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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

July 2026 141,142 Updated technology descriptions and datasheets for Tank Thermal
Energy Storage and Household Hot Water Tanks

May 2025 180, 181 Updated chapters and data for Lithium-ion Batteries for Grid-Scale
Storage and Vanadium Redox Flow Battery

February 2025 140,143 Updated chapter and data on Seasonal Heat Storage, now named
Large thermal energy storage.
New chapter on Carnot batteries and high temperature thermal energy
storage

April 2024 Guideline/cover Updated guideline in terms of scenario projection reference, price year,
and further minor updates / new cover

January 2020 151 New chapter on hydrogen storage. The chapter contains three
sections on storage in steel containers, liquid organic hydrogen
carriers (LOHC) and in underground salt caverns

December 2019 180 Revised technology specific data for the LIB chapter regarding specific
power and power density

October 2019 180 Revised financial data for the Lithium-ion battery chapter, regarding
PCM reinvestment and the power to capacity ratio.

August 2019 142 Updated chapter for small scale hot water storage tank

March 2019 180,183 Minor corrections to the Lithium-ion battery and the Na-NiCl, 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, Formatting and internal references fixed in CAES chapter

183

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 and 180
Batteries

Chapters transferred from previous Technology Data Catalogue for
Electricity and district heating production from May 2012




Preface

The Danish Energy Agency publishes 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 udarbejder teknologibeskrivelser for en raekke energilagringsteknologier. Dette er den fgrste
udgave. Kataloget indeholder opdateringer af teknologier, som erstatter de tilsvarende kapitler i kataloget for el
og fjernvarme, som blev udgivet i 2012. Kataloget vil lsbende opdateres i takt med at teknologierne udvikler
sig, hvis data aendrer sig vaesentligt eller hvis der findes fejl. Alle opdateringer vil registreres i rettelsesbladet
forst i kataloget, og det vil altid veere muligt at finde den seneste opdaterede version pd Energistyrelsens
hjemmeside.

Hovedformaélet med teknologikataloget er at sikre et ensartet, alment accepteret og aktuelt grundlag for
planlaegningsarbejde og vurderinger af forsyningssikkerhed, beredskab, miljg og markedsudvikling hos bl.a. de
systemansvarlige selskaber, universiteterne, rddgivere og Energistyrelsen. Dette omfatter for eksempel
fremskrivninger, scenarieanalyser og teknisk-gkonomiske analyser.

Desuden er teknologikataloget et nyttigt redskab til at vurdere udviklingsmulighederne for energisektorens
mange teknologier til brug for tilrettelaeggelsen af stgtteprogrammer for energiforskning og -udvikling.
Tilsvarende afspejler kataloget resultaterne af den energirelaterede forskning og udvikling. Ogséa behovet for
planlaegning og vurdering af klima-projekter har aktualiseret ngdvendigheden af et opdateret databeredskab.

Endeligt kan teknologikataloget anvendes i sdvel 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 forudsaetninger for internationale analyser og forhandlinger. Af
disse grunde er kataloget udarbejdet pa engelsk.
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GUIDELINE/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.



Application

System level Local level
Lead-acid batteries

Flywheel (FES)

Stationary lithium-ion batteries
Electric car batteries

Flywheel (FES)
Electricity Large Batteries (NaS, VRB, SoNick)
Stationary lithium-ion batteries

Seasonal Heat storage — Water pits
Heat Aquifer thermal energy storage (ATES) Small scale hot water tank
Large Scale Hot Water tank

Underground natural gas storage (caverns and
aquifer)

Hydrogen Storage above ground

Hydrogen Storage in caverns

Form of energy stored

Gas 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 . Powgr— ‘Energ‘y )
intensive intensive
Flywheel (FES) v v
Large Batteries (NaS, VRB, SoNick) v v
Lead-acid batteries v
Stationary lithium-ion batteries v v
Electric car batteries v

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:

e 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.

e Author: Entity/person responsible for preparing the technology chapters

e 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
technologies, especially if suitable for power intensive application, the qualitative description includes the
technology’s capability for delivering the following power system services:

e Inertia

e  Short circuit power

o Black start

e Voltage control

e 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:

e Energy storage capacity, in MWh: amount of energy that can be stored
e Input and output capacities, in MW: rate at which the energy can either charge or discharge
e Energy density and specific energy, in Wh/m? 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.
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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 m? 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.

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 the first technology year (base
year) as well as the improvements assumed for the future years.
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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 the base year

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 base year estimates.

If consistent data are not available, or if no suitable market standard has yet emerged for new technologies,
the base year costs may be estimated using an engineering based approach applying a decomposition of
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 projecting costs into future years
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 Announced Pledges Scenario (APS) is used as a central estimate for projections in the Technology
Catalogue, whenever possible. The IEA describes the Announced Pledges Scenario in their 2022 version as
follows:

"The Announced Pledges Scenario introduced in 2021 aims to show to what extent the announced ambitions and
targets, including the most recent ones, are on the path to deliver emissions reductions required to achieve net
zero emissions by 2050. It includes all recent major national announcements as of September 2022 for 2030
targets and longer term net zero and other pledges, regardless of whether these have been anchored in
implementing legislation or in updated NDCs. In the APS, countries fully implement their national targets to 2030
and 2050, and the outlook for exporters of fossil fuels and low emissions fuels like hydrogen is shaped by what
full implementation means for global demand. [..] Non-policy assumptions, including population and economic
growth, are the same as in the STEPS.”

According to the IEA, the less ambitious Stated Policies Scenario (STEPS) “provides a more conservative
benchmark for the future, because it does not take it for granted that governments will reach all announced goals.
Instead, it takes a more granular, sector-by-sector look at what has actually been put in place to reach these and
other energy-related objectives, taking account not just of existing policies and measures but also of those that
are under development. The STEPS explores where the energy system might go without a major additional steer
from policy makers.”

The STEPS Scenario may be used as an upper bound and to assess the expected development of
technologies based on a frozen-policy approach. Previous versions of the Technology Catalogue before
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updating the guideline in april 2024 have used the outdated New Policies Scenario, relatively equivalent to the
current STEPS, as a central framework for projections (and supplemented by other outdated scenarios of the
IEA). This scenario corresponds to the frozen-policy approach that the Danish Energy Agency uses to project
international fuel prices and CO2-prices and technologies may be assessed in that regard when suitable.

Technologies updated before this cutoff date and which do not contain any explicit methodological description
within the chapter regarding alternative supplementary scenarios have been updated based in this previous
methodology.

As a more ambitious projection, the Net Zero Emissions by 2050 Scenario (NZE) may be used as a lower
bound for the technology development. According to the IEA, the NZE “is a normative IEA scenario that shows a
pathway for the global energy sector to achieve net zero CO2 emissions by 2050, with advanced economies
reaching net zero emissions in advance of others. This scenario also meets key energy-related United Nations
Sustainable Development Goals (SDGs), in particular by achieving universal energy access by 2030 and major
improvements in air quality. It is consistent with limiting the global temperature rise to 1.5 °C with no or limited
temperature overshoot (with a 50% probability), in line with reductions assessed in the IPCC in its Sixth
Assessment Report.”

By using this approach, the quantitative data in the Technology Catalogue provides a sample space that is
consistent with the IEA’'s Global Energy and Climate Model, encompassing relevant outcomes for policy
assessments of technologies as well as technology developments in compliance with national targets, and
international treaties.

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.

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

Cat. 1
R&DD
phase
Cat. 2
Price Pioneer phase.
Limited application

Cat. 3
Commercial
Significant development
potential

Cat. 4
Commercial
Limited development
potential

Accumulated
production

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

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 whenever
possible. 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 real 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, 2025, 2030, 2035, 2040 and 2050 where applicable).
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 after permits have been
received.

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 the base year and final year.

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 time horizons (2015, 2020, etc.)
/ (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/ description

2020" | 2025" | 2030 | 2050" Uncertainty Uncertainty | Note | Ref
(2020") (2050")
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€2020 per MWh)

- energy component (M€/MWh)

- capacity component (ME€/MW)

- other project costs (M€)

Fixed O&M (% total investment)

Variable O&M (€2020/MWh)

Technology specific data

Alternative Total investment cost (M€2020 per MW)

TTechnology years may be updated from this shown example and extended
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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.

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.
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Aukxiliary 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.

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:
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e Response time from idle to full-rated discharge (sec)
e 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 (€), real prices, at the 2020-level and exclude value added taxes (VAT) and other
taxes. For updates before 2020, prices were given at the 2015-level.

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

The first catalogue was in 2011 prices. Some data had been updated by applying the general inflation rate in
Denmark (2011 prices have been multiplied by 1.0585 to reach the 2015 price level).

Similarly, real 2015 prices were multiplied by 1.0634 to update them to 2020 prices.

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 2020 [8]. For renewable energy technologies this effect is
even stronger as the costs are widely determined by local conditions.

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. Cost may be disaggregated in a more detailed cost breakdown if it improves readability or
understanding of the given technology.

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
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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:

e Cost of Energy component (Ce) [M€/MWh]: cost related to the equipment to store the energy (incl. their
installation);

e 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);

e Other project costs (Cotner) [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.

Total Capital Expenditure = Cg * Esc + Cp * Pyt + Cotner [M€]

Total Capital Expenditure Cp  Cother

Total investment cost = = Cg+—
Egc h Esc

[M€/MWh]

where:
Esc = Energy Storage Capacity for one unit [MWh]

P,,: = Output capacity for one unit [MW]

h = 25¢ = ynload hours [h]

out

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/P,,;).

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
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Historic costs of energy equipment can show fluctuations that are related to business cycles. This was the
case of the period 2007-2008 for example or more recently around 2021-2022, where costs of many energy
generation technologies increased dramatically, driven by rapid increases in global raw material costs and
supply chain costs. The primary objective of the technology catalogues is to establish general representative
techno-economic data for different technologies, which can form a basis for energy planning activities and
technical and economic analyses. The catalogues do not attempt to reflect fluctuations in technology costs
due to fluctuations in costs of labour and materials driven by e.g. global/regional crises or major events
affecting short term supply or demand. The technology cost developments in the catalogues thus intend to
reflect an average business cycle situation and macroeconomic environment in a general long-term
equilibrium.

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.

Contingency

Project owners often add a contingency to a project’s capital cost estimate to deal with project overruns due
to uncertainties and risks caused by uncertainties in the project definition. The Association for the
Advancement of Cost Engineering International (AACE International) has defined contingency as “An amount
added to an estimate to allow for items, conditions, or events for which the state, occurrence, or effect is
uncertain and that experience shows will likely result, in aggregate, in additional costs. Typically estimated using
statistical analysis or judgment based on past asset or project experience.”. AACE International further describes
contingency as “...planning and estimating errors and omissions.....design developments and changes within the
scope, and variations in market and environmental conditions*. The Technology Catalogues represent general
techno-economic data for different technologies; and are not intended as basis for investment decisions.
Therefore, the data in the Technology Catalogues aim at not including contingency.

*Source: AACE (2022) Cost engineering terminology (https://library.aacei.org/terminology/welcome.shtml).

Operation and maintenance (O&M) costs
The fixed share of O&M can be expressed in two different ways.

1. The fixed share of 0&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.
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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).

Aucxiliary 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 0&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 (m?®) and pressure (bar) is specified. For heat applications, the
storage temperature sets are indicated as well (°C).

For heat storage units, energy density (Wh/m?) 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.

For electricity storage technologies (batteries in particular) the power density (W/m?) and energy density
(Wh/m?) 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 m? per year.

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

Electricity Heat Gas

Alternative Total investment cost - -
(M€/MW) for power-intensive applications

- Volume (m®) Volume (m?®)

- Pressure (bar) Pressure (bar)

Temperature sets (°C)

Lifetime in total number of cycles

Specific power (W/kg) - -
Power density (W/m?3) - _
Specific energy (Wh/kg) - _
Energy density (Wh/m?) Energy density (Wh/m?) Energy density (Wh/Nm?)
Water leakage (m?3/year) for pumped hydro - Methane leakage (m?®/year) for gas
storage in cavern.
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.

23



References

[1] Danish Energy Agency: "Forudsaetninger for samfundsgkonomiske analyser pa energiomradet” (Generic
data to be used for socio-economic analyses in the energy sector), May 2009.

[2] “Technology Data for Hydrogen Technologies”, EUDP Project, 2015.

[3] “Strategy for Storage and Distribution of Energy”, The Danish Partnership for Hydrogen and Fuel Cells,
June 2015.

[4] “Thermal Energy Storage. Technology Brief”, IEA-ETSAP and IRENA, January 2013.
[5] “Electricity Storage. Technology Brief”, IEA-ETSAP and IRENA, April 2012.
[6] “Energy Technology Perspectives”, International Energy Agency, 2012.

[7] International Energy Agency. Available at: http://www.iea.org/. Accessed: 11/03/2016.

[8] “Projected Costs of Generating Electricity”, International Energy Agency, 2020.

[9] “Konvergensprogram Danmark 2015". Social- og Indenrigsministeriet. March 2015.

24


http://www.iea.org/

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]

Electrical energy storage systems

Mechanical Electrochemical Electrical
Secondary batteries Double-layer
Pumped hydro - PHS Lead acid / NICd # Nitth / Li / Nas Capacitor - DLC
Flow batteries Superconducting
Compressed air - GAES Redax flow / Hybrid flow magnetic coil - SMES
Ddrrl=fe Chemical Thermal
Hydrogen Sensible heat storage
Electrolyser / Fuel cell / SNG Molten salt / A-CAES

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

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 follows™:

e 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

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

e 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.

e 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.

e 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.

e 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).

e 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).

e 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).

e 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.

e Voltage support: provision of reserve for the modulation of reactive power in specific nodes of the grid
for voltage management purposes.

e 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
3

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.

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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Table 1 Suitability of different electricity storage technologies for different applications. Adapted from [3]

Application Hydro CAES NaS NaNiCl Li-lon Redox Fly-

Time-shift

Time-of-use management

RE firming and smoothing

Network support and deferral

Primary regulation

Secondary regulation

Tertiary regulation

Black start

Voltage support

0000000000
® 0000000 ee
000000 0e0e0e
000000000
0000000 00ae
O|0|0|00 0000 e
000000000

Power quality

Legend: O Suitable O Less suitable . Not suitable

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 3. 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 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.

