lifetime is expected to reach LTO lifetime 

by 2020 and 30 years lifetime for grid-connected LIBs in 2040 and 2050 as photovoltaic power systems have 

today [3,5,8,14].  

H. The response time is obtained from simulated response time experiments with hardware in the loop [53].  

I. The system specific forecasts includes rack, TMS, BMS, EMS and PCS (Figure 5). The forecast is calculated 

as the sum of the PCS, the battery cell, and other costs. The system specific forecast is exclusive power 

cables to the site and entrepreneur work for installation of the containers [44,48]. The specific investment cost 

is the total cost of a 1MWh : 1MW (1C) battery. Cost examples of a 2MWh/8MW and a 16MWh/4MW 

battery are given in the section below.    

J. The battery pack cost forecast is provided in Figure 8 and the related text [44]. 

K. Power conversion cost is strongly dependent on scalability and application. The PCS cost is based on 

references [54–56] and reflects the necessity for high power performance and compliance to grid codes to 

provide ancillary services, bidirectional electricity flow and two-stage conversion, as well as the early stage 

of development and the fact that few manufacturers can guarantee turnkey systems. Inverter replacement is 

expected every 10 years. The bidirectional inverter given here has more or less the same charge and discharge 

capacity (MW).  

L. Other costs include construction costs and entrepreneur work. These costs heavily dependent on location, 

substrate and site access. Power cables to the site and entrepreneur work for installation of the containers are 

included in other costs. Therefore other costs are assumed to – roughly – correlate with the system size. 

Automation is expected to decrease other costs from 2030 and onwards. Estimates are aggregated from the 

literature [22,40,54]. 

M. Fixed O&M is assumed to be constant, although the O&M may depend on the application [22]. 

N. Variable O&M is assumed to be 2.1 €/MWh in 2015 with a range of 0.4 – 5.6 [55].  
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O. Since multi-MWh LIB systems are scalar, the energy storage expansion cost is here estimated to be equal to 

the energy component plus the “other costs” [44,48]. 

P. Since multi-MW LIB systems are scalar, the capacity expansion cost equals the capacity component cost 

[54–56]. 

Q. The alternative investment cost in M€2015/MW is specified for a 4C, 0.25 h system as for the Laurel 

Mountain, West Virginia, USA grid-scale LIB storage system [41]. I.e. the alternative investment cost is 25% 

of the energy storage expansion cost plus the PCS cost [41,44,48,54–56]. 

R. Cycle life specified as the number of cycles at 1C/1C to 80% state-of-health. Samsung SDI 2016 whitepaper 

on ESS solutions provide 15 year lifetime for current modules operating at C/2 to 3C [14]. Steady 

improvement in battery lifetime due to better materials and battery management is expected. Kokam ESS 

solutions are also rated at more than 8000-20000 cycles (80-90% DOD) based on chemistry [3]. Thus for 

daily full charge-discharge cycles, the batteries are designed to last for 15-50 years if supporting units are 

well functioning. Lifetimes are given for both graphite and LTO anode based commercial batteries from 

Kokam. Cycle lives are steadily increasing over last few years as reflected in 2020/2030 numbers [4,5,14].  

S. Specific power, power density, Specific energy and energy density is provided for discharge mode, starting 

with the values provided in the section “Typical characteristics and capacities”. A charge/discharge 

conversion factor of 12 can be derived from this section. The expected development depends on the 

successive R&D progress as indicated in the section “Research and development perspectives” [2,24].   

Frequency regulation and renewable energy integration cost examples 
The aim with this technology catalogue is to provide a brief insight into the technical aspects, current status, 

and forecasted price level of the LIB BESS technology. In relation to this, and to help the reader obtaining 

realistic prices indications, we provide two simple installation cost calculation examples below. One for 

frequency regulation in 2020 and one for energy integration in 2030. The examples are based on the data in 

the Data sheet. For simplicity neater O&M expenses nor interest rates are included in the calculations. 

Frequency regulation in 2020: 4C-rate, 2 MWh BESS system. 20 years operation time.  

Cost items: 

2 MWh “energy component”, year 2020 

2 MWh “other project costs”, year 2020 

8 MW PCS “capacity component” (10 years lifetime, i.e. one in year 2020 and one in year 2030)  

 

CAPEX: 2  (0.132 M€ + 0.10 M€) + 8  (0.27 M€ + 0.16 M€) = 3.90 M€ 

 

Energy integration in 2030: ¼C-rate, 16 MWh BESS system. 25 years operation time.  

Cost items:  

16 MWh “energy component”, year 2030 
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16 MWh “other project costs”, year 2030 

4 MW PCS “capacity component” (10 years lifetime, i.e. one in year 2030 and one in year 2040. No extra PCS is 

assumed for the last 5 years)  

 

CAPEX: 16  (0.132 M€ + 0.10 M€) + 4  (0.16 M€ + 0.10 M€) = 4,75 M€ 
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Brief technology description 
Vanadium redox flow batteries also known simply as Vanadium Redox Batteries (VRB) are secondary (i.e. 

rechargeable) batteries. VRB are applicable at grid scale and local user level. Focus is here on grid scale 

applications.  

VRB are the most common flow batteries. A flow battery consists of a reaction cell stack, where the 

electrochemical reactions occur, at least one storage tank filled with electrolyte (anolyte) consisting of 

reactants in solution for the negative battery electrode, i.e., the anode, at least one storage tank filled with 

electrolyte (catholyte) consisting of reactants in solution for the positive battery electrode, i.e., the cathode, 

piping connecting the storage tanks with the reaction cell stack, and mechanical pumps to circulate the 

electrolytes in the system. A schematic of a traditional flow battery can be seen in Figure 1. The region 

bordered by the grey electrodes is the reaction cell stack. 

mailto:tmo@ens.dk
mailto:rdg@energinet.dk
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Figure 1: Schematic of flow battery [1]. 

The anolyte reactive species are V2+ and V3+ ions. The catholyte reactive species are VO2
+ and VO2+ ions with the 

V atom in oxidation state +5 and +4, respectively. Traditionally, the reactive species have been dissolved with 

concentrations of 1.5 - 2 M in aqueous sulfuric acid solutions with an acid concentration of 2-5 M [2].  

When pumped into the reaction cell the anolyte and catholyte will be separated by a proton conducting 

(polymer) membrane. An illustration of reaction cell components and a full reaction stack can be seen in Figure 

2. 

 

Figure 2: a) Reaction cell. b) Typical stack [2]. 
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During discharge the following reaction occurs in the cell as two protons pass through the membrane and an 

electron pass through an external circuit.  

V2+   V3+  + e- (Anode side reaction) 
 

VO2
+ + 2H+ 

+ e- 
  VO2+  + H2O (Cathode side reaction) 

 
V2+ + 2H+ 

+ VO2
+   V3+  + VO2+  + H2O (Full cell reaction) 

 

During charge the reverse reaction occurs. The full reaction provides a cell voltage of 1.26 V. The battery 

operates at ambient temperatures. 

Flow batteries are different from other batteries by having physically separated storage and power units. The 

volume of liquid electrolyte in storage tanks dictates the total battery energy storage capacity while the size 

and number of the reaction cell stacks dictate the battery power capacity. The energy storage capacity and 

power capacity can thus be varied independently according to desired application and customer demand [2].  

A VRB installation consists, as a minimum, of a VRB unit as described above, a battery management system, 

and a power conversion system connecting the battery unit to the grid. For a more detailed technology 

description the reader is referred to “Encyclopedia of Electrochemical Power Sources” [3]. 

Input/output   
Primary input and output are both electricity. Electricity is converted to electrochemical energy during charge 

and converted back to electricity during discharge in the reaction process described above. 

Energy efficiency and losses 

Electrolyte left in the cell stack during idle periods will self-discharge over time resulting in an energy loss. As 

the electrolyte volume in the cell stack is generally small compared to the total electrolyte volume, the total 

energy loss from self-discharge will be at most 2 % of stored energy during any idle period [4]. The mechanical 

pumps require energy. The energy used by the mechanical pumps is included in determination of battery 

efficiency and should thus not be treated as a separate loss.   

For individual VRB reaction cells the energy conversion efficiency can be as large as 90 % at low current 

densities [3]. The grid-to-grid efficiency is reported by multiple sources to be approximately 70 % at constant 

rated discharge power [1], [4], [5]. UniEnergy Technologies reports 75 % energy efficiency for frequency 

regulation application and 70 % energy efficiency for peak shaving application [6]. Vionx Energy reports a DC 

efficiency of 78 % and an AC efficiency of 68 % for their units operating at rated capacity [5].  
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Regulation ability and other system services 
The response time (i.e. the time it takes for the battery to supply a requested charge or discharge power) is 

according to manufactures < 100 ms if electrolyte is already present in the reaction cell [4], < 1 s if electrolyte 

must first be pumped into the cell [5], and < 1 min if the pumps are turned off [5]. Large scale VRB installations 

have been demonstrated to be routinely capable of operating for 30 s at 150 % rated power capacity [7]. 

Grid scale battery operation depends on the application. Batteries used for time shifting will generally 

complete a single charge/discharge cycle over 24 hours. Batteries used for various other grid services including 

stabilization of input from renewables as exemplified below will often not undergo traditional battery cycling 

but frequently switch between being charged and discharged according to demand.  

Due to its short response time combined with the ability to independently vary installation size of energy 

storage capacity and power capacity, VRB installations can provide a range of system services. The 

manufacturer UniEnergy Technologies lists the following applications for grid and utility installations: T&D 

deferral (avoid need to upgrade transmission and distribution equipment), flex capacity/ramping, load shifting, 

and ancillary services [6]. 

Typical characteristics and capacities 

Examples of recently commissioned grid-scale VRB installations are listed Table 1. 

Location Yokohama, 

Japan 

Hokkaido,  

Japan 

Braderup, 

Germany 

Pullman, 

Washington, USA 

Commissioning 

year 

2012 2016 2014 2015 

Energy Storage 

Capacity  

5 MWh 60 MWh 1 MWh  4 MWh 

Power Capacity  1 MW 15 MW 325 kW 1 MW 

Technology 

provider 

Sumitomo 

Electric 

Industries 

Sumitomo 

Electric 

Industries 

UniEnergy 

Technologies 

UniEnergy 

Technologies 

Table 1: Selected grid-scale VRB installations [6], [8], [9]. 

The non-exhaustive DOE Global Energy Storage Database [1], [9] lists 21 different installations of at least 100 

kW commissioned since 2011. The 21 installations have been supplied by at least 8 different manufactures. A 

200 MW/800 MWh installation is currently under construction in Dalian in China [9]. 

The energy density and specific energy for two selected commercial units are shown in Table 2. 
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Manufacturer Energy density 

(Wh/m3) 

Specific energy 

(Wh/kg) 

UniEnergy 

Technologies 

9040 11.8 

Sumitomo Electric 

Industries 

5880 7.1 

Table 2: Energy density and Specific energy for commercial VRB units [4], [10]. 

 

Typical storage period 

The typical storage period depends on operation. It ranges from minutes to hours for grid scale installations 

[11]. The storage time is not technologically limited. Energy can be stored for extended periods of time as is the 

case in small local user level VRB units used for emergency power.  

Space Requirement 

The installation in Hokkaido, Japan  (Table 1) commissioned in 2016 occupy a total land area of 5000 m2 [12]. 

This corresponds to a land use of 83.3 m2/MWh. 

UniEnergy Technologies have in promotional material suggested that an installation with 240 MWh storage 

capacity would occupy a land area of 4000 m2 [6]. This corresponds to a land use of 16.7 m2/MWh. This is the 

lowest value found.  

The largest land usage found for current commercially available grid scale VRB units is 140.2 m2/MWh [10]. 

Advantages/disadvantages 

General advantages and disadvantages of batteries in comparison to other technologies for energy storage are 

listed in Table 4. 
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Advantages Disadvantages 

Short response time  

Flexible installation size Relatively short lifetime13 

High energy efficiency  

Versatile application Large investment cost 

Relatively compact  

Low maintenance  

Table 4: General advantages and disadvantages of batteries in comparison to other technologies for energy storage 

In comparison to other grid-scale batteries, VRB and other flow batteries have the significant advantage that 

the energy storage capacity and power capacity can be varied independently and optimized for a specific 

application. In contrast to molten sodium batteries (Na-S and Na-NiCl2) also applicable for grid scale 

applications, VRB operate at ambient temperatures. The reactants in a VRB are in a solution. This allows the full 

energy storage capacity of the battery to be utilized without battery degradation in contrast to batteries where 

charge/discharge products are solid state [1]. VRB have long technical lifetime in comparison to other batteries. 

Current batteries are reported by multiple manufactures to have unlimited cycle lifetime within the technical 

lifetime (up to 20 years). Due to the large technical and cycle lifetime compared to other batteries, VRB have 

the lowest levelized cost of storage (€/kWh per cycle) among grid scale batteries [2]. VRB also have the 

advantage that the electrolytes can easily be recycled and reused [1]. As vanadium is the active specie in both 

anolyte and catholyte, leakage of reactants from one electrolyte into the storage container of the other 

electrolyte will, in contrast to other flow batteries, not result in electrolyte contamination but only loss of 

energy storage capacity. The energy storage capacity can be regained by re-balancing the volume and 

vanadium content of the two electrolyte solutions [1]. VRB are by manufactures promoted as being very safe 

[6].  

VRB and other flow batteries have relatively low grid-to-grid energy efficiencies in comparison to other 

batteries. This is a consequence of losses related to mechanical pumping of electrolyte, undesired electrical 

currents known as shunt currents, which allows electrons to bypass the external circuit, and leakage of reactant 

vanadium ions through the reaction cell membrane. Even though the energy density and specific energy for 

VRB have recently increased, they remain relatively low in comparison to other batteries [1], [13]. The cost of 

                                                           

13
 Although some batteries have lifetimes as long as 20 years (VRB), battery lifetimes in general are shorter than that of 

PHS (60 years) and CAES (50 years) [28] . 
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vanadium has historically been high and have recently increased by approximately 50 % [14], [15]. The raw 

material cost of vanadium has previously been estimated to contribute  $140/kWh to the battery cost, which 

corresponds to approximately 20 % of the total investment costs for a VRB installation [16]. The absolute 

minimum energy storage capacity cost of VRB with the currently used reaction chemistry is approximately 70 

$/kWh, assuming a cost of V2O5 at 6 $/lb [17] is used as source of vanadium [18]. The future cost of vanadium 

might be higher. Currently, demand exceeds supply and prices have increased to approximately 9 $/lb for V2O5 

[14], [15]. 

R&D can and has previously allowed lower-cost sources of vanadium to be used as raw material [1]. The 

vanadium reactants have the potential to corrode the membrane. High quality and large cost membranes must 

thus be used in VRB reaction cells  [1], [13]. Alternatively, the membrane must be replaced within the technical 

lifetime of the battery.  

Environment 

The active reactants in VRB are vanadium ions. Besides being relatively expensive, vanadium might also pose 

environmental risk factors, which are yet to be fully determined [19]. Most VRB components can be recycled 

[1]. The vanadium electrolyte is if possible directly reused. Otherwise the vanadium is extracted before further 

disposal or recycling [1]. Some of the initial investment into raw material vanadium might be regained in this 

process. The cell membranes might be highly acidic or alkaline after end of battery life and should thus be 

treated as corrosive material during recycling or disposal [19].  

Research and development perspectives 

VRB are under rapid development. There is significant potential for R&D to reduce cost of all battery 

components  [20], [21]. An example is research in use of non-aqueous electrolytes [2]. The minimum cost will, 

however, likely be limited by the vanadium cost. The vanadium cost is not fixed in the sense that there is a 

potential for use of lower cost vanadium sources in production than those traditionally used [1].  

There is a significant potential for cost reduction of flow batteries by using alternative reaction chemistries, i.e., 

other redox couples than vanadium [21]. Grid scale redox flow batteries could potentially be based on, e.g., 

zinc-bromide, bromide-polysulphide, iron-chromium, and zinc-chloride [21].    

Examples of market standard technology 

Grid scale turn-key VRB installations are commercially available from several currently operating manufactures 

as shown in the non-exhaustive list in Table 5. The market appears volatile with VRB manufactures frequently 

entering the market or ceasing to operate.  
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Manufacturer Website  

Gildemeister Energy Solutions   http://www.energy.gildemeister.com/en  

REDTEnergy http://www.redtenergy.com 

Rongke Power  http://www.Rongkepower.com 

Sumitomo Electric Industries http://global-sei.com/ 

UniEnergy Technologies http://www.uetechnologies.com/ 

Vionx Energy http://www.Vionxenergy.com 

Table 5: Some currently operating VRB manufactures. 