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:

e Energy shifting for PV to increase self-consumption (60-64%)
e RE capacity firming and smoothing at utility scale (11-14%)

e Frequency regulation (10-15%)

e Ability to provide multiple services and “stack” revenues
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Figure 3 Global Energy Storage power capacity share by main use and technology group. Source [1]

100% 100%
Q0% Q0%
80% 80%

%?0% 2 70%
)
a
o o
2 3]
D &60% D 60%
5 S
S 50% S 50%
4 @
5] o
& &
40% 40%
30% 30%
20% 20%
10% 10%
0% 0%
Pumped hydro storage

Electro-chemical

100%

Share of total rated poxar
« & 8 &

8

0%

29

100%

g & & §

share oftotal rated power

g

0%

Electro-mechanical

Thermal Storage

Service/Use Case (PHS group)
M Eieciric Energy Time Shitt

M Eleciric Suppily Capacity

M eiock start

[ Renewables Copacity Frming

[ Eleciric Suppiy Reserve Capacity - Spinning
W A other

Service/Use Case (elec-cham group)

B Frequency Reguiation

M Eleciric Suppiy Reserve Capacity - Spinning
M Eieciric Bl Management

M Eieciric Energy Time Shitt

M Renewabies Copacity Arming

W i other

Service/Use Case (slec-mach group)

I on-site Power

M Biack start

M Eleciric Suppily Capacity

M Eieciric Energy Time Shitt

B Frequency Reguiation

B A other

Service/Use Case (thermal storage group)
B Renewabies Capacity Arming

M Renewabies Energy Time Shift

[l cnsite Renewatie Generation Shiffing

M Eieciric Energy Time Shitt

M Eieciric BIl Manogement

W Al other



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.

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]
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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]
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Energy component
The energy component includes the following equipment and its installation:

e Cell-based batteries: battery modules, battery management system (BMS), local protection, racking
frame/cabinet;

e Vanadium-redox: electrolytes, pumps and pipes, stack, battery management system (BMS);

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

e 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:

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

e Flywheel: power conversion system (PCS), grid connection and protection, as well as electric
motor/generator and cooling system;

e 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

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
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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

Large-scale thermal energy storage, LTES, (for district heating purposes) is normally based on water as the
storage medium, but other storage mediums (ground for BTES and ATES and gravel for PTES) can be used as
well.

Large thermal storages are commonly defined as storages with a storage capacity of at least T GWh. Large
thermal storages can be utilized as short-term storages or long term/seasonal storages depending on their
storage cycle duration.

This technology sheet addresses 4 different options for large thermal storages for district heating systems:

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

BTES, borehole thermal energy storage, ground storage with closed water loops
ATES, aquifer thermal energy storage, ground storage with open water loops
TTES, tank thermal energy storage

Figure 1: Overview of available thermal energy storage concepts. TTES can also be above ground [18]

Tank thermal energy storage (TTES) Pit thermal energy storage (PFTES)
(60 to 80 kWhim?) (30 to 80 KWh/im*)

Ve =N

Borehole thermal energy storage Aquifer thermal energy storage
(BTES) (ATES)

(15 to 30 KWh/m?*) {30 to 40 kKWh/m?)

-

N
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Table 1: Comparison of storage concepts regarding heat capacity and geological requirements. TTES can also be placed

above ground [18]

TTES PTES BTES ATES
Storage Medium
water water® gravel- soil/rock sand-water
water* rock-water
Heat Capacity in kWh/m?
60 - 80 60 - 80 30-50 15-30 30-40
Storage Volume for 1 m? water equivalent
1m? 1m? 13-2m? 3-5m? 2-3m?

Geological Requirements

- stable ground -

stable ground

drillable ground

natural aquifer

conditions conditions layer with high
- high heat capacity hydraulic
- preferably no - preferably no conductivity
groundwater groundwater - high thermal (ks> 10®° m/s)
conductivity ]
- 5-15mdeep - 5—15mdeep confining layer on

low hydraulic
conductivity
(ke< 1012 m/s)

top

no or low natural

groundwater flow

- natural ground-

water flow <1 m/a - suitable water

chemistry at high
_ 30-100m deep temperatures
- agquifer thickness of
20 —-100 m

Storage Temperature Range

2 - 20 °C for shallow
and 2 - 80 °C for deep
systems

5-95°C 5-95°C -5-90°C

* Water is maore favorable from the thermodynamic point of view. Gravel-water is often used if the storage
surface is to be designed for further usage (e.g. for streets, parking lots etc.)

For PTES and TTES, treated water (district heating water quality) is the storage medium in order to avoid
corrosion. For ATES and BTES, the surrounding soil or aquifer is the storage medium.

A hot-water tank (TTES) is similar to the water tanks used for short-term (diurnal) heat storage, only larger.
They are used as long term (weeks or months) storage for solar heating systems in e.g. Germany, where the
largest tank is 12,000 m? [2]. The TTES is not further addressed in this chapter, see instead chapter 141 “Large-
scale hot water tanks”. The technologies PTES, BTES and ATES will be outlined in the following.
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Pit thermal energy storages (PTES)

In principle, a pit thermal energy 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), has good heat transfer characteristics and high specific heat
capacity. Using water also enables high charging and discharging capacities. Moreover, water is cheap.

PTES using plastic liners for water-proofing is a relatively cheap storage technology, developed for operation
with solar thermal energy. This concept has been developed in Denmark. PTES in the Danish version is
essentially a hole in the ground lined by a water-proof membrane, filled with water and covered with a floating
and insulating lid. PTES following this Danish concept have been developed for operation at relatively high
temperature levels (up to 90°C all year round), increasing the area of application to excess heat from industries
and waste incineration, as buffer storage for power plants and peak shaving. Furthermore, the requirement of
constant high temperatures has led to a further development of suitable plastic liner materials.

Figure 2: Sketch of a cross section of a PTES [15]. Blue color is water, brown color is undisturbed soil and sand color is
excavated soil build into embankments around the excavation

The PTES 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 normally 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
water volume of the storage depends on the overall energy 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 large thermal storage technology in Denmark, since initial demonstrations
showed that this is the most cost-effective solution for large volumes (1, 4, 18].

Figure 3: lllustrations of the lid in SUNSTORE 3 in Dronninglund. The lid construction is developed by Arcon-Sunmark and
now implemented by Aalborg CSP [21]

Ballast

Diffusion-open membrane

LT Insulation

HT Insulation

Floating liner

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 storage.
With similar geometry, the surface/volume ratio is reduced by 50% each time the volume is increased by a
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factor of 8. Hence, the relative heat losses (referred to the stored energy) are twice as high for the small
storage than for the large one. The heat losses from a PTES are larger during the first years than afterwards,
as the surrounding soil will be heated up until a new heat balance is obtained.

Another important issue is whether a heat pump is used to cool the stored water. Doing so can decrease the
annual heat losses and increase the storage capacity.

Based on design simulations, the heat loss from the PTES in Marstal (SUNSTORE 4) has been calculated to be
0.08 K/day (average water temperature of 78°C) and to be 0.04 K/day (average water temperature of 56°C) [1].
Storage efficiency depends very much on the number of cycles (see definitions in the final part of Chapter
140). As an example, in Dronninglund the efficiency is approximately 90% (with two yearly cycles) [14, 16].

PTES are characterized by a significant effect of economy of scale as illustrated in Figure 4. The economy of
scale is due to the fact that the volume (and therefore the energy capacity) scales with the linear dimensions
to the power of 3, whereas the materials and the installation of these only scales with the linear dimensions to
the power of 2. The soil works scales with the linear dimensions to the power of approx. 2.8. The linear
dimensions are e.g. the side length or the storage depth. The powers above are based on optimal geometry
including soil balance.

Figure 4: Project costs for PTES in Denmark [5, 16]. Top is total costs and bottom is specific costs. The dots are realized
costs for PTES in Denmark. The red dotted line is budget prices in 2024 calculated as 42.0 €2020/m? + 1.84 million €2070.
Except for Hgje Taastrup, the budget prices are higher than the realized costs, primarily due to higher quality and lifetime
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Borehole Thermal Energy Storages (BTES)

BTES, a system consisting of tubes in boreholes (duct storage), normally operated in combination with heat
pumps, are 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 m?
soil) of that type has been implemented in connection to solar thermal at Braedstrup Fjernvarme in Denmark.
Larger storages has a.o. been implemented in Okotoks, Canada and Crailsheim, Germany.

Figure 5 illustrates the system in Braedstrup with 2 U-pipes in each of the 48 boreholes. The BTES is charged
by pumping hot water from the centre of the BTES down and up from the boreholes (6 in series) and back to
the centre. That will heat up the soil in the summer period. In the winter period the BTES is discharged by
pumping cold water in the opposite direction. The BTES is connected to an accumulation tank (TTES).
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Figure 5: BTES in Braedstrup, 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 the sensors is 9 m [1]

® Ground temperature sensors
20m
[] Heatflux sensors

Ground water l + 2 temperature sensors

flow (if any)

45m

59m

The heat loss of a 185,000 m® soil volume BTES has been calculated (simulation), cf. the storage design
illustrated above at full-scale deployment. The calculation resulted 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 in the
aquifers by the use of vertical or horizontal wells, typically with one or more pair of wells, each with one “cold”
and one “warm” well connected by a heat exchanger. Several aquifer storages are being operated
simultaneously for free cooling and heating together with heat pumps e.g. in the Netherlands, Sweden and
Denmark, typically for space cooling during summer and space heating during winter, thus operating with
storage of heat in summer and storage of cold in winter. Primary energy savings up to 75% in comparison to
separate traditional cooling and heating methods. China has a long tradition of cold water storage in aquifers,
the first projects reported in 1958. The chemical composition of the aquifer and natural groundwater flow may
negatively influence the performance. Aquifer storage is the most cost-effective technique for large low-
temperature volumes, the largest plant in Denmark has capacities of 4.7 MW heating and 5.3 MW cooling with
12 wells in operation [22].
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Charging of the storage with heat is done by pumping ground water from a “cold” well through a heat
exchanger and then to a "warm” well typically 50-100 m from the “cold” well. The heat is thus stored in the
aquifer structure (sand, gravel, limestone, chalk). When discharging the storage, the water flow is reversed: the
hot water is pumped from the “warm” well, through the heat exchanger and then to the “cold” well. In the heat
exchanger the heat is extracted from the groundwater by a heat pump, thus reducing the temperature of the
groundwater.

In Denmark, the maximum average storage temperature in an ATES is 20°C (by law) and a peak temperature
of 25°C. Cold storage is permitted down to 2°C. Hence, ATES is a low temperature heat storage technology in
Denmark. Natural groundwater temperature in Denmark is 8.5-11°C within a depth of 100 meters below the
surface.

Typical ATES charging and discharging capacity (for each pair of wells; a hot and a cold well) is 50-75 m3/h,
corresponding to 600-900 kW at a temperature difference of app. 10°C.

The application in Denmark is limited, and ATES is mainly applicable for small-scale plants 500 kW-5,000 kW

heat production (large office complexes, schools, hospitals, universities, industry, small district-heating plants
etc.), and with the best economy when both heating and cooling can be utilized. There is currently few ATES-

plants in relation to local district heating in Bjerringbro [1], Bispebjerg Hospital and Copenhagen Airport [22].

Figure 6: Principle of an ATES [20].
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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, excess heat or power to heat.

If the heat storage is operated in combination with a heat pump, the power driving the heat pump is either
electricity or, in the case of an adsorption/absorption heat pump, high temperature heat.
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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 storage capacities (PTES)

Typical storage capacities for large thermal energy storages are in the range of 50,000-500,000 m? water
volume, or 5,000-40,000 MWh at one full charging cycle. Appropriate capacities depend on the total system
design, e.g. heat demand and heat resources (excess heat available, a desired solar fraction, possibilities to
more efficient CHP production, desired peak shaving) and restrictions according to area and transmission
capacity.

Typical charging and discharging capacities (PTES)

Typical charging and discharging capacities for PTES has been in the range of 100-1,000 m3/h water flow, or
5-50 MW thermal power. However, a PTES with a charging and discharging capacity of 3,000 m3/h or 150 MW
of thermal power is currently in the late planning phase, and charge/discharge capacity can potentially be
higher based on the specifications and limitations of each system.

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 beyond this is typically not financially feasible, unless the PTES is used to store
seasonally available and cheap (excess) heat. The optimal storage period (and i.e. the storage capacity) is thus
to be determined by the local context, incl. the existing and available heat sources.

Applications for solar thermal systems have normally 1-2 cycles/year. Applications utilizing excess heat and
providing flexibility to CHP systems can have several cycles/year. An example is the PTES in Hgje Taastrup
[19]. More cycles/year will normally be a financial advantage.

Regulation ability and other system services

The PTES can indirectly participate in the electricity market by charging heat from CHPs in periods with low
electricity prices and discharging heat to district heating in periods with high electricity prices. The charging
and discharging capacity depend on pumps, valves and in- and outlet capacity. In Hgje Taastrup the charge
and discharge capacity can be changed with 0.2-0.5 MW/min or 1-2% of the in- and outlet capacity/min.
because of the systems outside the storage. For the storage itself the charging and discharging can go from 0
to max within few minutes.

Space requirements
PTES requires space. As a rule of thumb, the areas in Table 2 can be used for the storage alone, but extra 10%
will be needed for rainwater, materials etc.
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Table 2: Water volume, area, water depth and water depth below surface for different storage volumes. 10% area must be
added for additional activities.

Water volume, shape Area, outer edge of the Storage depth Water depth below
slope of banks surface
100,000 m3 square 26,244 m?2 16m 10.76 m
200,000 m3 square 42,937 m2 16m 10.75m
300,000 m3 square 47,651 m2 16 m 8.85m
300,000 m3 rectangular 51,844 m2 16 m 9.47m
600,000 m3 square 74,595 m2 19m 9.8Tm

For a PTES with a squared footprint, a suggested water depth can be calculated as Water depth / [m] = 0.382 *
(Volume / [m®])!/3. Based on this water depth, and assuming soil balance, the footprint of the PTES can then be
calculated as Footprint / [m?] = 20.15 * (Volume / [m?])%6'. As an example, a PTES of 100,000 m? will then have
a water depth of 17.73 m, and a footprint of 22,600 m? with soil balance.

Advantages/disadvantages

Advantages:

The PTES offers a buffer capacity for district heating/electricity systems, enabling increased utilization of
renewable energy sources such as solar thermal and wind turbines (when using power to provide the heat)
and financial optimization of CHP systems. These are generic advantages of large-scale 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 the heat demand. This increases the utilization of those units
and decreases the need for more expensive peak load units.

PTES BTES ATES

e High storage capacity e Requiring relatively smallarea e Low investment costs
possible of land e |ow operation costs

e High storage temperature e Very limited visual impact e Small physical footprint
possible e Expandable e Scalable, easy to expand

e Quick charging and e Limited risk of leakages e Low temperature storage can
discharging with high (possible to close single loops) be used for heating and cooling
capacity e Closed system e High storage capacity in each

e High specific heat capacity e Long lifetime borehole-pair (1.2-1.4 GWh at

e Cheap storage medium with 10°C temp. difference and
good heat transfer 2,000 hours)
characteristics

e Enables stratification*

4|f the diffusers are not designed properly, stratification will not be achieved. If stratification is achieved, it has a positive
effect on the storage performance.
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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 large thermal storage possible.