The Danish company VisBlue (http://www.visblue.com) provides VRB installations marketed for local users of up 

to 100kW/500kWh in size. 

Two examples of standard units are presented below. Performance data for the Uni.System unit manufactured 

by UniEnergy Technologies is listed in Figure 3. A Uni.System unit consists of 5 standard 20 foot containers [6]. 

Data for VNX1000 type units with variable energy storage capacity is listed in Figure 4. 

http://www.energy.gildemeister.com/en
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Figure 3: Performance data for Uni.System unit [4]. 
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Figure 4: Data for various VRB configurations from Vionx [5]. 

Prediction of performance and cost 

Data for 2015 

The balance between power capacity and energy storage capacity in battery installations, which for flow 

batteries at least in principle can be adjusted according to customer demand, will influence the “energy 

component” cost, as it is defined here. The ratio can be quantified through the discharge time at rated power, 

h. The cost of the battery including electrolyte storage and reaction stack per MWh, i.e., the energy component 

in the data sheet below, is given by  

CE = Celec + Cstack / h 

where Celec is the cost of electrolyte and storage tanks and Cstack is the cost of the reaction stack and other parts 

of the system including pumps. According to IRENA [22], Celec = 347 €2016/kWh and Cstack = 1313 €2016/kW. A 

similar reaction stack cost has previously been found [23]. Thus 

CE = 347 €/kWh + 1313 €/kW  /  h 

O&M costs are obtained from Carlsson et al. [24] (assumed similar to 2013 values), and Zakeri and Syri [25].  
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Previously, the membrane in the reaction stack has required replacement after approximately 8 years of use [26]. 

This does, however, not appear to be the case in all currently available technological designs [6]. 

Assumptions for the period 2020 to 2050 

Estimates for 2020 and 2030 in the data sheet below are based on data from IRENA [22], [27], [28]. Values in 

USD have been converted to € using an exchange rate of 0.86. 

As discussed in the Chapter Electricity Storage, the current PCS cost including grid connection is 0.4-0,5 

M€/MW. This is used as reference value for the “capacity component”. The inverter costs, which account for 

approximately 50 % of cost [19], [25], [29], is predicted to decrease by 20 in 2020 %  and 50 % in 2030 [22], 

[27]. The other 50 % of cost is assumed constant. Cost reductions of capacity components is assumed to not 

occur beyond 2030.  

2050 financial figures predicted from learning curves have previously found cost reductions of 7.5 % from the 

period 2030 to 2050 for the cost per power capacity [30]. Although power and energy storage capacity will 

likely not follow identical development in cost, the 7.5 % cost reduction is assumed to apply to both. This 

neglects the possibility that the raw material cost of vanadium might increase.  

“Other project costs” is assumed to be 8 % of CAPEX (here “Specific investment”), as per data from EPRI [19]. 

O&M costs are assumed to be constant in the given units.  

No development in calendar lifetime, and efficiency is assumed to take place beyond 2030. The regulatory 

ability is assumed to not improve.  

Learning curves and technological maturity 

The level of maturity for grid scale VRB is early “Category 3: Commercial technologies with moderate 

deployment”. Based on the current commercial situation with large market volatility it is difficult to establish 

general learning curves based on past installations. It has been attempted [18]. The reported uncertainties are, 

however, of a magnitude making the predicted price range 120-1,160 US$/kWh by 2040. The approach of 

IRENA [22], [27], [28] is thus preferred for predictions.  

Uncertainty 

Uncertainties for 2020 and 2030 are when possible obtained from IRENA [22], [28]. Uncertainties in 2050 are 

assumed to be percentagewise similar to those in 2030. For the “capacity component” the maximum values for 

PCS cost found by Zakeri and Syri [25] are used as baseline. The uncertainties are calculated for future years by 

keeping the relative uncertainty compared to the cost prediction constant.  
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The uncertainties for O&M costs are determined using the literature review by Zakeri and Syri [25]. The 

uncertainties are calculated from the expected value using the relative difference between the extrema and 

the average in the literature review. Uncertainties are in general large.  

Additional remarks 

Since battery units are highly modular and equipment is the main cost of full installations, a close to linear 

scaling in total cost vs. installation size is expected from a technological point of view. Significant financial 

benefits from increasing installation sizes will rely on negotiations with manufacturers.  

Even though VRB and other flow batteries have high commercial potential, rapid cost reduction of alternative 

storage solutions, e.g., Li-ion batteries might halter commercial deployment and technological development of 

VRB and other flow batteries. This can prevent VRB and other flow batteries from reaching full commercial 

potential 
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Quantitative description 
Technology  Vanadium Redox Battery (VRB)  

  2015 2020 2030 2050 Uncertainty 
(2020) 

Uncertainty 
(2050) 

Note Ref  

Energy/technical data         Lower Upper Lower Upper
  

    

Form of energy stored Electricity 

 

       

Application System, power- and energy-

intensive 

 

    
 

 
 

Energy storage capacity for one unit 
(MWh) 

2.0 2.0 2.0 2.0 0.4 800 0.4 800 A,M [4]+[9]  

Output capacity for one unit (MW) 0.5 0.5 0.5 0.5 0.1 200 0.1 200 A,M [4]  

Input capacity for one unit (MW) 0.5 0.5 0.5 0.5 0.1 200 0.1 200 A,M [4]  

Round trip efficiency - DC (%) 78 78 78 78 62 88 67 95 B [5];[22]  

 - Charge efficiency (%) - - - - - - - -    

 - Discharge efficiency (%) - - - - - - - -    

Energy losses during storage (%/day) 0 0 0 0 0 0.2 0 0.2 C [4];[22]  

Forced outage (%) 0.5 0.5 0.5 0.5 0 5 0 5 D,M [1]  

Planned outage (weeks per year) 0 0 0 0 0 0 0 0 D,M [1]  

Technical lifetime (years) 20 20 20 20 6 23 8 32  [4];[28]+[22]  

Construction time (years) 1 1 1 1 0.2 2 0.2 2 E,M [9]  

            

Regulation ability 
 

 

Response time from idle to full-rated 
discharge (sec) 

0.1 0.1 0.1 0.1 0.005  2  0.005 2 F,G [4]+[30]  

Response time from full-rated charge to 
full-rated discharge (sec) 

0.07 0.07 0.07 0.07 0.004 1.4 0.004 1.4 F,G,M [1] 

            

Financial data                                   

Specific investment (M€2015 per MWh) 0.75 0.60 0.35 0.33 0.53 1.15 0.30 0.58 H [22]+[27]/[19]  

 - energy component (M€/MWh) 0.58 0.45 0.24 0.22 0.38 0.94 0.19 0.44 H, I [22]+[27]  

 - capacity component (M€/MW)  0.45 0.41 0.33 0.33 0.43 0.48 0.35 0.39 H [22]+[25]+[27]
/[19] 

 

 - other project costs (M€/MWh) 0.06 0.05 0.03 0.03 0.04 0.09 0.02 0.05 J [19]  

Fixed O&M (% total investment) 2.0 2.0 1.5 1.5 0.8 4.1 0.6 3.1  [24]+[25]/[2]   

Variable O&M (€2015/MWh) 0.9 0.9 0.9 0.9 0.2 2.8 0.2 2.8  [25]/[2]  

            

Technology specific data                                   

Alternative Investment cost (M€2015/MW) 3.0 2.4 1.4 1.3 2.1 4.6 1.2 2.3 H [22]+[31]+[27]
/[19] 

 

Lifetime in total number of cycles 

 

-|- -|- -|- -|- -|- -|- -|- -|- K [1]            

Specific power (W/kg) 2.9 2.9 2.9 2.9 1.45 3.63 1.45 3.63 A,L,M [4]            

Power density (W/m3) 2260 2260 2260 2260 1130 2825 1130 2825 A,L,M [4]            

Specific energy (Wh/kg) 11.8 11.8 11.8 11.8 5.90 14.75 5.90 14.75 A,L,M [4]            

Energy density (Wh/m3) 9040 9040 9040 9040 4520 11300 4520 11300 A,L,M [4] A Highly modular and thus no standard storage capacity. Installations mainly for time shifting: 250 MWh. Smaller units <10 MWh has been 
installed in past. 

B 
  

C   

D EPRI FOR ALL ECONOMIC DATA 

E   

F   
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Notes: 
 

                     

A One Uni.System unit from UniEnergy Technologies. Installation sizes vary from tens of kW to 
hundreds of MW.  
 