PTES BTES ATES |
e Requiring a relatively large e Unknown sub-surface e Risk of thermal short circuit
area of land conditions (risk of higher of ground water
e Risk of difficult investment costs) e Several parameters
establishment (excavation) e Risk of heat loss due to influence the feasibility
due to climatic conditions ground water flow e Low storage temperatures
(rainfall) and ground water o  Buffer tank required (max. 20°C in DK)
¢ Availability of site can be e Application of a heat pump e Open system (direct
crucial for the feasibility required circulation of ground water
e Specialized handling of liner e Slow charging and in the aquifer)
materials necessary, as discharging e Risk for clogging of heat
improper handling exchangers and/or injection
increases risk of leaks holes.

e Polymer liners and
insulation materials have
limited lifetimes depending
on temperatures, moisture,
oxygen and stress
conditions.

e Risk of increased heat loss
due to ground water flow

Environment

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

e Forespecially 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 in DK) may result in bacterial
growth. But until now there are no reported bacterial growth at temperatures up to 25°C.

e 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.

TRL

TRL for PTES, BTES and ATES is 9 for standard solutions. In some countries (for instance NL) shallow ATES is
TRL10-11.

Research and development objectives
A general research and development objective is the improvement of modelling of large thermal energy
storages to improve the planning security in investment decisions [5].

PTES

e Improvement of polymer liners that can withstand a storage temperature of up to 95°C all year round.
Current HDPE liners are suitable for shorter storage periods at max. temperature (up to 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. PP-liners are expected to have lifetime of more
than 20 years at 90°C, but this has to be proved.

e PTESto store heat from waste incineration and industries and as buffer storages for CHPs adding
flexibility to the electricity production is until now only demonstrated in Hgje Taastrup in Copenhagen
(DK). Experiences in operation are needed.

e Further development of insulated lids, moisture resistant at high temperature levels.
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e Development of corrosion free in- and outlet systems to avoid expensive treatment of the water in the
PTES.

e Low-cost PTES for low temperature heat sources as heat source for heat pumps.

e Utilisation of the produced cooling for process cooling and district cooling.

e Demonstration of full-scale BTES, expected to be competitive to PTES, considering the expected
longer lifetime than PTES.

e Investigation of BTES established at locations with higher level of ground water (non-floating).
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

e High temperature storage in ATES requires more research to ensure reliable operation (low
temperature storage in ATES is more mature and is feasible and already proven in stable operation).
One project has under a dispensation stored heat at 35°C without any harmful bacterial growth [22].

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

e Further investigation of critical ground water flow rates and heat losses in ATES and BTES.

Storage in geothermal reservoirs

Large thermal energy storages in geothermal reservoirs have been 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 large scale
thermal storages are presented in Table 3.

Table 3: Key data for 8 Danish PTES [1, 13, 14, 16, 19]. Calculated heat loss data for SUNSTORE 3 from [10]. Prices are the
real implementation costs in the implementation year (current prices).
#Measured data for 1998-2001 (Pilot storage in Ottrupgard) [14], 2013 (Marstal) and 2014 (Dronninglund).

PTES Ottrupgard SUN- SUN-STORE 3 SUN- Vojens Gram Toftlund Hoje

STORE2 Dronninglund STORE 4 Taastrup
Marstal Marstal

Year of 1993-95 2003 2013 2011-12  2074- 2014- 2016-17 2020-22

construction 15 15

Size, m3 1,500 10,000 60,000 75000 210,00 1250 85,000 70,000

(water 0 00

volume)
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Price, 0.23 0.67 2.3 2.7 5.0 4.3 4.1
million €

6.0

Price, €/m?3 150 67 38 36 24 34.5 48

86

Price, €/kWh 5.2 1.0 0.43 0.45 0.41 0.36 0.59

1.83

Temperature 35-60 35-90 10-89 17-88 4090 2090 2090
range, °C

45-90

Capacity, 43.5 638 5,400 6,000 12180 1212 6,885
MWh 5

3,300

Charging and 0.39 6.51 26.1 10.5 38.5 30.0 22.0
discharging
cap., MW

30.0

Calc. heat 85 402 1,602 2,475 5500 4,024 1,900
loss, total,
MWh/y

1,577

Measured 70 1,175 2,927
heat loss,
MWh/y#

BTES

There is currently only one BTES in operation in a Danish district heating system (Braedstrup).

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

*Measured for 2014-17 [8].

Drake Landing Crailsheim (DE) Braedstrup (DK)

(Okotoks, CA)

Year of construction 2006-07 2008 2011-12
Size, m? (soil volume) 34,000 37,500 19,000
Price, million € 0.45 0.52 0.26
Price, €/kWh 0.64 0.46 0.66
Number of boreholes 144 48
Depth, m 35 45
Temperature range, °C 35-65 20-70 12-50
Storage capacity (calc.), MWh 700 1,135 400
Charging and discharging cap., MW 0.3-0.6
Heat loss 1. year, calc., MWh/y 280 305 148
Measured heat loss, MWh/y* 90
ATES

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

Table 5: Characteristics of the ATES in Bjerringbro, Denmark, connected to a district heating network. The price pr. kW is

excluding transmission pipelines (the total price is 1,600 — 1,750 €/kwW) [1].

ATES Bjerringbro

Year of construction 2013
Treturn, °C 17
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Tforward. °C 9
Charging and discharging cap., MW 1.5
Temperature difference, heat, °C 8
Size, m3/h 160
Price, million € 2.5
Price, €/m?3 water 10-20
Price, €/kW 700-900

Prediction of performance and costs

Cat. 1
A R&DD
phase
Cat.2
Price Pioneer phase.
Limited application

Cat. 4
Commerecial
Limited development
potential

Accumulated
production

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

Crucial knowledge regarding PTES in the context of Danish district heating systems has been gathered
through the last decade. Thus, PTES is categorized as “early category 3" or TRLY on IEAs TRL scale 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 (Braedstrup — pilot project) is evaluated positively as a technical
solution since implementation and operation has worked as expected. 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 and Denmark, primarily for cooling of
individual 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
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context, ATES is assumed to be in development category 3 or TRLY on IEAs TRL scale, as there is yet only
limited locally embedded expertise in combination with district heating, but the experiences from the building
sector and industries can easily be adopted by the district heating sector. For The Netherlands TRL is 10-11
for shallow ATES for buildings.

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. |.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 long term storage for solar heat typically requires 0.3-2 m® water storage
volume per m? solar collector, with solar heat contributing 20-40 % of the total yearly 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 to be about 4 m® per m? solar collector [5 & 9].
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Definitions [14]
O, +dO.
Storage efficiency: Npps = —25—=
Ocn

CN — QDC
Storage cycles number: Qear
Heat capacity: Ocap = Viws P Cp (T = Thin)
Storage heat loss: Qioss= Qcr- Qoct dQint

With  Qpe: heat discharged from the storage
Qe heat charged into the storage
Quss : thermal losses of the storage
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dQint: internal energy change of the storage within the considered period
(dQint < 0 if energy content is lost within the period)

Qcar : heat capacity of the storage

Vres : volume of thermal energy storage (TES)

p : density of storage medium

cp: specific heat capacity of storage medium

Tmax / Tmin - Maximum / minimum temperatures in the storage
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Brief technology description
Introduction to thermal storage
Thermal storage options can be split into three different technologies: [1] [2]
1. Sensible heat storage, which uses 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 heat storage, which makes use of the storage material’s latent heat during a solid/liquid phase
change at a constant temperature.
3. Thermochemical storage, which stores heat through reversible chemical processes. This includes
sorption technologies, in which thermal energy is exchanged through adsorption or absorption
between material pairs such as zeolite-water (adsorption) and water—lithium bromide (absorption).

The market is dominated by sensible Tank Thermal Energy Storages (TTES) due to the quality, the cost, the
simplicity and the versatility of water as a storage medium. A Tank Thermal Energy Storage is a sensible heat
storage and may be constructed as steel, concrete or glass-fiber reinforced plastic tanks (depending on the
temperature levels of the water inside). For higher temperature applications (such as district heating), the
most common type of structure is a steel tank. Latent heat and thermochemical storage technologies are not
the topic of this chapter and are therefore not described further.

TTES description

In the context of this catalogue, TTES are above-ground, insulated steel tank structures, installed on a concrete
foundation. They are connected to a district heating network and supplied with one or several® inlet diffusers in
the upper part of the tank, and an outlet diffuser at the bottom for charging. The cycle is reversed for
discharging (see Figure 1). A tank may be supplied with more than two diffusers, to increase the flexible use of
the thermal stratification inside the storage (hot water at the top, colder water at the bottom and intermediate
temperatures in-between).

5 The use of multiple diffusers makes it possible to charge and discharge TTES at different temperature levels (e.g., 97°C
and 80°C)
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This chapter focuses on atmospheric tanks (vented to the atmosphere via an inert gas cushion) and also
mentions pressurized tanks, without going into details.

Figure 1: lllustration of the charging and discharging process of a TTES [3]

Insulated shell

Charging Discharging

Top diffusor Hot waterin

(water pipe)

Hot water out

Cold water out

Bottom diffusor Cold water in
(water pipe) - -
PlanEnergi)
Figure 2: Main stages of on-site TTES construction [3] Figure 3: Picture of the 2*¥1,000 m3 TTES in Preestg (DK), total
height of 19.3m [4]
1. Build the foundation of the tank 2. Build the roof of the tank*, then build

from top to bottom, one level at a time

3. Build diffusors at each corresponding 4. Install insulation around and on top of
level while building up the tank the tank once the tank is built up

. 4 i ’Uj ;

5. Install cladding around the insulation to protect it
from wind & rain, and decorate the tank

The maost technical/crucial elements of a TTES are:
+ Theinner shell
The diffusors
= Theinsulation surrounding the TTES
+ The nitrogen or steam systems preventing
ambient oxygen diffusion into the tank water

i i

* Alternately, the roof can be built at the end of the process, once all levels have been built from
bottom to top

According to the definition provided by IEA ES Task 39, TTES systems are large-scale sensible thermal energy
storage systems. They are designed to store a large amount of heat (at least 1 gigawatt-hour of heat® per

61 gigawatt-hour of heat corresponds roughly to the annual heat demand of about 75 households, based on an average
consumption of 13.4 MWh/year for a Danish household, as reported by the Danish Energy Agency [17]
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year’), at temperatures above 50°C such that the stored heat can be delivered to district heating networks,
while operating at atmospheric pressure. [3] This definition suits well the type of thermal storages encountered
in Danish district heating systems.

Application in Danish District Heating Systems

From the 1980s through the 1990s, Denmark expanded its decentralized Combined Heat and Power (CHP)
system by building new CHP plants and converting older plants to natural-gas-based CHP. To manage the
mismatch between heat production and heat demand, these plants widely adopted TTES. TTES allowed plants
to shift heat consumption and production, enabling them to generate electricity during the most profitable
hours. Early tanks were sized according to the 3-tier electricity tariff system and typically stored enough heat
to cover 2-3 days of summer demand. [5]

Around 2005, the introduction of variable spot-market tariffs enabled natural gas—fired CHP plants to operate
more flexibly, running mainly when electricity prices were high. With this new market flexibility, CHP plants
could be combined with solar thermal plants in the same district heating system, and TTES could benefit both
the CHP and solar thermal plants. During the summer period, solar thermal plants supplied most of the heat,
since solar energy availability is high and heat demand is lower, while CHP plants could reduce operation or
run only when electricity prices were favorable. TTES also provided winter peak shaving and operational
reserve, which made them attractive for biomass-based plants as well. Tank sizes were then often determined
by how many winter hours the storage could supply. Up until the end of 2019, solar thermal plants could
provide tax credits in the heat savings credit scheme, which boosted the development of solar district heating
(and corresponding means of thermal storage, both seasonal heat storage technologies like Pit Thermal
Energy Storage “PTES” and smaller scale heat storage like TTES).

Figure 4: Principal scheme of the hydraulic integration of a TTES in a simple district heating system [6]

Forward

Gas Gas Gas
motor 1 motor 2 boiler

& &

Solar Heat
collectors exchanger

Return

©

From 2019 onward, improved economics for electric heat pumps shifted investment away from solar thermal.
Large-scale heat pumps increasingly became the preferred new heat source.

By 2025, over 180 Danish district heating utilities had installed heat pumps with a total thermal capacity of
about 600 MW, complemented by roughly 1,500 MW of electric boilers. Some of these units provide
grid-balancing services, with TTES now functioning as key flexibility assets for power-to-heat operations.

A 2013 survey by the Danish District Heating Association reported that 284 district heating plants® were
equipped with TTES. Together, these TTES provided a total storage capacity of 34 GWh and a combined

7 Note that this value refers to annual throughput, and not a storage capacity. In practice, relatively modest storage
volumes (e.g. a 5,000 m?3 tank with around 0.3 GWh of usable capacity) can easily exceed 1 GWh/year when cycled
multiple times

880% of the respondents
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volume of 711,000 m2. The average TTES size was approximately 2,500 m?3, with most installations falling
within the typical range of 500-5,000 m3. [7] Today, continued investment in new TTES — driven by revenue
opportunities in the electricity market — has doubled this capacity. Nowadays, the cumulated TTES capacity®
almost reaches 69 GWh, corresponding to a total TTES volume of about 1,400,000 m3. [8]

Figure 5: Accumulated volume of TTES (m?3) and capacity (MWNh) in district heating - 442 TTES considered [9]
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In summary, TTES have been widely adopted in Denmark over the past 40-50 years. This stands in contrast to
most other European countries. In Germany, for example, such tanks are typically installed in very large district
heating systems, usually as a single, larger unit, also operating at higher temperatures (up to about 100°C),
while in France the technology is still relatively new and not widely deployed. As a result, Denmark has gained
far more practical and technical experience with this type of system than other countries. This higher level of
experience also influences TTES prices: the cost figures provided below apply to Denmark only and should not
be considered representative for other markets.

Energy efficiency

TTES are a well-established technology. Typically, TTES for daily use in district heating applications are
insulated with about 300 mm insulation (of e.g. mineral wool), but for long-term storage, 400 mm may be
more suitable. [8]

The size and height-over-diameter ratio influence heat losses. A theoretical calculation of three different sizes
(500, 1,000 and 5,000 m®) with a height/diameter ratio 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. [7]

To increase energy efficiency and usability of thermal storage, it is often chosen to directly connect TTES to
the district heating system rather than installing a heat exchanger between them. This is feasible provided that

91n 2026, the total storage capacity installed in Denmark - combining both TTES and PTES systems - reached
approximately 100 GWh, corresponding to a total storage volume of about 2,000,000 m2.
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the pressure level is compatible and that the water quality in the district heating network meets the TTES'
water quality requirements (see next section).

Input/output
Hot water, max. approx. 97°C'°.

If the tank is pressurized or designed as a 2-zone tank, higher temperature can be achieved - for example in
the range of 100-120°C. [10] [11] However, such designs remain relatively uncommon in Denmark, are usually
limited to large-scale installations, and involve significantly higher specific costs compared to non-pressurized
TTES. Note that these tank types are not considered as part of the scope of the quantitative analysis
presented below.

The water used in TTES must meet specific quality requirements to minimize corrosion and prevent premature
damage. In particular, the water should have a pH of 9.8 + 0.2 at 25°C and contain only very low
concentrations of particles and components such as oxygen, iron, chlorides etc."

Typical input/output heating capacity

The input and output heating capacity of TTES can span a wide range. While this parameter is not inherent to
the TTES themselves and is primarily determined by the hydraulic design (specifically the sizing of the pumps
and diffuser pipes installed), it is not entirely unconstrained. At higher capacity levels, the design must still
ensure that a stable thermocline can be maintained and that the diffuser system can distribute flows without
excessive mixing. Consequently, although the project owner can specify charging and discharging capacities
based on technical and economic considerations, these choices must remain compatible with sound thermal
behavior and feasible diffuser design.

The figure below illustrates typical capacity ranges observed in practice for TTES: approximately 0.5—-50 MWy
for a 1,000 m? tank, and around 5—1,000 MWy, for a 50,000 m? tank.

10 Assuming TTES are equipped with a nitrogen-based inerting system, which is the most commonly used solution in
Denmark. With a steam-based system, however, the storage can operate at higher temperatures, typically in the range of
100-105°C

11 A slight overpressure at the top of the tank - maintained by an inerting station using either steam or a nitrogen cushion -
prevents oxygen from entering the tank and helps reducing the risk of internal corrosion
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Figure 7: Overview of the range of heating power available2 from the different types of large thermal energy storage
systems [3]
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Typical capacities

Typical capacities vary with each district heating plant. Sizes of 500-10,000 m? are very common in a Danish
district heating context. Over time, the trend has shifted towards larger TTES. TTES commissioned between
1975 and 2012 have an average volume of approximately 2,200 m3, whereas installations commissioned from
2013 onward are larger, with average volumes approaching 5,000 m? [9].

Figure 6: TTES for district heating commissioned in Denmark since 1975, ordered by storage volume (m?) [9]
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2 These graphs are estimates based on the knowledge of IEA ES Task 39 experts, not the result of a technical study. For
PTES and ATES, several single pits or pairs of wells are assumed to be used to achieve higher total water eq. volumes
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As shown in Figure 7, very large-scale installations are also emerging, such as in Aalborg and Aarhus. In
Aalborg, the utility has recently commissioned four 50,000 m® TTES, while in Aarhus, two more are planned.
For this reason, the datasheet on the Quantitative Description focuses on two representative cases: a 5,000 m?3
and a 50,000 m3 TTES. It should also be noted that most TTES are either below 20,000 m?3, or above 40,000
m?2. This can be explained by the fact that above 20,000 m?3, the scale of the tanks makes them more difficult
to handle during construction, requiring more advanced construction methods, more robust foundations, etc.
This has an impact on the TTES construction costs. Danish TTES manufacturers have so far focused on
construction of TTES below' 20,000 m3, which means that for larger TTES projects, manufacturers from
abroad are hired, also contributing to higher costs (since local suppliers and workforce are usually not
employed).

The storage capacity of TTES in terms of stored energy depends on the temperature difference and therefore
also the temperature levels. The change of production technologies 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 by a CHP-plant or a boiler. Hence, the capacity of the TTES in terms of energy is likely to
change, depending on the heat production technology. It should also be noted that in practice, only
approximately 90 % of the storage capacity can be used. [7]

The table below summarizes the typical capacities for different TTES volumes'.

TTES volume m3 500 1,000 2,500 5,000 10,000 50,000

Typical capacity MWh 29 58 144 288 576 2,878

The formula for calculating the thermal capacity of TTES is the following:
Q=p-V-c- AT
Considering that:

e Q=m-c-AT
e m=p-V

e Q=heatcontent (J)

e p=density of water (kg/m?)

eV =volume of water (m?)

e c = specific heat capacity of water (= 4180 J/kg-°C)
e AT =temperature difference (°C)

13 For volumes between 20,000 m3 and 40,000 m3, Danish district heating utilities will likely build several smaller tanks
(provided they have enough space available), like for instance in Silkeborg, where 4*16,000 m3 TTES have been built, see
https://www silkeborgforsyning.dk/fiernvarme/produktionsanlaeg-og-breendselssammensaetning/solvarmeanlaeg

14 Considering 55K of temperature difference in the tank and 90 % availability
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Typical Storage Period
The typical storage period depends on the heat demand and typically varies from a few hours to approx. two

weeks. Additionally, TTES can be used for covering peak demands, i.e. to cover morning and evening peaks by
being charged during the night and throughout the day.

In smaller district energy systems, TTES can be used for seasonal storage, when the desired storage capacity
is too small to require e.g. a pit thermal energy storage (cf. Seasonal Heat Storage, chapter 140). For storages
up to approx. 25,000 m? storage volume, TTES have generally proven to be more cost-effective than e.g. small-
scale pit thermal energy storages. [4]

Regulation ability and other system services
TTES enhance system flexibility by decoupling heat production from demand, allowing operators to optimize
generation based on electricity market conditions.

e In combination with CHP units, it enables shifting heat production to periods of high electricity prices,
while stored heat covers demand during low-price periods.

e When integrated with power-to-heat technologies such as heat pumps or electric boilers, TTES can
also contribute to electricity grid balancing by providing ancillary services, thereby creating additional
revenue streams while supporting efficient and low-cost heat supply.

Space Requirements
The typical height-to-diameter ratio of TTES varies with its volume and is largely influenced by municipal limits

on maximum allowable height - often capped at around 30 m to reduce visual impact. For smaller TTES'®, the
height-to-diameter ratio® generally ranges from 1.0 to 2.5, while for larger TTES™ it typically falls between 0.7
and 1.2 (see Table 1). TTES of intermediate size (10-20,000 m?®) also have intermediate ranges of
height-to-diameter ratio (0.8 to 1.5).

The footprints of TTES with 350 mm insulation & cladding, 55K temperature difference, 40 m? for piping and
service area and 90 % availability (for thermal storage capacity calculations) are estimated in the table below.
These footprints indicate the minimum area required to implement TTES, but in practice, more space is often
required to move around the tank, have access to buried pipes, the technical building, etc. and TTES end up
using more space (and potentially several times the footprint) than what is indicated in the table. For the
footprint of very-large scale TTES, it is assumed that a square around the tank is necessary (instead of a
circle), and a service area of 400 m?.

15 Volume below 10,000 m3
16 Note that a H/D ratio of 1 also provides the smallest heat losses for a given volume

17 VVolume above 20,000 m3
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Table 1: Space requirements for selected TTES sizes.

TTES volume 500 1,000 2,500 5,000 10,000 50,000
Ratio h:D 15 25 15 25 15 25 10 20 08 15 07 12
Footprint m? 13 11 17 14 25 20 42 30 69 49 276 210

9 9 6 7 5 6 8 6 4 6 9 4
Minimum space m%M 48 41 30 25 17 14 14 10 12 08 09 07
requirements Wh 2 4 6 6 7 3 9 6 1 6 6 3

Advantages/disadvantages
Advantages

o Well-known technology
e Increases short-term flexibility of operation in district heating plants
e Enables a higher share of renewable heat at relatively low cost
e (Canin some cases keep the pressure in district heating systems
e 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, environmentally
friendly and convenient medium. 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.
e Low investment cost
e Supports sector coupling by integrating heat production with the electricity system
o CHP units can adjust their production according to electricity market prices, generating heat
when electricity prices are high and relying on thermal storage when prices are low
o TTES can help provide grid services when combined with a heat pump or an electric boiler,
generating additional revenue on top of producing low-cost heat for later use
Flexible and adaptable output power range [3]

Disadvantages

e Space requirements

e Energy losses™

e Anitrogen or steam cushion is required in atmospheric TTES to prevent oxygen ingress and thereby
protect the system against corrosion

Environment

Large TTES 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 limited impact.

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

18 Although rather limited (typically less than 5% per year for a daily storage) [4]
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Research and development perspectives
The research and development of TTES in Danish district heating systems is assessed to be limited to
adjusted operation strategies of the existing technological solutions. This includes:

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

e Useof TTES for cooling storage.

e Using one TTES for storage at different temperature levels to accommodate the optimal supply
temperatures for heating and cooling purposes, as well as the different temperature levels of separate
heat sources (such as a large-scale heat pump, solar thermal or a boiler).

Additional secondary minor research and development topics may include;

e Advancements in more efficient and cost-effective welding and assembling techniques (e.g., spiral
assembling technologies similar to those used by Rodoverken Group AB)

e Opportunities for co-utilization of thermal storage (e.g., integration with PV systems, commercial
facilities such as restaurants on the top of TTES, etc.) or development of more diverse and
aesthetically appealing cladding solutions

e Approaches for retrofitting existing installations (e.g. old oil tanks)

e Underground / partially underground TTES

e Sector coupling and new business opportunities for TTES (e.g. grid services)

Examples of Market Standard Technology

TTES were already installed in more than 280 district heating systems as of 2013 and are thus widely applied.
Below are several recent or upcoming projects in Denmark that illustrate continued development in recent
years: [7]

e 5000 m® TTES for Haderslev Fjernvarme, built by Steel Tank A/S in 2023

e 4,200 m® TTES for Bjaeverskov Fjernvarme, built by FW Rgrteknik A/S in 2025

e 4 x50,000m3TTES for Aalborg Forsyning, built by Rodoverken Group AB in 2025 [12]
e 12,000 m® TTES for Fjerritslev Fjernvarme, built by FW Rgrteknik A/S in 2026

e 2x50,000m3TTES planned for Aarhus in the coming years [13] [14]

Prediction of performance and costs
TTES are a mature and proven technology; hence, the technology is in category 4 “Commercial”. The
development potential comprises storage at different temperature levels.

Figure 8: Technological development phases. Correlation between accumulated production volume (MW) and price
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Quantitative description
Case of a 5,000 m3 TTES

The scope considered for the quantitative description of the 5,000 m3 TTES case includes:

e Tank & equipment: Delivery of the assembled steel tank (typically according to EN 14015), diffusers,
corrosion protection, insulation/cladding, nitrogen system, instrumentation, valves'® and other
TTES-related interface components.

e Civil works: Site access, earthworks, and foundations.

e Consultancy: Project management and supervision.

The scope is limited to the tank itself and the required foundations and design studies. It excludes any external
components such as a potential technical or hydraulic building, pumps, heat exchangers, pipes and valves -
except those welded/attached directly to the tank - as well as the pipes connecting the TTES system to the
district heating network. The cost of connecting TTES to district heating networks can vary significantly
depending on each project and the distance to the existing network. In Denmark, TTES are typically placed in
peri-urban areas close to central heating facilities, which usually keeps connection costs at a reasonable level.

Note that the quantitative description is limited to atmospheric TTES; therefore, pressurized systems or tanks
designed as two-zone configurations are excluded from the scope here.

19 Those integrated directly into the tank
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Economy of scale

TTES installations benefit strongly from economies of scale, which can be reflected in a power-law regression
trend, illustrated in the figure below. The scope underlying this cost function is described in the previous
section [4].

Figure 9: Specific CAPEX formula for TTES in Denmark [4]
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The formula for the power-law regression trend, only valid for TTES volumes ranging from 900 m?3 to
12,000 mé3, can be expressed as follows:

P=aV"b
Where:

e P =Specific CAPEX (EUR/m3)
e V=TTES volume (m?3)

e a=3055()

e b=-0.309()

Case of a 50,000 m® TTES

In Europe, including Denmark, there has been a growing tendency to build increasingly large TTES systems for
major district heating networks. Recent examples include the four 50,000 m3 TTES built for Aalborg Forsyning
by Rodoverken Group AB in 2025. Aalborg Forsyning has chosen to invest in the four TTES because the tanks,
together with the electric boilers, the seawater heat pump, surplus heat from Aalborg Portland and waste heat
from Nordveerk, will help replace the coal-based district heating from Nordjyllandsvaerket when it closes down
in 2029. Two 50,000 m3 TTES are also planned in Aarhus in the coming years [12] [13] [14] [15]. In Germany, a
52,000 m® TTES facility in Berlin was commissioned in 2023 to support the city’s district heating network,
connected to a 200 MW power-to-heat plant that utilizes surplus wind power to provide renewable heat for
approximately 13 hours. [16]

The scope considered for the quantitative description of the 50,000 m3 TTES case includes:

e Tank & equipment: Delivery of the assembled steel tank (typically according to EN 14015), diffusers,
corrosion protection, insulation/cladding, nitrogen system, instrumentation, valves and other
TTES-related interface components.
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e Civil works: Site access, earthworks, and foundations.

e Connection works: All of the piping (including civil work), required valves, dedicated pumps, heat
exchangers, small technical building, control system, and connection to the existing district heating
network.

e Consultancy: Project management and supervision.

Note that the quantitative description is limited to atmospheric TTES; therefore, pressurized systems or tanks
designed as two-zone configurations are excluded from the scope here.

Higher cost & uncertainty

The scope of work associated with very large TTES (volumes around and above 40,000 m3) is wider than the
one of smaller TTES, since installing such large TTES requires more integration to the existing system
(connection to the district heating network, variety of heat sources, size and control of the pumps).

At such large scales, the steel plates thickness and the height of the tanks require specific and more costly
construction methods (for welding, lifting, and foundations building), that are not used by Danish tank
manufacturers. The lack of references of TTES at these large scales and limited number of international
suppliers able to build such large TTES in Denmark also increase the specific price of such thermal storages.
This explains why the specific costs of very large TTES are higher than those of smaller TTES?.

The numbers provided in this datasheet should also be used with caution, since they are based on only a few
references, and could vary significantly from case to case, amongst other things depending on the required
connection works (distance to the district heating network, controls, technical building, etc.).
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Brief technology description

A household hot water tank is an insulated tank that stores and maintains a supply of heated water for
domestic uses such as showers, taps, and appliances. Cold water enters the tank from the mains, is heated by
a source like an electric element, boiler, or heat pump, and kept at a set temperature until needed. When a tap
is opened, hot water is delivered from the tank while fresh cold-water refills it, ensuring a continuous supply.