           

B Efficiency varies depending on use.            

C Energy losses depend on idle situation. If pumps are off and electrolyte not present in the 
reaction stack no energy loss occurs. This increases response time (see above). Self-discharge 
only occurs for electrolyte inside the reaction stack. This is a relatively small volume and the self-
discharge will be at most 2 % over time for typical installations. Losses related to stand-by 
energy consumption of pumps are not included.   

           

D Some companies guarantee at least 99.5% uptime.            

E Depends highly on the installation.             

F Time is less than 100 ms for idle situation with electrolyte in reaction stack and pumps on [4]. 
Less the 1 s if electrolyte must first be pumped [5]. Less than 1 min if pumps are not on [5]. PCS 
might be limiting the response time. 

           

G Might in practice be limited by PCS.             

H Valid for installations with rated discharge times of 4 hours. Use equation in “Prediction of 
performance and cost” above to calculate for installations with a different rated discharge time.  

           

I Composed of both electrolyte etc. at 347 €/kWh and stack at 1313 €/kW [22].            

J Value for utility T&D installations with discharge time of 4 hours used.            

K Manufactures state unlimited number of cycles during technical lifetime [4], [5].            

L Varies with capacity to storage ratio. Is significantly lower for some manufactures.             

M Uncertainties are based on a qualified guess.            
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Brief technology description 
Na-S batteries are secondary (i.e. rechargeable) batteries and are designed for system level applications. They 

are both power-intensive and energy-intensive. Larger installations (34 MW – 50 MW) are used for time 

shifting of production from renewable or conventional production plants. Smaller installations (400 kW – 8 

MW) are used as back-up power, for off-grid applications, and for ancillary services. [1]–[3] 

Na-S battery cells consist of a molten sodium anode, a molten sulfur cathode, and a β-alumina oxide solid state 

electrolyte (BASE) incased in a single tube. A schematic of a Na-S battery cell can be seen in Figure 1.  

mailto:tmo@ens.dk
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Figure 1: Schematic of a Na-S battery cell. [4] 

 

The reactions taking place during discharge on the cathode and anode sides of the battery are  [5], [6] 

2 Na – 2e
- 
   2 Na

+
 (Anode) 

xS + 2 Na
+
 + 2e

- 
 
 
    Na2Sx (x=3~5)  (Cathode) 

During charge the reverse reaction occurs. A graphical schematic of the reaction process and the full cell 

reaction can be seen in Figure 2. 
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Figure 2: Graphical schematic of the reaction process and the full cell reaction. EMF: electromotive force. [4] 

During continued discharge the value of x in Na2Sx will gradually decrease and more sodium rich discharge 

products will be formed. The reaction occurs at a potential of 1.78 – 2.08 V at 350 °C depending on the state of 

battery charge. Relatively high temperatures (300-350 °C) are required for the reaction to take place. Elevated 

temperatures are required to keep the electrodes molten (98 °C for Na, 115 °C for S, and > 250 °C for Na2Sx 

products [7]). A temperature of 300 °C or more is required to ensure sufficient Na ion conductivity through the 

BASE. The production of BASE has large impact on both battery performance and cost [6]. 

Cells are arranged in modules with thermal enclosures to minimize heat loss. An illustration of a module can be 

seen in Figure 3.  
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Figure 3: Illustration of Na-S battery module. [4]  

A Na-S battery installation consists of one or more Na-S battery units containing the battery modules (shown in 

Figure 3), a battery management system, and a power conversion system required to connect the batteries to 

the grid. A schematic and a picture of an older 1 MW Na-S battery installation can be seen in Figure 4. For 

current market standard units see “  

An alternative research route is to use the Na-S chemistry in a flow battery [20], [21].  

Due to the similarity with Na-NiCl2 batteries, synergies in research and development efforts can be expected.  

Examples of market standard technology”.  
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Figure 4: Schematic and picture of a 1 MW Na-S battery installation. [4] 

For a more detailed technology description the reader is referred to “Encyclopedia of Electrochemical Power 

Sources” [8]. 

Input/Output  

Primary input and output are both electricity. Electricity is converted to electrochemical energy during the 

charge process and converted back to electricity during the discharge process as described above. 

Energy efficiency and losses 

The heat loss from each battery module will be 2.2 – 4.0 kW [4]. This loss amounts to approximately 1 % per 

hour, and the Na-S batteries are thus not ideal for long term storage. During continued operation, which can 

include some hours of idle time, the Ohmic losses in the charge/discharge reaction will balance the heat loss 

[8]. The heat loss should thus not be treated as an independent source of energy loss during operation as it is 

included in the battery efficiency. Simple air cooling is sufficient for maintaining temperature and build into 

standard battery units. The battery temperature should be maintained to prevent the electrodes from 

solidifying since freeze-thaw cycles significantly reduce battery lifetime [9]. 

Individual battery cells have been measured with efficiencies at 89 % [9]. The efficiency of a grid size battery 

unit including auxiliary losses has been measured to be 83 % for an Italian installation primarily used for time 

shifting [9]. Reliable data for the efficiency in operation mode with constant power adjustment is not available 

for recently produced Na-S battery units.  
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Regulation ability and other system services 
The response time (i.e. the time it takes for the battery to supply requested charge or discharge power) is 

according to the manufacture <1 ms at operation temperature[10]. Measurements find that the battery can 

change from full rated charging power to full rated discharging power in less than 50 ms [9] This is possibly 

limited by the power conversion system (PCS). Na-S batteries are able to provide energy pulses above rated 

discharge power for up to minutes at a time [8]. Pulses can be as large as 6 times rated power capacity for 30 s 

[11]. The other systems in the total installation, e.g., the PCS, and the grid connection must, however, be 

dimensioned accordingly for the pulse power capability to be utilized. This will increase cost.  

Grid scale battery operation depends on the application. Batteries used for time shifting will generally 

complete a single charge/discharge cycle over 24 hours. Batteries used for various other grid services including 

stabilization of input from renewables will often not undergo traditional battery cycling but frequently switch 

between being charged and discharged according to demand.  

Due to its short response time combined with relatively large storage and power capacity, Na-S batteries can 

provide a range of system services. NGK Insulators states: ”The NAS battery systems also provide additional 

functions, including primary reserve, secondary reserve, load balancing and voltage control.” [1]  

Typical characteristics and capacities 
Na-S battery installations come in two typical sizes. The larger installations used for time shifting have 34-50 

MW capacity with 6-7.2 hours of storage capacity at full load (245-300 MWh). Information for three such 

installations are shown in Table 4. Smaller installations of up to 8 MW capacity have been installed during the 

last 20 years in 200 different locations [1]. In all cases the storage capacity corresponds to 6-8 hours of full 

power output capacity. As the batteries are highly modular, the installation size can be easily be varied 

according to demand. The power capacity to storage capacity is, however, for currently available commercial 

products fixed at a ratio of 1:6-8 [10].   

 

Location Rokkasho village, 

Aomori, Japan 

Campania Region (3 sites), 

Italy 

Buzen City, Fukuoka, Japan 

 

  
 

Commissioned  2008 2015 2016 
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Storage capacity  245 MWh 250 MWh 300 MWh 

Power capacity  34 MW 34.8 MW 50 MW 

Energy density  <41.6 kWh/m3* 26 kWh/m3 

Specific energy  <76 Wh/kg** 56 Wh/kg 

Total land use 17.5 m2/MWh 77 m2/MWh 47 m2/MWh 

Table 4: Larger Na-S battery installations [1], [9], [12]. *Value for individual battery assembly units. ** Value for individual battery 

modules 

New installations will for economic reasons likely consist of the standard commercially available units 

mentioned in   

An alternative research route is to use the Na-S chemistry in a flow battery [20], [21].  

Due to the similarity with Na-NiCl2 batteries, synergies in research and development efforts can be expected.  

Examples of market standard technology. NGK Insulators states that container type units as those used for the 

Buzen City installation will decrease construction time and cost compared to previous installations. 

The lifetime in number of cycles for Na-S batteries depend on the usage. The number of cycles can be 

increased by utilizing less than the full storage capacity in each cycle as can be seen in Figure 5. The ratio of 

energy discharged from the battery relative to the fully charged state is referred to as the Depth of Discharge 

(DoD). At 0 % DoD the battery is fully charged. At 100 % DoD the battery is fully discharged.  