For solar domestic hot water, the heat exchanger from the solar collectors is usually placed in the bottom of
the hot water tank (cf. the lower coil in Figure 1). Often, an extra coil is placed in the top of the tank 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 storage is a component in a closed circuit with a heat pump.
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Figure 1: Typical domestic hot water storage used for solar heating [1]

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

e Toincrease the operating periods for e.g. heat pumps, biomass boilers and solar heating systems and
hence facilitate more efficient operation of these technologies.

e To enable load shifting by storing?' energy during periods of low-cost, off-peak electricity and using it
later, thereby transferring part of the peak demand to off-peak periods. Reshaping the load curve
improves the utility's capacity factor and, by extension, its financial performance.

e Toensure sufficient flow for high domestic hot water demands and space heating

Construction and materials

Hot water tanks are typically made of steel that is corrosion-protected by enamel and a sacrificial anode.
Equipment such as heat exchanger spirals, electric heating elements, stratification devices for enhancement
of thermal stratification in the hot water tanks, baffle plates for reducing mixing by incoming water during
discharge and charge, etc., can be built into the tanks. The hot water tanks are normally insulated with an
insulation material with a low thermal conductivity to reduce heat losses of the tanks. Often polyurethane
(PUR) foam is used as insulation material.

Normally, the tank material, as well as all the equipment inside the tank, is heated to the same temperature as
the water in the hot water tank.

Key thermal characteristics
The performance of a hot water tank depends on several factors:

21 For storages heated by heat pumps or electric heating elements
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e Heat storage capacity

The heat content of the hot water store in a specific temperature interval, from Tmin to Tmax is determined by
the product of the heat storage capacity and the temperature difference (Tmax- Trmin).

More precisely, the heat content of a hot water tank in a temperature interval from T+ to T, is determined by
the following formula:

Q= (TZ - TW) X [(Mwater X Cwater) + (Msteel X Csteel) + (Mhtf X Chﬁ)]
Where:

- Q[J]is the heat content of a hot water tank

- Muwater (Kg): mass of the water in the tank

- Cuwater (J/kg-K): specific heat capacity of water

- Msteel (kg): mass of the tank’s steel

- Csteel (J/kgK): specific heat capacity of steel

- My (kg): mass of the heat transfer fluid in the tank

- Crir (J/kg K): specific heat capacity of the heat transfer fluid

In standard hot water tanks, the water accounts for nearly all the total heat content of the storage volume.

Achieving a compact hot-water tank requires storing as much heat as possible within the smallest volume.
This depends not only on the water volume but also on the tank’s shape and on how the insulation is designed
and applied.

¢ Heat exchange capacity rates to and from the hot water tank

The heat exchange capacity during charging should be high enough to ensure that the efficiency of the energy
system supplying heat to the tank is not significantly reduced. If the heat transfer fluid must reach excessively
high temperatures to deliver heat, system performance will decline.

Similarly, during discharging, the heat exchange capacity should be sufficiently high to allow the tank to deliver
the required heat output at an adequate temperature whenever needed.

e Temperature stratification in the hot water tank

During operation, thermal stratification will develop within the hot-water tank, meaning that the upper region
becomes significantly warmer while the lower region remains at a lower temperature.

The efficiency for most energy systems with hot water tanks can be increased if a large thermal stratification
is built up both during charge and discharge periods for the hot water tank. Furthermore, thermal stratification
should be maintained to a great extent in periods without charge and discharge of the hot water tank.

For instance, a highly stratified hot water tank for a solar heating system ensures that the solar collector
temperature during operation stays low and that the solar collector performance therefore becomes high, and
that the requirement for auxiliary energy supply is reduced to a low level due to high temperatures of the hot
water drawn from the top of the hot water tank.

Heat losses mechanisms and mitigation

e Heat losses definition
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The heat loss from the hot-water tank should be kept as low as possible to ensure that the overall
performance of the energy system is not significantly reduced.

The heat loss of a hot water tank is determined by the product of the heat loss coefficient of the tank and the
difference between the hot water tank temperature and the ambient temperature. The heat loss coefficient is
theoretically determined by traditional heat transfer theory by means of the thermal conductivity and thickness
of the insulation material and of the shape of the tank/the surface area of the tank. That is, the theoretically
calculated heat loss coefficient represents the heat transmission through the insulation material.

As a reference, today's EU energy-labelled household water heaters (class A or B) reach standby losses
corresponding to approx. 0.5-1.0 W/K at similar sizes, achieved with thicker PUR insulation (typically 5-8 cm).

e Thermal bridges

Beyond the normal conductive heat loss through the insulation, considerable additional losses occur via
thermal bridges. These thermal bridges may result from inadequate insulation installation, localized reductions
in insulation thickness, or penetrations of any kind through the insulation. Heat loss is also influenced by
external components attached to the tank, as these can create further thermal bridges.

Measurements have shown that the position of thermal bridges strongly influences the magnitude of heat
loss. A thermal bridge at the bottom of the tank cools the adjacent water, which settles and forms a stable,
insulating cold layer, thereby minimizing heat loss. However, when a thermal bridge is located near the top of
the tank, the cooled water is displaced by warmer, lighter water rising from below. This continuous convective
replacement keeps the thermal bridge at a high temperature, resulting in substantially increased heat loss. [2]

¢ Piping
The piping connected to a hot-water tank plays a major role in overall heat loss. A pipe penetration through the
insulation forms a thermal bridge and can cause substantial heat loss because temperature-dependent
density differences may induce internal fluid circulation within the pipe. This circulation transfers heat into

portions of the piping system, increasing the tank’s heat loss. To avoid this, pipe connections should be
located at the bottom of the tank and routed downward, preventing natural circulation in the piping.

Pipe connections located on the top or side of a hot-water tank lead to considerable heat loss. This can be
mitigated by installing a heat trap on the pipe just outside the tank. The heat trap is constructed as a
downward-oriented pipe section near the tank outlet, connected to a horizontal section, which in turn leads to
an upward-oriented segment. Figure 2 provides a schematic comparison of a top-mounted pipe connection
with and without a heat trap.
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Figure 2: Sketch of a tank with a pipe connected to the top without and with a heat trap

Moreover, when a pipe connected to the hot-water tank forms part of a loop, thermosyphon effects may
develop within the circuit, causing substantial heat losses. It is therefore essential to install a valve that
remains closed during periods without flow to suppress unintended natural circulation.

To summarize, preserving thermal stratification requires that the upper region of the tank is fully insulated and
free of thermal bridges. All components that may act as thermal bridges - such as piping connections or
structural attachments - should be located at the bottom of the tank. Additionally, pipe loops passing through
the tank must contain a valve to prevent thermosyphon effects.

Typical capacities

Small domestic hot water tanks for single-family houses and apartments typically have a volume between 60
and 300 liters, depending primarily on the heat source and the hot water demand. Hot water tanks up to 300
liters are often pre-insulated and designed to fit inside 60 cm x 60 cm x 200 cm cabinets commonly used in
utility rooms.

Typical Storage Period
The typical storage period is a few hours, facilitating appropriate operation of the heat production capacity,
with close-to-constant operation of the heat source, at varying heat loads.

Advantages/disadvantages
Advantages:

e Small hot water tanks can be used as storage to facilitate shift load storage to capture the cheaper,
off-peak electricity and use it at other times, effectively shifting portions of peak load to off-peak
hours?

e Decentralized production units may be operated more efficiently when combined with storage for an
efficient and stable supply of domestic hot water and space heating

e Cheap and easy to produce (millions of 50-1,000 L tanks produced internationally each year)

e Well proven technology

22 Reshaping the load curve improves the utility's capacity factor, which in turn improves the economic performance of the
system.
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Disadvantages:

Comparably large footprint, partly due to use of steel and insulation material

Depending on domestic hot water tank temperatures, legionella bacteria inside the tank may be an
issue

May cause high return temperature in district heating systems, which results in higher energy losses.
Furthermore, the possibilities for lowering temperatures are weakened in traditional systems, during
summertime, and generally in low temperature district heating systems, due to the higher flow
temperatures required compared to heat exchanger substations

Environment
There is no local environmental impact from household hot water tanks.

Research and development objectives
Improvements of thermal storages using water as storage medium are primarily within the following areas: [3]

Development of optimally designed mantle tanks, which can establish and maintain thermal
stratification in a much better way than traditional hot water tanks with built in heat exchanger spirals
Hot water tanks with built in inlet stratifiers used to enhance thermal stratification

Smart storage operation through flexible storage temperatures in (parts of) the storage tanks

Examples of Market Standard Technology
Small-scale water tanks are installed in most buildings with biomass boilers, heat pumps and/or solar thermal
and many buildings with other heating sources.

Prediction of performance and costs
Figure 3: Technological development phases. Correlation between accumulated production volume (MW) and price
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Traditional water tanks are in category 4 “Commercial”, i.e. it is mature technology and there is only a limited
development potential.
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Additional remarks

Further information / additional reading: "Potentiale og muligheder for fleksibelt elforbrug med seerligt fokus pa
individuelle varmepumper” (Opportunities for flexible electricity demand using heat pumps in private homes),
Energinet.dk, January 2011 [4]
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Qualitative description

Brief technology description
Carnot batteries are systems that convert electricity into heat, store the heat in thermal energy storages, and
convert it back into electricity. This is shown in simplified form in Figure .

The family of technologies covered under the term Carnot batteries is quite broad. In this description, we focus
on the sub-group of Carnot batteries that store heat in sensible heat and convert it back into electricity using a
Rankine cycle.

Figure 1 Typical Carnot battery (Vandersickel 2023)
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In the following sections the focus of the technology description is on Carnot batteries with three main
properties:

e Input conversion using resistive electrical heating.
e Sensible heat storage using molten salt or hot rocks to store at > 200 °C.
e Qutput conversion using steam generators and Rankine cycle for power generation.

We also consider use cases where the steam is not used for the regeneration of electricity but is used for
industrial processes. Strictly speaking, these use cases are not Carnot batteries, but they are relevant for
certain business cases related to thermal energy storage.
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This focus reflects the status of the Danish commercial solutions available for Carnot batteries at the time of
writing and thus is not meant to exclude other potential designs that could be included in future updates as the
technologies mature.

Applications of the technology

The main use case for the type of Carnot batteries that is the focus of the chapter has been chosen to reflect
the status of the most advanced pilots and demonstration plants in Denmark in autumn 2024. These are
centered on replacing gas consumption for industrial applications by electrification of steam production. In
such cases industrial natural gas boilers are replaced or supplemented by Carnot batteries that produce
process steam or heat for industrial processes using electricity as input, as shown in Figure 2. The Carnot
battery is designed to store amounts of energy, typically covering anywhere from a few hours up to two weeks
of energy demand. The input power of the Carnot battery can often be designed independently of the storage
and production capacity, in order to take advantage of local conditions, i.e. maximizing self-consumption of
behind the meter renewable electricity or price arbitrage in electricity markets.

Figure 2 Replacement or supplementation of natural gas boilers by Carnot batteries
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For industrial steam production the temperature requirements of the process become an important factor
when considering the type of Carnot battery, as the temperature used in the thermal energy storage must be
higher than the process requirements. For industrial processes both rock-based and molten salt-based Carnot
batteries can be used.

A similar use case for Carnot batteries is for the replacement or supplementation of coal or biomass in
combined heat and power production as shown in Figure 3 where the steam production from the Carnot
battery is used to drive a steam turbine for electricity production and heat or steam is extracted or condensed
for process or district heating use. Designs have been shown that can cover the thermal needs of centralized
coal- or biomass-fired power plants (>400MW) for a storage duration up to two weeks. However, the first real-
world implementations outside of concentrated solar power applications still remain to be realized.
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Figure 3 Replacement or supplementation of coal or biomass by Carnot batteries
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For combined Heat and power applications with steam cycles, the storage temperature needs to be very high.
The molten salt Carnot batteries have been shown with temperatures approaching 600 °C, while rock-based
storages from Danish manufacturers have significantly lower storage temperatures. For some rock-based
storage designs the heat transfer fluids limit the maximum temperature in the storage. Other designs use gas
(typically air) as the heat transfer medium, allowing for rock-based storages to be operated at much higher
temperatures suitable for integration in CHP plants, however for such designs it can be challenging to reach
high output power, due to lower heat capacity of gases.

Input conversion

In a Carnot battery, the main input is electricity that is converted to heat. This is typically done using resistive
electric heating, this technology is commercially available for common heat transfer fluids, in a wide range of
power capacities and temperature ranges.

Another configuration, that is often considered, is to include a source of “waste” or excess heat as supplement,
since this can increase the overall energy efficiency and reduce the required input energy. When used in
combination with High-temperature heat pumps, excess heat can be upgraded and therefore has the potential
to further reduce energy input drastically. However, the current technological maturity of these is not
comparable to resistive heating systems and are mainly available for pilot implementation in temperature
ranges above 200 °C (IEA HPT TCP 2023). In addition, high temperature heat pump implementations generally
require a source of high-quality waste heat to achieve high coefficients of performance (COP), which means
that the solutions quickly become very site-specific and not suitable for the generalized description presented
here.

Storage component

In Carnot batteries, energy is stored as heat. The Thermal Energy Storage (TES) component is a central part of
the Carnot battery and a main distinguisher from electro-chemical batteries. Three main categories of thermal
energy storages exist: sensible, latent and thermo-chemical.

In sensible TES, energy is stored by increasing the temperature of the storage in a single phase. Examples of
sensible TES are molten salt TES or solid rock TES. The charging cycle of this type of Carnot battery is done by
heating the material from the uncharged temperature to the charged temperature. Discharging is done by
removing heat from the storage material and thus lowering the temperature. Normal configurations are either
a single stratified tank where the charged (heated) material would tend to gather in the top, or two-tank
configurations. In a two-tank configuration, the energy is stored in the hot tank. When charging or discharging,
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the storage medium is heated and cooled while the heat transfer medium is being pumped or pushed from
one tank to the other.

Latent TES use the phase change, normally between solid and liquid forms, to store large amounts of energy.
Examples are ice storage (storing cold) and liquid-solid metal TES (storing heat). In latent TES the storage
material is forced to change phase (typically from solid to liquid) by heating the material during charging.
When discharging the material is allowed to solidify by removing heat from material. This allows for constant
discharging over a long period of time, since phase change will happen at constant temperature. A latent and
sensible combination can be achieved by further increasing the temperature of the phase change material
(PCM) beyond the melting point, where after the storage will behave as sensible heat storage.

Thermo-chemical TES uses reversible chemical reactions to achieve very high energy density. A reversible
chemical reaction that generates exothermic heat is used. An example could be the evaporation of water from
an inorganic salt while charging. The dried salt can be stored until the energy is required. When discharging,
steam is combined with the dried salt to produce a chemical reaction that produces heat that can be extracted
by conventional methods from the hydrated salt.

The three fundamental types of thermal energy storage are shown in Figure 4.

Sensible heat storage is the most common, cheapest and most technologically mature solution of the three
storage types, with large scale deployment of water-based solutions being used in buildings, district heating
and industrial heat application. The current deployment is mainly at temperatures up to 120 °C with sizes
ranging from small domestic sized units 50kWh to very large tank-based or pit storages with more than
T000MWh of heat stored. High temperature versions are in the early stage of commercial deployment with
large pilot plants being realized, typically for district heating applications or at industrial sites for process
heating or heat recovery. Latent heat storages that currently exist are being demonstrated at medium high
temperatures (<300 °C) and small-scale industrial sizes (<TMWHh).