 

Figure 5: Expected number of cycles (in thousands) as function of Depth of Discharge (DoD) during cycles [9]. 
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A Na-S battery used for time shifting with daily cycles of >80 % DoD will have an expected lifetime of 4500 

cycles. If used for grid services, the average DoD will likely be smaller increasing the expected cycle lifetime. 

The technical lifetime is expected to be 15 years at a usage of 300 cycles at >80 % DoD per year [13] [14]. 

Longer technical lifetimes have not been reported. This is potentially due battery lifetime being limited by cycle 

lifetime during standard battery operation. An extended technical lifetime might not be obtainable by simply 

reducing the number of annual cycles or DoD for various reasons such as corrosion.  

Typical storage period 

The typical storage period depends on operation. It ranges from minutes to hours. With charge/discharge 

times of 6-8 h the normal storage period will be on this scale for optimal battery storage utilization.  

Space Requirement 

Space requirement per MWh are given in Table 4. The space requirements in Table 4 are calculated by dividing 

the total land use of the installations with the storage capacities. Footprint of current grid scale installations 

vary from 17.5 to 77 m2/MWh. The footprint is highly sensitive to the layout of the installation and the used 

battery units and other equipment. The value of 47 m2/MWh for Buzen City, where highly standardized 

container units are installed, is likely the most representative for future grid scale installations.  

Advantages/disadvantages 
General advantages and disadvantages of batteries in comparison to other technologies for energy storage are 

listed in Table 4. 
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Advantages Disadvantages 

Short response time  

Flexible installation size Relatively short lifetime 

High energy efficiency  

Versatile application Large investment cost 

Relatively compact  

Low maintenance  

Table 5: General advantages and disadvantages of batteries in comparison to other technologies for energy storage 

Compared to many other batteries, Na-S batteries have the advantage that they a composed of inexpensive 

and abundant raw materials. Therefore, they have the potential to be very low cost and be manufactured on 

very large scale. Na-S batteries are well proven and developed for grid scale applications and have been 

commercially available for grid scale purposes for 15 years. They are well suited for energy intensive storage 

applications but can also be used for power intensive purposes. The cost per MW power capacity is, however, 

larger than for batteries mainly intended for power intensive applications. Na-S batteries have significant pulse 

power capabilities, i.e. they can operate at higher power than rated for short durations of time [8], [11]. 

Na-S batteries require high temperatures and should remain heated, as the battery can only survive a limited 

(in the order of 20) freeze-thaw cycles in which the temperature is lowered and the molten electrodes solidify 

[9]. They are thus not suited for longer periods of idle storage with resulting heat losses but should ideally 

always be charging or discharging for optimal utilization. The market for Na-S batteries is currently limited, due 

to only one commercial manufacturer existing. Due to the elevated temperatures and the highly reactive 

molten electrode materials, safety concerns and requirements are also higher for Na-S batteries than most 

other types of batteries. However, only one safety incident has been reported as a battery caught fire in 2011 

[6]. 

Environment 
The batteries contain molten sodium, sulfur and polysulfides. These all pose potential safety risks. Detailed 

safety and risk assessments are available in references [4], [9]. Sodium is the only material which must be 

recycled as hazardous [4]. 

Research and development perspectives 

It is not possible to quantify the full potential for improvements through R&D at the given time. The potential is 

however, estimated to be substantial in terms of both technical and financial specifications [15]. 

All critical components of the battery are undergoing active research. These include the BASE, the sealing 

materials, the sodium electrode, the sulfur electrode, and battery interfaces [16]. Research efforts are 

especially focused on geometry optimizations [17] [18] and improvement of Na ionic conductivity through the 

BASE [19]. New solid electrolytes to replace BASE are also being considered [15].  
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An alternative research route is to use the Na-S chemistry in a flow battery [20], [21].  

Due to the similarity with Na-NiCl2 batteries, synergies in research and development efforts can be expected.  

Examples of market standard technology 
NGK Insulators is the only commercial manufacturer of Na-S batteries. They currently supply two types of 

modular units which are shown in Figure 6. These modular units can be used to form installations of the 

desired size.  The recently installation in Buzen City consist of container type units such as the units shown in 

Figure 6. 
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Figure 6: Commercial units available from NGK Insulators (https://www.ngk.co.jp/nas/) [10]. 

Prediction of performance and cost 

Data for 2015 

The Italian case (Campania Region) presented above has been used for economic data to as large an extent as 

possible [9], [22]. A significant reason for placing emphasis on this specific installation is that the owner, Italian 

grid operator Terna, has made financial and measured technical data available. Using real data is preferred 

https://www.ngk.co.jp/nas/
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over the use of estimates. However, it should be noted, that the cost might be relatively large compared to the 

market situation since Terna, for safety considerations following a 2011 fire incident in a Na-S battery, have 

requested fewer battery cells in each module than standard.  

The balance between power capacity and energy storage capacity in battery installations will influence the 

investment costs per MW and MWh. The ratio can be quantified through the discharge time at rated power, h. 

It is nearly constant at 6-7.2 hours for currently available units. h is used to calculate the investment cost per 

storage capacity from the investment cost per power capacity.  

O&M costs are obtained from Carlsson et al. [23] (assumed similar to 2013 values), and Zakeri and Syri [24]. 

Assumptions for the period 2020 to 2050 

Estimates for 2020 and 2030 in the data sheet below are based on data from IRENA [25]–[27]. Values in USD 

have been converted to € using an exchange rate of 0.86. The specific investment cost is adjusted to account 

for an expected decrease in h for the most common market-standard units from 7.2 h to 6 h.  

As discussed in the Chapter Electricity Storage, the current PCS cost including grid connection is 0.4-0,5 

M€/MW. This is used as reference value for the “capacity component”. The inverter costs, which account for 

approximately 50 % of cost [13], [22], [24], is predicted to decrease by 20 in 2020 %  and 50 % in 2030 [25], 

[26]. The other 50 % of cost is assumed constant. Cost reductions of capacity components is assumed to not 

occur beyond 2030.  

2050 values of the battery cost (here “energy component”) predicted from learning curves have previously 

found cost reductions of approximately 10 % [23] and 25 % [28] for the period 2030 to 2050. The average (17.5 

%) is used for the energy component cost in 2050.  

“Other project costs” is assumed to be 14 % of CAPEX (here “Specific investment”), as was the case for the 

Terna unit [29]. 

O&M costs are assumed to be constant in the given units.  

No development in calendar lifetime, cycle lifetime, and efficiency is assumed to take place beyond 2030. The 

regulatory ability is assumed to not improve.  

Learning curves and technological maturity 

Cost has been reduced with the introduction of large scale production of highly standardized units [12]. The 

level of maturity for system level scale is late “Category 2: Pioneer Phase” but entering “Category 3: 

Commercial technologies with moderate deployment”. 

Uncertainty 

As the technology is just about to enter Category 3 level maturity, a technology development track cannot yet 

be established without large uncertainty. Uncertainties for 2020 and 2030 are when possible obtained from 

IRENA [26], [27]. Uncertainties in 2050 are assumed to be percentagewise similar to those in 2030. For the 
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“capacity component” the maximum values for PCS cost found by Zakeri and Syri [24] are used as baseline. The 

uncertainties are calculated for future years by keeping the relative uncertainty compared to the cost 

prediction constant.  

The uncertainties for O&M costs are determined using the literature review by Zakeri and Syri [24]. The 

uncertainties are calculated from the expected value using the relative difference between the extrema and 

the average in the literature review. Uncertainties are in general large.  

Additional remarks 

Since battery units are highly modular and equipment is the main cost of a full installation, a close to linear 

scaling in total cost vs. installation size is expected from a technological point of view. Significant financial 

benefits from increasing installation sizes will rely on negotiations with the manufacturer.  