Figure 4 (a) Sensible (b) latent (c) thermochemical energy storage
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Output conversion

In the type of Carnot battery described in this chapter, the stored heat is used to generate steam, which is
expanded in a turbine to drive a generator. This process is associated with conversion losses. Carnot batteries
with resistive heating, where the only purpose is electricity to electricity storage, are limited to round-trip-
efficiencies below 40% due to the efficiencies in the turbine-generator set (Danish Energy Agency 2024) .
These systems have, consequently, had limited success commercially due to the need for e.g., very favorable
input energy prices to secure a positive business case (Vandersickel 2023). Instead, commercial actors have
shifted their focus from pure power-to-power applications towards co-generation scenarios (e.g. using
refurbished co-generation plants) where the excess heat leaving the turbine is used for industrial applications
or district heating, allowing for total efficiencies approaching 90% (Danish Energy Agency 2024) Thermal
batteries) where the only output is heat, typically in the form of steam for industrial applications, have high
conversion efficiencies above 90%.
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Carnot batteries can theoretically reach very high efficiencies (Vandersickel 2023)], however this requires the
use of heat-pumping technology at the input stages. Such systems are sometimes referred to as pumped
thermal energy storage, analogues to pumped hydro storages. However, as mentioned above, the maturity of
such systems remains low with key technical complexity to overcome.

Energy efficiency and losses

As discussed above, the energy efficiency of a Carnot battery depends very much on the intended use case,
where extra conversion steps imply extra losses that multiply to reduce overall efficiency. In addition, for the
conversion steps, a range of technologies exists with varying maturity depending on the storage medium, the
size of the storage and energy form, and the quality requirements. A low-temperature storage with water at
atmospheric pressure would have very low thermal losses (<1% per day), however, low-temperature storage
has very poor efficiency in the conversion to electricity.

In contrast, a high temperature storage based on molten salts could be used to supply high-pressure steam
for a super-critical steam turbine with electrical conversion of >40%: However, the higher temperatures come
with higher losses to the environment. Thus, the round-trip efficiency (power-to-power) can end up at less than
30 %.

Regulation ability and other system services

The regulation ability of Carnot batteries is quite different from other batteries, especially since the battery is
capable of simultaneously charging and discharging due to the decoupling of input and output by the thermal
energy storage. In addition, Carnot batteries are commonly designed with non-symmetric charging and
discharging capacities with regulation capabilities that are very different.

Input: For resistive electric heating, that is commonly used as the main input conversion, the regulation
capabilities are very wide ranging and extremely fast in both up and down regulation (if up or down regulation
is possible). It is not uncommon for the capability of the input to be regulatable to the full rated capacity in
seconds or less by turning on or turning off the system (Danish Energy Agency 2024).

The main limitation is normally in the materials, so that much like a turbine / generator system, the input part
of the thermal energy storage would have to be in a hot or ready state in order to ramp up fast. Otherwise, the
rapid increase in temperature could cause damage to the materials by e.g. thermal expansion.

Output: For a turbine-based system the regulation capabilities are determined by the turbine generator
combination provided that the system is well designed with sufficient capacity of the heat exchanger and
steam generator. For Carnot batteries with turbine generators for power production, the full range of power
systems services are available, e.g., voltage and frequency stabilization, grid forming, inertia, as well as cold-
start capabilities. The regulation capabilities of typical steam-based Rankine cycle power plants can be found
in the technology catalogue for generation of electricity and district heating (Danish Energy Agency 2024).

Typical characteristics, capacities and storage periods

Carnot batteries are designed to fill a gap between the fast cycling of electro-chemical batteries and the slower
cycling of e.g., seasonal heat storage. A typical range for energy storage capacity is between 4-200 hours of
storage. The input and output can often be designed independently of each other and of the energy storage
capacity. Normal ranges for first-of-a-kind plants are in the range of 20-100 MW input/output power (thermal)
and 200-1000 MWh storage capacity, corresponding to 10-hour storage duration. This duration is useful for
e.g., day-to-night shifting of local renewable power generated by solar PV, which is prevalent in southern
Europe. It could also be used for night-to-day shifting of cheap electricity from the grid in power systems
dominated by wind power, for instance in the Nordic countries.
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Space requirement

Due to the high temperatures used in Carnot batteries, the energy densities are high, leading to low space
requirements for the energy storage part of a Carnot battery. In addition, since thermal energy storage tanks
can be built high instead of wide, compact designs are possible especially for very large energy storage
capacities.

Carnot batteries have auxiliary systems (e.g. cooling, oil) that increase the footprint. For applications where the
auxiliary systems are not required by other systems (e.g. in an urban setting for a district heating substation),
this will significantly increase the space requirements.

Advantages/disadvantages
The main advantage of Carnot batteries over other forms of storage is the size and expected price range that
makes them suitable for “medium to long duration” storage.

Energy storage systems are typically remunerated for the energy that flows through it. Therefore, to have an
acceptable economic outlook, there needs to be a reasonable balance between the number of cycles and the
costs of the battery system. For an expensive battery system, you would normally need to have a high cycle
count to achieve a low levelized cost of energy. The LCOS is the (discounted) cost per unit of discharged
electrical energy, i.e., more cycles equal lower LCOS. This has led to fast-acting stationary storage system,
being used mainly for ancillary service provision or short-term storage, e.g., peak-shifting. Accordingly, storage
durations for these battery types rarely exceed four hours of rated capacity, and the systems are designed to
be cycled daily or even more often.

In the other end of the spectrum, pit thermal energy storage (See 140 SEASONAL HEAT STORAGE) have found
successful application with as little as a single yearly cycle due to the several orders of magnitude reduction in
cost for the energy storage part.

By leveraging the cheap storage mediums available to thermal energy storage, e.g., rocks or molten salts,
Carnot batteries can offer much higher storage-to-input/output ratios at a cost where it is still possible to
achieve reasonable ROl and economic fundamentals. This is particularly true if used in situations where high
temperature heat or steam is required and valuable. If low grade excess heat can also be valorized, for
instance in the case where district heating networks can absorb the heat, an even better business case is
achievable.

The main disadvantage of Carnot batteries of the type described in this chapter is the poor power-to-power
efficiency. As discussed previously, the solutions are well suited to be implemented in situations where there is
a need for high-temperature heat or steam, e.g. for industrial applications or district heating. This effectively
limits the application of the technology to applications like industrial co-generation or combined heat-and-
power in population centers with district energy.

Environment

Carnot batteries based on molten salts, use common materials that are widely available, and where scaling of
production capabilities pose few risks and problems. Typical design use non-critical, non-toxic, non-flammable
materials for the storage of energy (Hyme (MOSS) 2024), (Heliac 2024) and can be constructed with little or no
use of so-called critical raw materials that are increasingly becoming a concern regarding self-sufficiency in a
European context (European Commision 2024).

Carnot batteries that use rocks as the storage medium can have an even lower environmental impact and can
be constructed using common and safe materials.
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Research and development perspectives

Carnot batteries have been the subject of dramatic increases in interest in the last decade, even if the
principles involved have been well understood for decades. The term Carnot batteries gained popularity in the
late 2010’s and recent years have seen great improvements in the technology overall.

From 2020 to 2023 in the IEA Energy Storage TCP (Technology Collaboration Program), Annex 36 focused on
bringing together researchers and practitioners within Carnot batteries. The annex focused on power-to-power
applications and was led by the German Aerospace Center (DLR), the annex gathered 15 countries and 47
institutions, and the aim of the work was to gather the state-of-the-art from around the world (Vandersickel
2023).

The work is currently continuing in Task 44 in the IEA Energy Storage TCP, which has adopted a wider scope,
including so-called “heat-integrated Carnot batteries”, to reflect that, as previously mentioned, a current
limitation for the technology is the poor round-trip efficiency for power-to-power storage.

Current focus of most research and development in molten salts-based systems focus on decreasing costs by
scaling towards either larger or more modularized designs, addressing potential corrosion issues that
compound with increasing temperatures, and thus reducing the need for expensive nickel-based alloys for e.g.
tanks and pipes.

In addition, work is ongoing on novel business models, e.g. storage-as-a-service or co-owned where problems
such as allocation of costs and benefits can be challenging.

Input conversion systems have so far focused on resistive heating elements, with commercial variants
available in relatively small sizes (<10 MW units) and at low voltage (<690V). To scale up, current research is
looking at increasing the voltage levels significantly to directly put plants in medium or high voltage grids
without the need for expensive downward transformations steps. (https://cetpartnership.eu/calls/funded-
project/locomosa, u.d.).

For output conversion, novel heat exchanger designs are being examined to fit to the thermophysical
properties of the molten salts. System designs using heat machines other than Rankine and Brayton cycle are
also being investigated — however such systems are generally much less mature, in fact most proposed
designs, while technically capable of being integrated with a power conversion unit (e.g., turbine generator
system), are moving towards heat as being the primary or even sole output.

The potential for Carnot batteries as back-up power generation

As mentioned previously, in the last few years the focus for the developers and researchers within Carnot
batteries have shifted towards heat integrated or heat-only solutions. This is analogous to the developments in
combined-heat-and-power plants in Denmark, where plants that were previously producing power as the
primary output and district heating was a bi-product, are increasingly being replaced by heat only units such as
biomass boilers, electric boilers or large heat pumps. Due to an increased number of low price or even
negatively priced hours in the electricity markets, the economics of co-generation plants have been under
pressure for several years. The situation is similar for a Carnot battery that could in theory be a 1-1
replacement of previous coal-, gas- or biomass-fired co-generation units. Techno-economic analysis of plant
economics shows that current prices in the electricity markets alone rarely allow for a reasonable payback
time for the capital-heavy plants. Thus, under current market conditions, some form of subsidy or capacity
payment is often required. However, since a Carnot battery would be able to cover both extremes of
increasingly volatile power prices, (energy arbitrage), this may change in the near future as the volatility is
expected to increase significantly with increased penetration of intermittent renewable energy. Expected
improvements in the technology, as described previously, are expected to lead to significant reductions in



143 Carnot Batteries and High-temperature Thermal Energy Storage

costs, so that future generations of Carnot batteries could play an important role in adequacy of supply and
power system stability.

The trend of developers going towards lower temperature ranges to bring down costs for customers in
industrial decarbonization scenarios, poses a risk that the technology will not be able to support the power
systems to the extent that would be socio-economically optimal. Analysis have shown that Carnot batteries
(Long Duration Energy Storage Council; McKinsey & Company 2021) can significantly decrease overall costs in
the energy transition (IEA 2021). As previously discussed, indications from the direction of both R&D and
announced projects are that current market conditions will not bring to market Carnot batteries with thermal
energy storages that utilize temperatures beyond 400 °C. The implication of this is that the possibility to
refurbish existing co-generation plants with thermal energy storages disappears, and thus the risk of
mothballed investments and loss of socio-economic value increases.

Examples of Market Standard Technology

Carnot batteries are currently in a phase where market standards are not well established. The most advanced
applications are large pilot and demonstration plants. In addition, due to the tendency of plants to be large
(since a key benefit of the technology is that the cost for storage of energy is much less per unit that
competing technologies), a high degree of customization is found, to tailor projects to fit well with existing
infrastructure.

On the other hand, Carnot batteries are essentially an exercise of system integration of the three major
components: Input conversion, thermal energy storage and output conversion. For this reason, commercial
development has made great strides in a relatively short period of time since the initial spike of interest in
Carnot batteries in the late 2010's.

The major reason for this is that for some parts of the system, especially the input and output conversion,
mature technologies are commercially available, thus greatly reducing the technological risk.

Input conversion / charging capacity:

Resistive electric heating is available at large scale for temperature ranges approaching 600 °C for molten
salts and even higher for air-based systems. Typical module sizes are up to 5MW, with the possibility to
employ parallel operation of multiple heaters for increased charging capacity. As mentioned in the section on
R&D perspectives, current state-of-the-art uses low voltage (up to 690V).

Thermal energy storage

Thermal energy storage is widely used in industry today, most prominently is the use of tank thermal energy
storage in district energy systems. In a very broad definition, such systems could be considered a low
temperature version of a Carnot battery. In tank thermal energy storage, the thermal energy is stored in hot
water contained in steel tanks (See 141 Large-scale Hot Water Tanks). Pressurized versions allow for higher
temperatures and greater energy density but come at greater complexity and higher cost. To reduce costs,
mediums other than water are normally considered when higher temperatures are required, in order to stay at
atmospheric pressure within the storage system (Pressurized tanks and systems are much more costly to
design, build and operate due to the increased need for safety considerations and added strength).

Hot rocks and molten salt are two often used mediums.

Hot rocks have been considered due to their low material cost, thermal stability and high energy storage
capacity. With hot rocks, an additional heat transfer medium is required, typically either thermal oil or hot air
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(or steam). An example prototype from Danish firm Heliac is shown in Figure 5, and a similar concept from
Siemens Gamesa from a pilot plant in Hamburg in Figure 6.

Demonstrator  Input Storage  Output Location Project
capacity capacity capacity status

Rockstore - TMWh - Nivergd Ongoning (Ingenigren.

prototype (DK) dk 2023)

(Heliac)

ETES Pilot 5.4 MW 130 54 MW  Hamburg- Completed  (Siemens

plant (Siemens MWh Altenwerder Gamesa

Gamesa) (DE) 2019)

GreenlLab 20 MW 100 7 MW Skive, DK Planned (GreenlLab

Skive (Rondo) MWh 2024)
(Rondo
Energy
2024)

Figure 5 Rockstore prototype (Heliac 2024)
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Figure 6 ETES Pilot Plant (Siemens Gamesa 2019)

Molten salt as a medium for thermal energy storage has been used in concentrated solar power plants for
decades (Fernandez 2019) and the use of molten salt as a heat transfer medium in nuclear reactor designs is
also very well-established (LeBlanc 2010). However, historically the costs have been prohibitively high to find
use outside these niche applications. However, recent years have seen commercial companies develop stand-
alone molten salt storage as shown in
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Figure 7 and Figure 8 from Norwegian Kyoto that uses so-called solar salts, which are nitrate based and
Danish Hyme that uses NaOH.

Demonstrator Input Storage Output Location Project

capacity capacity capacity status

MOSS (Hyme, 1.3 MW 1T MWh 1.2 MW Esbjerg, Inprogress (Hyme
Din Forsyning) (steam) DK (MOSS)
2024)
2LIPP (BEOF, 5MW 20 MWh 1-5MW Bornhol  Planned (Hyme
Hyme) m, DK (2LIPP)
2024)
Norbis Park 5MW 18 MWh 4 MW Aalborg, Completed  (Kyoto
Heatcube DK Group
(Aalborg 2023)
forsyning,
Kyoto)
KALL 10 MW 56 MWh 7 MW Tiszapl  Inprogress (Kyoto
Ingredients spoki, Group
Heatcube (KALL, HU 2024)
Kyoto)
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Figure 7 Norbis Park Heatcube (Kyoto Group 2023)

Output conversion / discharge capacity

Output conversion is perhaps the most well-established part of Carnot batteries, where existing turbine
generators can be used for electricity generation and heat exchangers are commercially available for the
temperature ranges and most heat transfer mediums.

Prediction of performance and cost Uncertainty
In Figure 9, the technological maturity of the components of a Carnot battery is shown.

Carnot batteries are systems of components that are technologically mature (Dansk Center for energilagring
2023), except for the thermal energy storage component. The construction and operation of Carnot batteries
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as an integrated system is however still new. This leads to uncertainty both current and future costs. Since
Carnot batteries as a system are novel, they are expected to exhibit learning curves for their overall costs as
can be seen in Figure 9 (Long Duration Energy Storage Council, McKinsey & Co. 2022). Together this implies
that the overall cost of Carnot batteries will likely be significantly lower in coming years as the accumulated
production increases - this will be more pronounced for the energy storage component. For the energy
storage component, technological breakthroughs allowing for better handling of e.g. corrosion risks at high
temperatures are also expected to have a major impact on costs, since less and cheaper materials can be
used as corrosion mechanism and mitigation develop.

Increasing to higher temperatures in the storage and in applications also suggests lower maturity and
corresponding higher uncertainty and current costs. In a similar manner, for high temperature applications,
these are expected to have a more pronounced learning effect for the near term costs compared to lower
temperature versions (Long Duration Energy Storage Council, McKinsey & Co. 2022).

Figure 9 Technological development phase of Carnot batteries

Cat. 1
R&DD
phase
Cat. 2
Price Pioneer phase.
Limited application

Cat. 3
Cemmercial
Significant development

potential

Thermal energy
storage component

Cat. 4
Commercial
Limited development
potential

Input / Qutput
conversion
Auxillary systems

Accumulated
production

For prediction of performance, the main uncertainty pertains to energy losses to the environment and lifetime.
In general, larger installations in big tanks reduce losses, while increasing temperatures will tend to increase
them. However, these kinds of losses are largely controlled by adding sufficient insulation to the tanks and
pipes. Depending on the expected storage period, this becomes an optimization parameter for a particular
installation and is thus rather site specific. Losses from pumping of heat transfer fluids are well known,
however for some of the more unusual salts, e.g. NaOH, systematic peer-reviewed results to confirm
simulation studies are still needed and thus the uncertainty here is relatively greater compared to the case of
air or thermal oils used in rock-based systems.

Uncertainty regarding costs is mainly on the thermal energy storages themselves, where initial cost estimates
still need to be verified when going to large scale commercial deployment, and thus the cost estimates for
these should be considered as subject to significant uncertainty. In contrast, most of the supporting (Danish



143 Carnot Batteries and High-temperature Thermal Energy Storage

Energy Agency 2024) systems, as well as input and output conversion, are very mature where costs are known
to a high degree of certainty.

Quantitative description

There is a great deal of flexibility in the design and sizing of the three main components of a Carnot battery,
and these can be dimensioned independently to fit a specific site or use case. The input power can be scaled
so that charging times are suited for e.g., local renewable energy production from solar PV. In such cases the
charging capacity can be chosen to fill the storage in 6-8 hours while maintaining constant output of process
steam 24/7. In other cases, the process steam might only be required during daytime, but cheap electricity is
available during the night (in areas with high penetration of wind-power).

For this reason, for many of the technical inputs, ranges are given, and the capital costs have been split into
parts describing the input conversion given as cost per input power; the thermal storage given as cost per
storage capacity and output conversion given as cost per output power.

To interpret the data provided in the technology catalogue correctly, an example is provided: for an industrial
site, a continuous production of 15MW of process steam for a daily production of 8 hours, requiring a daily
output of 120MWh. With an input power of TOMW this can be accomplished in 12 hours of daily charging.
Depending on the kind of electricity available, the storage component can be sized accordingly, a storage
capacity of 240MWh would allow to use the 24 cheapest hours of electricity in a 48-hour period and could thus
provide significant cost savings. The same steam could be delivered by a very different type of Carnot battery
with 5 times the input power of 50MW allowing full charging for a 48-hour period in only 5 hours. Such a
Carnot battery would be more expensive to build but would be much better at capturing value in an electricity
market with higher volatility in electricity prices (Trevisan 2022).
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150 Underground Storage of Methane

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 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 (H,), 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 % COy) is to be stored underground, it would be instrumental to remove the
CO, before storage. This is because stores are always wet, i.e. containing some water, and CO» 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.
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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?? 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.

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 m? 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 m®. 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 m®, working gas 0.6 billion m?.

23 A depleted field is often above 1 billion m3, an aquifer store from around 0.3 — 0.4 to above 1 billion m3, and salt caverns
about 35 — 100 million m3 per cavern. There are several caverns in one store.
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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
mS. The store can extract 8 million m3/day and inject about half this flow.
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Brief technology description

Hydrogen as an energy carrier

Hydrogen is currently being used in a wide range of applications, mainly for industrial purposes in chemical
production and refining. Today, more than 95% of its production globally (96% in 2008, [1]) comes from
hydrocarbons and mainly from reforming of methane. However, hydrogen has been seen as a mean for energy
storage of renewable energy surplus since the 1920s [2]. It has recently drawn a lot of attention due to the
rapid spreading of the renewable energy industry all around the world and due to the steady growth of the
hydrogen fuel cells industry. Large scale hydrogen production from surplus of renewable energy sources is
believed to help sector coupling in the energy-supply system with power-to-gas and power-to-fuel technologies
[1]. Moreover, technologies running on hydrogen (applications in the transportation sector, energy production
sector etc.) will be a significant part for the green energy transition.

Hydrogen is the most abundant element in the universe, making up for more than 90% of all known matter. It
is also the simplest element, consisting of only one proton and one electron, making it the smallest and
lightest element of the periodic table. Its small size and its properties make hydrogen difficult to store in large
quantities. Typically, hydrogen is stored as hydrogen gas (Hz). Hydrogen is also a suitable storage medium
owing to its high gravimetric energy density of 120 MJ/kg or 33.33 kWh/kg [3]. This can be further seen in
Figure 1. Different storage technologies are compared based on storage capacities and timescales. For a
large-scale storage, in particular, hydrogen can serve valuable while batteries are more suitable for small scale
storage. However, due to its molecule size, its volumetric energy density is comparatively low at 2.8-4.7 MJ/L
or 0.78-1.31 kWh/L[4] when it is pressurized between 350-700 bar. At atmospheric pressure the energy density
isonly 0.012 MJ/L or 0.003 kWh/L and for this reason hydrogen must be pressurized for energy storage
purposes. This low volumetric energy density has pushed the industry to develop different methods and
technologies for small, medium and large-scale hydrogen energy storage which will be explained in the
following sections.
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Figure 1: Electricity storage technologies [5]
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Figure 2: Hydrogen storage categories (icons from [6])
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How can hydrogen be stored?

State-of-the art technology for hydrogen storage in bulk is observed in the form of hydrogen tanks. For
instance, hydrogen is used mainly in chemical industries and specifically in steel making where the

pressurized hydrogen stored in tanks is utilized. Caverns are useful for long-term large-scale storage. However,
only a few caverns for hydrogen storage exist currently.
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The most important hydrogen storage methods and technologies can be divided into two main categories:
Physical-based and Material-based hydrogen storage, with each having different technologies as shown in
Figure 2. Some of them are industrialized, reliable and proven over lengthy periods of time, while others are
promising state-of-the-art experimental technologies.

Physical-based hydrogen storage

Physical-based hydrogen storage technologies include methods based on compression cooling or a
combination of the two for storing the hydrogen into some form of vessels [7]. These vessels can be either
man-made pressurized tanks and salt caverns or naturally occurring aquifers. The principle behind all the
different forms of physical storage relies on storing compressed/cooled hydrogen in gaseous or liquid form in
a vessel-like contraption.

In the case of hydrogen gas, it is being compressed and stored either at low pressure (up to 45 bar), at medium
pressure (up to 500 bar) or at high pressure (up to 1,000 bar or even more) into hydrogen storage vessels. For
the pressure ranges medium and high, there is a temperature gradient inside the vessel due to the heat of
compression and the hydrogen may need to be cooled to prevent the failure of the materials of the vessels.
This is typically observed in hydrogen fueling stations for hydrogen fuel cell cars. For hydrogen storage in the
fueling stations, many low-pressure tanks operating at ambient temperatures are utilized. The hydrogen stored
as such is then compressed to high pressure and stored in tanks. This pressurized hydrogen is used for
fueling at cooler temperatures to reach the desired pressure levels [8]. The pressurized vessels or hydrogen
tanks are usually made from seamless steel or composite wrapping with steel or polymer (plastic) liners. The
materials of the hydrogen tanks are selected in accordance with application, tank complexity and cost. The
cost usually rises in proportion to the nominal working pressure.

Other means of storing hydrogen gas is in caverns (underground storage). Underground storage can include
salt caverns, exhausted oil and gas fields. Aquifers have also been investigated in this respect, but the
uncertainty and cost of H; storage is a major drawback. These underground cavities provide enough space for
large scale gaseous hydrogen storage as well as natural thick and low-permeation materials to surround the
stored hydrogen. In present day, only a few locations in the USA and Europe are utilizing this type of hydrogen
storage[7].

In the case of liquid hydrogen or cryogenic hydrogen storage, the hydrogen is liquefied at a temperature of -
253°C in cryogenic refrigeration plants and with high cost. The hydrogen tanks used in this case are heavily
insulated special cryogenic tanks and are used mainly in space travel.

From the aforementioned technologies in the physical-based storage methods, the ones that are going to be
examined in this report are the compressed/cold compressed hydrogen storage and the salt caverns for
hydrogen storage.

Material-based hydrogen storage

Material-based hydrogen storage technologies is an alternative to the physical-based storage technologies.
They are based on storing hydrogen either in solids or liquids or on material surfaces. It should be noted that
most of these material-based storage technologies are still on an experimental level and only a few are
commercialized. The material-based storage can be divided into 3 sub-categories, namely, hydride storage
systems, liquid hydrogen carriers and surface storage systems (sorbents)[7].

In the case of hydride storage systems using metal hydrides, the hydrogen is adsorbed on the metal surface
and on a later stage incorporated in elemental form into the metallic lattice with an output of heat. The
hydrogen is then retrieved with an input of heat from the metal hydride. Examples of metals that can store
hydrogen are palladium and magnesium, along with light metals such as aluminum or certain alloys [7].
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Liquid hydrogen carriers or Liquid Organic Hydrogen Carriers (LOHCs), a chemical means of hydrogen storage,
is another upcoming material-based hydrogen storage technology. The LOHCs are usually organic chemical
compounds with hydrogen adsorbing capabilities. The hydrogen is, for example, covalently bound to the LOHC
in a process called hydrogenation and then unloaded from it (dehydrogenation) when it needs to be used. The
LOHCs are compounds with similar properties to oil based liquids which provides them with all the advantages
of easy transportation and handling with the existing infrastructure [9].

Surface based storage systems or sorbents can store hydrogen as a sorbate by adsorption on high specific
surface area materials such as microporous organometallic framework compounds and microscopic carbon
nanotubes. All of these materials can facilitate high volumetric storage densities but are still in experimental
levels [6)].

In addition, hydrogen can also be stored and transported as chemicals such as ammonia and formic acid. It is
accompanied by the advantage of having a high molar fraction of H, storage. This will, however, not be
discussed in this catalogue.

In summary, each hydrogen storage media is accompanied by its own advantages and disadvantages,
depending on the application for which the stored hydrogen is intended. In this regard, pressurized tanks are
used for mobile transport of hydrogen and on a small-scale level. The advantages of such a technology are the
high discharge rate and efficiencies in the order of 99%, which makes it a suitable candidate of small-scale
hydrogen storage for the purpose of readily available feedstock. On the other hand, LOHCs are accompanied
by the advantage of large-scale shipping of Hy, especially if the distance of more than 1,500 km needs to be
achieved for cost-effective hydrogen shipment. Salt caverns for hydrogen storage, are useful in the context of
large-scale and long-term stationary storage to balance seasonal fluctuations. This option is, in addition, cost-
effective [10].

Compressed hydrogen in pressurized storage tanks

Introduction

In this section, the first technology of the physical-based hydrogen storage, the compressed hydrogen in
pressurized tanks, is described.

Pressurized hydrogen storage is the only storage method currently in use on a significant scale world-wide[11].
The technology and the materials of the hydrogen vessels have seen improvements as the demand of
hydrogen storage is growing. However, hydrogen storage in pressurized tanks is a means of small and
medium scale storage. Due to the limitations regarding material properties and operating costs, large scale
storage on volumetric terms in pressurized tanks exceeding 200 bar at ambient temperature is not feasible, as
the desired volumetric densities for a large scale storage cannot be achieved [12]. Nonetheless, there are
technologies in development [13] that allow for a large scale pressurized hydrogen storage up to 40 g/L, but
being the exception and not the rule of the industry, they were not examined in this report. For small and
medium-scale pressurized hydrogen storage, there are many different pressurized tank technologies used for
different purposes and applications. These tank technologies are described in this chapter. The technology,
however, that is described more in detail in this chapter is the more frequently used medium-scale hydrogen
storage tanks for short to medium term. This technology fits the purpose of storage of hydrogen in a
sustainable energy sector, i.e. production and storage of hydrogen gas from renewable energy production in
large scale electrolyzers.
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Technology description

The purpose of a low, medium or high-pressure hydrogen tank is to be able to store as much hydrogen inside
it as the volume containing the hydrogen as possible. There are three main problems when trying to compress
and store hydrogen in a tank.

Firstly, the main concern is the integrity of the materials when subjected to high pressures and temperatures.
The pressure tanks need to withstand pressures from 50 bar to 1000 bar for hydrogen storage, over many
cycles where they are being filled and emptied. As a result, different materials are used to support the tank and
make its mechanical strength higher. Moreover, due to the heat of compression [14], the temperature while
compressing the hydrogen inside the tank rises. This causes the material of the tank to heat from inside out
and be critically damaged if the temperature exceeds certain levels. For this reason, the hydrogen is pre-cooled
in systems that use high-pressure hydrogen storage like in the automotive industry and in hydrogen fueling
stations. Hydrogen is cooled prior to compression with two methods: either cooled-compression or cryo-
compression. For cryo-compression, a temperature in the order of 50 K has been reported while for cooled
compression the temperature of approximately 288 K is utilized. Cooled and cryo-compression are used for
performing fast and high volumetric compression for automotive purposes [15]. Therefore, for hydrogen
storage at ambient temperature (temperature without pre-cooling of hydrogen), as mentioned earlier,
maximum 200 bar of pressure is used.