Even though Na-S batteries have high commercial potential, rapid cost reduction of alternative storage 

solutions, e.g., Li-ion batteries, might halter commercial deployment and technological development of Na-S 

batteries. This can prevent Na-S batteries from reaching full commercial potential. 
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Quantitative description 
Technology  NaS battery  

  2015 2020 2030 2050 Uncertainty 
(2020) 

Uncertainty 
(2050) 

Note Ref  

Energy/technical data         Lower Upper Lower Upper
  

    

Form of energy stored Electricity 

 

       

Application System, power- and energy-

intensive 

 

    
 

 
 

Energy storage capacity for one unit 
(MWh) 

250 

 

300 300 300 30 3000 30 3000 A B,Q [9]  

Output capacity for one unit (MW) 35 

 

50 50 50 5 500 5 500 A,B,Q [9]  

Input capacity for one unit (MW) 35 

 

50 50 50 5 500 5 500 A,B,Q [9]  

Round trip efficiency - DC (%) 83 83 85 85 71 92 74 96 C [9];[26]  

 - Charge efficiency (%) - - - - - - - -    

 - Discharge efficiency (%) - - - - - - - -    

Energy losses during storage (%/day) 0 0 0 0 0 1 0 1 D,Q [11]/[30]/[26]  

Forced outage (%) 0 0 0 0 0 2 0 2 E,Q [13]  

Planned outage (weeks per year) 0 0 0 0 0 0 0 0 F,Q [13]  

Technical lifetime (years) 15 19 24 24 10 28 14 36 G [13];[25]+[27]  

Construction time (years) 0.5 0.5 0.5 0.5 0.2 2.0 0.2 2.0 Q [1]  

            

Regulation ability 
 

 

Response time from idle to full-rated 
discharge (sec) 

0.001 0.001 0.001 0.001 0.001  0.02  0.001  0.02 H [10]+[28]  

Response time from full-rated charge to 
full-rated discharge (sec) 

0.050 0.050  0.050 0.050 0.001 0.05 0.001 0.05 H,I,Q [9] 

            

Financial data                                   

Specific investment (M€2015 per MWh) 0.46 0.37 0.23 0.20 0.25 0.73 0.13 0.39 G [22];[25]+[26]  

 - energy component (M€/MWh) 0.31 0.25 0.14 0.11 0.18 0.50 0.08 0.23 G, J [22]+[26]  

 - capacity component (M€/MW)  0.63 0.41 0.33 0.33 0.22 0.78 0.18 0.64 G, K [22]+[26]  

 - other project costs (M€/MWh) 0.06 0.05 0.03 0.03 0.04 0.10 0.02 0.05 G [22]+[26]  

Fixed O&M (% total investment) 1.5 1.5 1.5 1.5 0.8 7.2 0.8 7.2 G,L,M [23];[24]  

Variable O&M (€2015/MWh) 1.8 1.8 1.8 1.8 0.3 5.6 0.3 5.6 G [24]+[23]  

            

Technology specific data  

Alternative Investment cost (M€2015/MW) 3.3 2.2 1.4 1.2 1.5 4.4 0.8 2.3 G [22];[25]+[26]  

Lifetime in total number of cycles 

 

4500 5600 7500 7500  1100 11200 1500 15000 N, G [9];[25]+[27]            

Specific power (W/kg) 9.3 9.3 9.3 9.3 6.98 11.63 6.98 11.63 O,P,Q [10]            

Power density (W/m3) 4300 4300 4300 4.300 3225 5375 3225 5375 O,P,Q [10]            

Specific energy (Wh/kg) 56  56 56 56 42 70 42 70 O,P,Q [10]            

Energy density (Wh/m3) 26000 26000 26000 26000 19500 32500 19500 32500 O,P,Q  A Highly modular and thus no standard storage capacity. Installations mainly for time shifting: 250 MWh. Smaller units <10 MWh has been 
installed in past. 

B 
  

C   

D EPRI FOR ALL ECONOMIC DATA 

E   

F   
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Notes: 
 

                     

A Specific Italian installation from 2015 used here as example. Assuming installations similar to Buzen City discussed above to become 
standard in the future. 

           

B Highly modular technology type with near linear scaling between total cost and installation size. Power and storage capacity cannot be 
varied independently. 

           

C Grid size unit including balancing and auxiliary losses. Excluding converters. Assumes no improvement between 2030 and 2050.             

D Ohmic losses maintain the temperature of the battery during operation. Losses are thus included in round trip efficiency [7]. No 
electrical self-discharge. If idle the heat loss is as much as 1 % of storage capacity per hour but highly variational. IRENA reports as 
“worst” value og 1.0 % [26] 

           

E Forced outage is minimal. Only reported case is a 2011 fire incident [9].            

F On the order of 1 h per year. 
 

           

G Assumptions for development and uncertainty discussed above in “Prediction of performance” and “Uncertainty”.            

H Due to absence of predictions in literature, no development is assumed as an estimate.             

I Measurement. Possibly limited by PCS.            

J Includes “Batteries” from reference [22] for 2015 values.            

K Includes “PCS-SCI”, “Auxiliary equipment”, and “Switching and actuating equipment” from reference [22] for 2015 values.            

L Highly uncertain. Reported in range 2000 to 17300 €2015/MW/year [24]             

M Does not include replacement costs. The batteries do not need replacement within lifetime [13],[10].            

N See Figure 5.            

O Data for standard NGK container unit.            

P Not the technological maximum values, i.e., the density of single cells, but the specifications for a full market-standard commercial 
product.   

           

Q Uncertainties are based on a qualified guess.            
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Date Description  

  

15.03.2019 Correction in the datasheet to the “Energy storage capacity for one 

unit (MWh)”, “Output capacity for one unit (MW)” and “Input capacity 

for one unit (MW)”.  Correction to note I. 

 

Brief technology description 
Na-NiCl2, or Sodium-nickel chloride, batteries are secondary (i.e. rechargeable) batteries. They are also known 

as ZEBRA (Zeolite Battery Research Africa Project) batteries. They are applicable for both power-intensive and 

energy-intensive electrical energy storage. They can be used on both grid level and for mobile applications such 

as electric and hybrid vehicles [1].  

Na-NiCl2 batteries are similar to the more mature Na-S batteries. The key components of a Na-NiCl2 battery cell 

are the molten sodium anode, a ceramic β-alumina oxide solid state electrolyte (BASE), and a porous cathode, 

where the reactant is NiCl2. The cathode also contains liquid NaAlCl4 to obtain sufficient ionic conductivity [2], 

[3]. A schematic of a cell can be seen in Figure 1.  
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Figure 1: Schematic of Na-NiCl2 battery cell. The “Ceramic electrolyte” is BASE [1]. 

A picture of five connected cells and the components used to manufacture a cell can be seen in Figure 2.  

 

 

Figure 2: Na-NiCl2 battery cell components [1]. 

Cells are assembled in a fully discharged state. This allows the sodium to be supplied in the form of NaCl as can 

be seen from the discharge reaction:  

2 Na – 2e
- 
   2 Na

+
 (Anode) 
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NiCl2 + 2 Na
+
 + 2e

- 
 
 
    2 NaCl + Ni (Cathode) 

2 Na + NiCl2   2 NaCl + Ni (Full Cell) 

During charge the reverse reaction occurs. The reaction has a full cell potential of 2.58 V at 300 °C. The 

operating temperature is 250 °C to 350 °C to ensure sufficient Na ionic conductivity through the BASE [4]. A 

lower limit operation temperature of 150 °C is required to maintain liquid NaAlCl4 [1]. An illustration of the 

charging reaction can be seen in Figure 3. 

 

Figure 3: Illustration of Na-NiCl2 charging process [2]. 

The battery cells are connected in battery units with thermal insulation, heating and cooling systems, and 

various control systems. Battery modules can be combined in larger battery units for grid scale applications. 

Current commercial grid scale units are shown in Section “Examples of market standard technology”. A grid 

scale Na-NiCl2 battery installation consists as a minimum of a unit containing the battery modules, a battery 

management system, and a power conversion system required to connect the batteries to the grid.  

For a more detailed technology description the reader is referred to “Encyclopedia of Electrochemical Power 

Sources” [1]. 

Input/output  
The primary input and output are both electricity. Electricity is converted to electrochemical energy during 

charge. The electrochemical energy is converted back to electricity during discharge in the reaction process 

described above.  

Energy efficiency and losses 

Heat loss is reported to be less than 0.6 % of total energy storage capacity per hours for a 17.8 kWh battery 

module and less than 0.3 % of total storage capacity per hour for a 35.7 kWh battery module [1]. The heat loss 

depends on the specific assembly unit. Heat loss in large battery installations consisting on multiple assembly 
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units, e.g., 10 identical container assembly units, each containing multiple battery modules is expected to scale 

approximately linearly with installation size. The heat loss in percentage of total energy storage capacity is thus 

approximately independent of total installation size. During continued operation, which can include some 

hours of idle time, the Ohmic losses in the charge/discharge reaction will balance the heat loss. The heat loss 

should thus not be treated as an independent source of energy loss during operation as it is included in the 

battery efficiency. Simple air cooling is sufficient for maintaining temperature during operation and build into 

standard battery units. 

Na-NiCl2 batteries can be repeatedly cooled to ambient temperatures and reheated, i.e. undergo so-called 

freeze-thaw cycles, without any decrease to battery lifetime [1], [4], [5]. Typical time scales are days to solidify 

during cooling and tens of hours to liquidize during reheating [6]. Na-NiCl2 batteries should remain heated 

during shorter idle periods.  

At grid scale battery operation, the DC efficiency of a Na-NiCl2 module has been measured to 90 % [7]. A 0.5 

MW Na-NiCl2 battery unit has been measured to 89 % [4]. Auxiliary losses, e.g., from cooling account for 

approximately 2 % [7]. 

Regulation ability and other system services 

Standard recharging is slower than discharging the battery, i.e. the standard charging input will be lower than 

the rated output capacity. Commercial data states 6-8 hours to recharge a battery with 3 hour capacity at rated 

discharge capacity [1], [8]. Fast recharge at a rated equal to or above the rated output power is possible at the 

cost of decreased energy efficiency and accelerated battery degradation [9]. At low charge/discharge rates 

(approximately 1/3 of rated power) the full battery energy storage capacity can be used. At rated power output 

only 80 % of storage capacity should be utilized to prevent accelerated degradation [4].  

The response time (i.e. the time it takes for the battery to supply requested charge or discharge power) is 

stated to be 20 ms [10] and measured to be less than 1 second when the battery is operational [4]. The 

response time from non-operational mode with the battery at operating temperature takes 45 seconds. [4]. 

Given the necessary power conversion system (PCS) equipment etc. is installed, Na-NiCl2 batteries are able to 

provide energy pulses of up to at least 3 times rated power capacity for periods measured as long as 30 min 

but with storage capacity reduced by a factor of two compared to rated discharge rate [4]. The effect of such 

operation on battery lifetime is not known.  

Grid scale battery operation depends on the application. Batteries used for time shifting will generally 

complete a single charge/discharge cycle over 24 hours. Batteries used for various other grid services including 

stabilization of input from renewables will often not undergo traditional battery cycling but frequently switch 

between being charged and discharged according to demand.  

Na-NiCl2 batteries can provide a range of system services. The manufacturer FZSoNick states the following 

applications: Load levelling, power quality, renewable resource optimization, and utility grid ancillary services 

[8]. 
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Typical characteristics and capacities 

Some noteworthy European stationary installations of Na-NiCl2 batteries are listed in Table 1. 

Name Location Year of 

commissioning 

Storage capacity Rated power 

output capacity 

FIAMM Green 

Energy Island 

Almisano, Italy 2010 230 kWh 180 kW 

EDF EN Gabardone 

Project 

Colombiers, 

France 

2013 70 kWh 20 kW 

Terna Storage Lab 

1+2  

(3 installations) 

Codrongianos 

(Sardinia) and 

Ciminna (Sicily), 

Italy   

2014 and 2015 4150 kWh 

2000 kWh 

4150 kWh 

1200 kW 

1000 kW 

1200 kW 

 

Table 1: Selected Na-NiCl installations in Europe [4], [11], [12]. 

The energy density and specific energy calculated for the Energy Spring 164 system from FZSoNick [8] (See 

Figure 5) is 32.8 kWh/m3 and 56 Wh/kg, respectively.  

Typical storage period 

The storage period for Na-NiCl2 batteries depends on the operation of the batteries and can range from 

minutes to hours. 

Space Requirement 

For the Energy Spring 164 system from FZSoNick [8], the footprint of a single battery assembly unit is 10.5 

m2/MWh. Data is not available for footprint of full installations of Na-NiCl2 batteries. Assuming Na-NiCl2 battery 

assembly units will occupy a similar fraction of total installation area as Na-S battery units, the total installation 

footprint can be estimated to 70 – 116 m2/MWh on the basis of large recent Na-S battery installations [13]–

[15]. This estimate takes into consideration that the battery unit footprint is 1.5 times larger per MWh for 

current commercially available Na-NiCl2 battery units than commercially available Na-S battery units (See 

Figure 5 and reference [16]). 

Advantages/disadvantages 

General advantages and disadvantages of batteries in comparison to other technologies for energy storage are 

listed in Table 3. 
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Advantages Disadvantages 

Short response time  

Flexible installation size Relatively short lifetime 

High energy efficiency  

Versatile application Large investment cost 

Relatively compact  

Low maintenance  

Table 3: General advantages and disadvantages of batteries in comparison to other technologies for energy storage 

Even compared to other batteries, Na-NiCl2 batteries are considered reliable and low maintenance [8], [17]. 

Na-NiCl2 are high temperature batteries, however they can operate at lower temperatures than Na-S batteries. 

They can in contrast to Na-S batteries withstand repeated cooling and reheating without degradation  [4], [5]. 

They have significant pulse power capabilities, i.e. they can operate at higher power than rated for short 

durations of time [18][19]. They are among the most efficient large scale batteries. They are, despite the highly 

reactive molten sodium electrode and elevated temperatures, considered relatively safe due to intrinsic safety 

features [4], [18], [20].  

The batteries are currently expensive compared to other batteries for grid scale application for both energy 

intensive and power intensive applications. There is currently only one trading manufacturer. The energy 

storage capacity is directly coupled to the usage of nickel, which account for 47% [21] to 60 % [22] of raw 

material costs. The raw material cost of nickel is approximately 18 $/kWh at a price of 11.6 $/kg [21]–[23]. Cost 

of Ni is currently not critical to the overall battery cost but could become significant in case of large production 

cost reductions.  

Environment 

Operating batteries contain molten sodium, which pose a potential safety and environmental risks. Risk 

analyses can be found in References [4], [20]. Raw materials used in the production of Na-NiCl2 batteries are 

nonhazardous and globally available [20]. Discharged batteries can easily be recycled and the nickel reclaimed 

[17], [20]. A detailed Life Cycle Assessment (LCA) can be found in Reference [24]. 
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Research and development perspectives 
It is not possible to quantify the full potential for improvements through R&D at the given time. The potential is 

however, estimated to be substantial in terms of both technical and financial specifications [25].  

All critical components of the battery are undergoing active research. These include the BASE, the sealing 

materials, the sodium electrode, the cathode, and battery interfaces. Research efforts are especially focused 

on geometry optimizations and improvement of Na ionic conductivity through the BASE. New solid electrolytes 

to replace BASE are also being considered [25].  

Research is also going into slightly changed chemistries which would change the battery characteristics 

significantly [3], [26]. 

Due to the similarity with Na-S batteries, synergies in research and development efforts can be expected.  

Examples of market standard technology 

FZSoNick, a subsidiary of FIAMM, is the only currently trading commercial manufacturer of Na-NiCl2 batteries 

[8]. Illustration and technical specifications available at below referenced URL are presented for a grid scale 

assembly unit in Figure 4 - Figure 5. Units are highly modular and can be combined to an installation of desired 

size. 

 

Figure 4: Energy Spring 164 system from FZSoNick [8]. 
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Figure 5: Specifications for Energy Spring 164 system from FZSoNick [8]. http://www.fzsonick.com/media/369733/20161221_energy-

spring-164_datasheet-a4.pdf 

 

Prediction of performance and cost 

Data for 2015 

The Italian “Terna Storage Lab” installation reported above has been used for economic data to as large extend 

as possible [4], [12]. A significant reason for placing emphasis on this specific installation is that the owner, 

Italian grid operator Terna, has made financial and measured technical data available. This is preferred over 

estimates.  

The balance between power capacity and energy storage capacity in battery installations will influence the 

investment costs per MW and MWh. The ratio can be quantified through the discharge time at rated power, h, 

and has historically varied. Calculated as a weighted average for the “Terna Storage Lab”, h is 3 hours. This is 

similar to h for currently available commercial grid-scale units.  

O&M costs are obtained from Carlsson et al. [27] (assumed similar to 2013 values for Na-S batteries in good 

agreement with EPRI data [28]), and Zakeri and Syri [29]. It is highly uncertain how O&M costs will change in 

the future with deployment of highly standardized container type units.  
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Assumptions for the period 2020 to 2050 

Estimates for 2020 and 2030 in the data sheet below are based on data from IRENA [30]–[32]. Values in USD 

have been converted to € using an exchange rate of 0.86. 

As discussed in the Chapter Electricity Storage, the current PCS cost including grid connection is 0.4-0,5 

M€/MW. This is used as reference value for the “capacity component”. The inverter costs, which account for 

approximately 50 % of cost [13], [22], [24], is predicted to decrease by 20 in 2020 %  and 50 % in 2030 [25], 

[26]. The other 50 % of cost is assumed constant. Cost reductions of capacity components is assumed to not 

occur beyond 2030.  

2050 values of the battery cost (here “energy component”) predicted from learning curves have previously 

found cost reductions of approximately 10 %[23] and 25 %[28] for the period 2030 to 2050 for Na-S batteries. 

As Na-S and Na-NiCl2 batteries have similar cost drivers, the average (17.5 %) is used for the energy component 

cost in 2050.  

“Other project costs” is assumed to be 8 % of CAPEX (here “Specific investment”), as was the case for the 

Terna unit [29]. 

O&M costs are assumed to be constant in the given units.  

No development in calendar lifetime, cycle lifetime, and efficiency is assumed to take place beyond 2030. The 

regulatory ability is assumed to not improve.  

Learning curves and technological maturity 

The level of maturity for grid scale Na-NiCl2 batteries is “Category 2: Pioneer Phase”. Based on the current 

commercial situation it is not possible to establish learning curves. The technology is for grid scale applications 

suffering from slow rate of deployment compared to other grid scale batteries despite being relatively old. It is 

doubtful whether grid scale Na-NiCl2 batteries will ever achieve Category 3 maturity: “Commercial technologies 

with moderate deployment”. 

Uncertainty 

As the technology is in Category 2 level maturity, a technology development track cannot yet be established 

without large uncertainty. Uncertainties for 2020 and 2030 are when possible obtained from IRENA [26], [27]. 

Uncertainties in 2050 are assumed to be percentagewise similar to those in 2030. For the “capacity 

component” the maximum values for PCS cost found by Zakeri and Syri [24] are used as baseline. The 

uncertainties are calculated for future years by keeping the relative uncertainty compared to the cost 

prediction constant.  

The uncertainties for O&M costs are determined using the literature review by Zakeri and Syri [24]. The 

uncertainties are calculated from the expected value using the relative difference between the extrema and 

the average in the literature review. Uncertainties are in general large.  
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Additional remarks 
Since battery units are highly modular and equipment is the main cost of a full installation, a close to linear 

scaling in total cost vs. installation size is expected from a technological point of view. Significant financial 

benefits from increasing installation sizes will rely on negotiations with the manufacturer.  

Even though Na-NiCl2 batteries have high commercial potential, rapid cost reduction of alternative storage 

solutions, e.g. Li-ion batteries could halter commercial deployment and technological development of Na-NiCl2 

batteries. This can prevent Na-NiCl2 batteries from reaching full commercial potential.   
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Quantitative description 

Assumptions for prediction of development are discussed above. 

Technology 
 

Na-NiCl2 battery 
 

  
2015 2020 2030 2050 

Uncertainty 
(2020) 

Uncertainty 
(2050) 

Note Ref 
 

Energy/technical data 
  

   
Lower Upper Lower Upper 

 
 

 

Form of energy stored Electricity 

 

       

Application System, power- and energy-

intensive 

 

       

Energy storage capacity for one unit 
(MWh) 

3.43 4.15 4.15 4.15 3.11 5.19 3.11 5.19 A,B,P [12]+[11] 
 

Output capacity for one unit (MW) 1.13 1.2 1.2 1.2 0.90 1.50 0.90 1.50 A,B,P [12]+[11]  

Input capacity for one unit (MW) 0.42 0.45 0.45 0.45 0.34 0.56 0.34 0.56 C,P [34]+[8]  

Round trip efficiency  DC(%) 87 87 87 87 81 93 83 95 D [4]+[7]; [31]  

 - Charge efficiency (%) - - - - - - - -    

 - Discharge efficiency (%) - - - - - - - -    

Energy losses during storage (%/day) 
0 0 0 0 0 15 0 15 E,P [35]+[5];[31] 

 

Forced outage (%) 0 0 0 0 0 2 0 2 F,P [8]  

Planned outage (weeks per year) 0 0 0 0 0 0 0 0 F,P [8]  

Technical lifetime (years) 
15 17 23 23 9 25 12 33  

[28]+[8];[30]+[32]+
[31] 

 

Construction time (years) 0.5 0.5 

 

0.5 0.5 0.2 2.0 0.2 2.0 G,P [11]  

            

Regulation ability 
 

 

Response time from idle to full-rated 
discharge (sec) 

0.02 0.02 0.02 0.02 0.001 0.02 0.001 0.02  [10]/[4]+[33] 
 

Response time from full-rated charge to 
full-rated discharge (sec) 0.5 0.5 0.5 0.5 0.001 0.5 0.001 0.5 H,P [4] 

            

Financial data  

Specific investment (M€2015 per MWh) 1.0 0.42 0.26 0.23 0.32 0.53 0.18 0.30 
I, J 

[12]+[28]; 
[30]+[31] 

 

 - energy component (M€/MWh) 0.76 0.26 0.14 0.11 0.21 0.32 0.09 0.14 K [12]; [31]  

 - capacity component (M€/MW)  0.48 0.41 0.33 0.33 0.30 0.58 0.25 0.47 L [12]; [31]  

 - other project costs (M€/MWh) 0.08 0.03 0.02 0.02 0.03 0.04 0.01 0.02  [12]  

Fixed O&M (% total investment) 1.5 1.5 1.5 1.5 0.9 2.0 0.9 2.0 M [29]+[28]+[27]  

Variable O&M (€2015/MWh) 0.6 0.6 0.6 0.6 0.4 2.1 0.4 2.1 
N [29] 

 

            

Technology specific data  

Alternative Investment cost (M€2015/MW) 3.0 1.4 0.9 0.8 1.1 1.8 0.6 1.0 I [12]+[28]  

Lifetime in total number of cycles 

 

4500 4500 4500 4500 1500 11300 1500 11300 O [4]+[8];[30]+[32]            

Specific power (W/kg) 16 16 16 16 12 20 12 20 O,P [8]            

Power density (W/m3) 9350 9350 9350 9350 7012 11687 7012 11687 O,P [8]            

Specific energy (Wh/kg) 56 56 56 56 42 70 42 70 O,P [3]            

Energy density (Wh/m3) 32700 32700 32700 32700 24525 40875 24525 40875 O,P [3] A Highly modular and thus no standard storage capacity. Installations mainly for time shifting: 250 MWh. Smaller units <10 MWh has been 
installed in past. 

B 
  

C   

D EPRI FOR ALL ECONOMIC DATA 

E   

F   
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A. Italian batteries (Codrongianos (Sardinia) and Ciminna (Sicily)) used as standard. 

B. Highly modular technology type with near linear scaling between total cost and installation size. Power 

and storage capacity cannot be varied independently. 

C. Can fast recharge with rate identical to discharge rate. Standard charge/discharge time is 8/3 h. 

D. Efficiency varies depending on use. Loss due to balance of system is approximately 2 % higher than for 

Li-ion batteries with similar PCS equipment [7] 

E. During intended continuous operation, Ohmic losses maintain the temperature of the battery. Losses 

are thus included in round trip efficiency. No electrical self-discharge. Heat losses during idle periods 

on the order of 0.5 %/h discussed above. IRENA finds self-dischage per day to vary between 0.1 % and 

15 % depending on unit and use [31] 

F. Highly reliable and with no downtime required for maintenance during lifetime according to 

manufacturer. 

G. Can be down to 2 months. 

H. Measurement. Possibly limited by PCS. 

I. For 2015, the specific storage to power capacity ratio is set to the average value for Italian “Terna 

Storage Lab” batteries. For future installations, the 4150 kWh and 1200 kW system is assumed. 

J. Development rates from IRENA are used for prediction of future cost [30] 

K. Includes “Batteries” from reference [12] 

L. Includes “PCS-SCI”, “Transformer”, “Auxiliary equipment”, “Switching and actuating equipment”, and 

“System Controls & Instrumentation (SCI)” from reference [12]. 

M. Assumed similar to Na-S batteries in good agreement with data from EPRI [28] 

N. Highly uncertain. Average value given. Reported in range 0.38 to 2.1 [29] 

O. Data for Energy Spring 164 system from FZSoNick. Irena do not expected improvements on cell level. 

Improvements on installation level might occur [32] 

P. Uncertainties are based on a qualified guess. 
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