Secondly, the case of hydrogen embrittlement causes problems. Hydrogen embrittlement is the process in
which metals like steel react with hydrogen, making them brittle and susceptible to cracking [16]. This is
commonly observed in tanks with metallic liners and less in the ones with polymer liners. Hydrogen
embrittlement happens over long periods of time and it is usually one of the main factors that determines the
tank’s lifetime from the manufacturer.

Thirdly, the phenomenon called hydrogen permeation can cause problems. Hydrogen permeation occurs when
hydrogen molecules, due to their small size, tend to go through the walls or interstices of a container to its
piping or interface material [14] and, in the case of pressurized tanks, this results in pressure drop inside the
tank as well as a decrease of the mass and thereby the state of charge of the stored hydrogen in the tank. This
is a more common problem for materials like polymers and less common for metallic materials.

Pressure tanks categories

To overcome the challenges of pressurized hydrogen storage, different materials are chosen for different
purposes. Hydrogen pressure tanks are divided into 4 types [17] according to the materials they utilize: Type |,
I, land IV, as it is seen in Figure 3. The four different types of tanks have all undergone durability and safety
tests which includes: 5500 cycle tests to 125% of nominal working pressure, drop test, surface damage and
chemical exposure tests and a burst test at more than 180 % of nominal working pressure. Permeability test
has also been performed to make sure the tanks does not exceed the safety limits for use in vehicles for

personal transportation [18].
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Figure 3: Schematic of different hydrogen pressure tank types [18]

Type lll Type IV

Type I: These types of tanks are seamless steel or aluminum tanks. They are bulky and heavy with thick walls.
They are designed for pressures up to 250 bar and are resistant to hydrogen permeation but not hydrogen
embrittlement. They are commonly used as a cheap solution for stationary applications.

Type II: These types of tanks are seamless metallic (aluminum) tanks with filament windings like glass
fiber/aramid or carbon fiber around the metallic cylinder. They are also heavy and are designed for pressures
from 450 to 800 bar. They are cost competitive due to the relatively low amount of fibers used for the
wrapping.

Type llI: These types of tanks are made from seamless or welded aluminum liners fully wrapped with fiber
resin composite. They are lighter and have thinner walls compared to Type | and Il tanks. Their materials are
also less susceptible to hydrogen embrittlement and they are designed for pressures from 300 to 700 bar.
They are more expensive due to the high amount of fibers used for the wrapping.

Type IV: These types of tanks are the state of the art when it comes to high-pressure hydrogen tanks and are
made completely from carbon fiber with a polymer (thermoplastic) liner. The carbon fiber wrapping provides
enough strength to withstand pressures up to 1000 bar while the thermoplastic liner acts as a permeation
barrier, however, it is less resistant to permeation than steel or aluminum. They are the lightest and the most
expensive tanks today and are used (along with Type Il tanks) mainly in the automotive industry for short term
storage.

A collective overview table with the technical characteristics of each type of tank can be seen in Table 1.
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Table 1: Technical characteristics of pressurized hydrogen tanks

Working . Typical
. Permeation . Average cost
Type Pressure Materials [mol/s/m/MPa'7] Storage Period [€/k ] Ref.
(bar) [months] e
Seamless )
Typel <250 steel or Stat|.ona.ry 2.84x10?%7  years 500 [1°]
: applications (18]
aluminum
Seamless
steel/alumin
u.m with Stationary
filament applications or short [20]
: . . -27
Typell  450-800 windings like fransportation (tube 2.84x10 years 900 i
glass trucks)
fiber/aramid
or carbon
fiber wrap
Seamless or
weldgd Stationary and
aluminum automotive
' days to
Typelll 300700 nersfully — olications. Used  2.84x1077 oY 1,100 (211
wrapped . months (18]
e also in hydrogen
with fiber L
) fueling industry
resin
composite
Automotive and other
Fully carbon o
) ) fuel cell applications
fiber casing
with a (cars, trucks, drones davs to [21]
TypelV  350-1000 etc.) but also short- 5.55x1071° y 1,200 [18]
polymer . months
medium term (19]
(thermoplast )
ic) liner stationary storage
(state of the art)
Input/output

The input and the output of the pressurized hydrogen tanks of all types is hydrogen gas and energy for its
compression, respectively. Hydrogen is generated from electrolysis or steam reforming of hydrogen rich
hydrocarbons (mainly from methane by ‘SMR’, Steam Methane Reforming) and then compressed by
compressors into the storage tanks.The hydrogen can be retrieved when needed usually, to produce electric
power through fuel cells.

Components in pressurized tanks storage systems
In this section, the components of a pressurized storage system are analyzed and described.

In the industry, storage systems vary a lot depending on the application. Given this, it is difficult to select one
type of storage system to investigate variables such as the type of the tank used, size of the tank, pressure
class, compressor size etc., which are often customized for each application’s purpose.
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In an effort to describe a typical pressurized storage system for a stationary application, the following
assumptions have been made:

e The system is a stationary storage system that is receiving hydrogen produced in low pressures
(atmospheric or low-pressure output, typically the case for alkaline electrolyzers). It should be noted
that PEM already delivers H; at elevated pressure, typically 30 bars, and that systems at higher
pressures are in R&D stage. It is worth mentioning that high pressure AEC is also on its way to the
market currently.

e The system should be pressurizing the hydrogen gas for effective but also economic storage based in
2019 already existing and proven systems.

e Storage time is medium term as large-scale pressurized tanks hydrogen storage is not applicable nor
feasible today.

Based on the above assumptions, an overview of a simple pressurized tanks storage system can be seenin
Figure 4.

Figure 4: Typical pressurized tank storage system
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Compressor. This system component is responsible for raising the pressure from the atmospheric (or low)
pressure input to the desired pressure output in the pressurized tanks. It can include one compressor or many
compressors in series, depending on the desired pressure output. Compressor sizes and specifications may
vary according to the application, however, only a limited variety of compressors can work with hydrogen due
to its molecular size and weight. The compressors energy requirement contributes a significant amount to the
cost and the efficiency of the system as described in the subsequent “Energy efficiency and losses” section.
The compressor that was used in the system that is analyzed in the data sheet is a typical 5-stage, 100 kW
compressor that can compress 1 kgr2/min at 200 bar with an energy consumption of 4 kWh/kg2 compressed
[19], [22].

Type | or Il tanks. The type of tanks that can be chosen for such a system are either Type | steel tanks or Type
Il steel tanks with partial composite wrapping. These tanks are most suitable for low-pressure stationary
hydrogen storage due to their durability, low permeation characteristics and low cost. The industry uses both
tank technologies for stationary applications, with Type Il tanks providing relatively higher-pressure range and
more hydrogen capacity than Type | with less steel, albeit at higher costs. An image of Type | & Il tanks can be
seen in Figure 5.
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Figure 5: (left) Type | steel cylinder, (right) Type Il steel cylinder with composite wrap [23]

Type | Type ll

These tanks are either placed on hydrogen tube trailers for transportation purposes or in racks called hydrogen
batteries, for stationary storage and usage. A picture of both the systems can be seen in Figure 6. For the
specific system analyzed in the data sheet, 15 Type | tanks in a hydrogen battery rack, operating at 200 bars
with a collective storage capacity of 500 kgng are seen.

Figure 6: (left) Hydrogen battery of Type | steel tanks, (right) Hydrogen tube truck with Type | steels tanks [24], [25]

% 'ojf

Hydrogen battery Hydrogen tube tuck/trailer

Energy efficiency and losses

The losses for a pressurized hydrogen tank can be divided into operational losses and standby losses.
Furthermore, the energy efficiency is described. It should be mentioned that unlike a battery storage system, in
which energy storage and energy conversion are within the same system/medium, pressurized hydrogen
storage system only store the energy. The energy conversion is done by electrolysis for producing hydrogen
from electricity produced by renewable energy sources such as wind and solar, and a fuel cell system, for
instance, can thereafter be utilized to generate electricity after storing the hydrogen. Hence, only the efficiency
for storing the hydrogen is considered in this technology catalogue. Comparing different energy storage
technologies, one needs to take the complete round-trip-efficiency into account from electricity to electricity or
from energy source to energy end use.

Operational losses

The operational losses of pressurized hydrogen tanks are affiliated primarily with the energy losses of the
compression and secondarily with energy losses caused by the pressure losses in the valves and tubes during
filling and retrieving of gas. Energy losses associated with pressure losses in a complex system asini.e. a
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hydrogen fueling station system operating in 900+ bar of pressures are summing up a total of <5% with the
majority of them happening in components that connect the station and the car [8]. Based on this, it is safe to
assume that in a simple system like the one described in the “Components in pressurized tanks storage
systems” section, where operating pressures are up to 200 bar, there are no heat exchangers etc,, the pressure
losses due to valves, tubing etc. are <1% and therefore negligible.

Standby losses

The standby losses mainly occur due tohydrogen permeation. Type |, Il and Il tanks have metallic casing or
liner, and therefore have almost negligible permeability. Type IV tanks, however, have higher permeability
because of their polymer liner. For reference, aluminum permeability is 2.84x10%/ mol/s/m/ MPa'/? at ambient
temperature and a polymer like Noryl™ has a permeability of 5.55x107® mol/s/m/MPa'/? at ambient
temperature which is 12 orders of magnitude larger[18]. For the system under study, the usage of Type | steel
tanks makes these standby losses negligible.

Energy Efficiency
Energy efficiency or roundtrip efficiency of the hydrogen storage system described is given by Equation (7).

Enydrogen out
Nroundtrip = g X 100% (1)
Ehydrogen in +Ecompression+Epermeated hydrogen

The roundtrip efficiency of the storage system assumes that the electricity for the compression can be
translated into a 1:1 loss in the energy content of the hydrogen.

For such a system, the the Enydrogen out Of the system is its capacity of 500kg multiplied by 33.33 kWh/kg, similar
to the amount of Enydrogenin. The energy consumed by the compressor for the compression of 1 kg to 200 bar
is approximately 4 kwWh/kg [19], [22]. The energy losses due to permeation and pressure losses were negligible.
In the calculations however, a collective 1% will be assigned to them to indicate a margin of error and
uncertainty. Given this, the Equation (1) can be calculated as follows:

~ 16.67MWHh < 100
Mrounatrip = 16 o MWh + 2MWh + ~0 + ~0 0
=89% — 1%perm.&press. = 88%

Typical characteristics and capacities
Pressure tanks come in various sizes, depending on the application. A summary with some typical
characteristic capacities can be seen in the Table 2.
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Table 2: Characteristics of pressurized hydrogen tanks

Manufacturer Type Diameter Length Tank Water  Nominal Hydrogen Purpose

(cm) (cm) weight volume working capacity
(kg) L pressure
(bar) (kg)
Doosan v 22.5 56.5 4.3 10.8 350 0.28 Fuel cell drone
mobility [26]
Hexagon [27] IV 440 1050 59 76 700 3.1 Automotive
Mahytec [28] v 49.0 307 260 300 500 9.5 Fueling
stations,

transportation

Hexagon IV 65.3 4419 267 1,170 250 21 Fueling
stations
SteelHead [29] Il 43.5 261.6 178 270 350 6.2 Automotive
FIBAtech [30] [l 55.9 290 1,082 213 930 10 Fueling
stations
FIBAtech [31] | 55.9 1,100 2,740 2,254 200 33 Fueling
stations,

Transportation

Typical storage period

Hydrogen can be stored in compressed hydrogen tanks practically indefinitely[19]. The exact amount of
storage time comes down to the materials of the tanks and how susceptible they are to hydrogen permeation
and embrittlement. Hydrogen tanks have a lifetime expectancy that is determined from the manufacturer, and
when this time expires the tank needs to be replaced as there is no guarantee for storing hydrogen safely
without any leakages any longer.

For example, there is no significant pressure drop in steel tanks (that would indicate leaks) in laboratories even
after 3 years of dormancy. It is important to note that a long-term hydrogen storage in pressurized tanks is
always performed in ambient temperature. If a cooled compression in a tank is followed by an exposure for a
long term in ambient temperature, a pressure drop along with the lowering of the volumetric density will be
observed. Gaseous hydrogen, if not in use in a laboratory environment, tends to be used relatively fast after its
production. Existing hydrogen fueling stations for example replenish their bulk hydrogen stock via on-site
hydrogen electrolysis or with hydrogen tube truck delivery. This bulk hydrogen supply can be stored in ambient
temperatures and up to 200 bar of pressure for months, even years. Inspection of the low-pressure steel tanks
is done once a year to ensure the safe usage of these tanks.

Space requirements
A typical low-pressure stationary hydrogen storage system as shown in Figure 4 has a footprint that is
summarized in Table 3.



151 Hydrogen Storage

Table 3: Storage system space requirements

System component  Length[m]  Width[m] Height[m] HzCapacity [kg]  Footprint[m? Ref.

[19],
: 2 2. - 7
Compressor 3.5 5 -
Hydrogen battery 12.3 2.4 ~2 500 29.5 [33]
~40-50
Overall system 15.8 4.4 25 500 (Ih(?lud|ng
piping, power
electronics)

Advantages/disadvantages
Storing hydrogen in pressurized hydrogen tanks can have advantages and disadvantages which are described
briefly in this section.

Advantages

1.

Long-term energy storage: Depending on the materials of the tank, hydrogen can be stored for
relatively long periods of time without losing significant energy content (see section “Typical storage
period”).

Widespread and proven technology: As it was mentioned, it is the only technology that is used in any
significant scale for hydrogen storage to date [11].

Cost-efficient in comparison with other industrialized storage methods: The materials of the tanks,
especially when composite support is not used significantly (i.e. Type I&II tanks), are the most cost-
efficient leading to a decrease in storage costs.

Disadvantages

1.

Not easily transportable in large quantities. In order to store and transport large amounts of hydrogen
gas today means that trucks carrying pressure tanks must be employed. The cost of this procedure
and the relatively small amount of hydrogen transported at a time inhibits the transportation of
hydrogen gas in large quantities over large distances.

Cost of materials and compression. Even though compressed hydrogen storage is the most cost-
effective storage method today, the costs of materials of high-pressure tanks as well as the energy
input to compress hydrogen to store it in significant quantities is still an issue.

Safety issues. Hydrogen is an explosive gas when in contact with air in significant concentrations i.e,,
4% (LEL) and 59% (UEL). Therefore, extreme caution should be exercised when handling high pressure
hydrogen storage systems.

Environment

Hydrogen gas itself does not pose any significant environmental threats as its large-scale use is still in its
infancy. When larger amounts of gaseous hydrogen are used then, its potential accumulated leakage towards
the atmosphere could speed up the ozone layer destruction faster than conventional pollutants. This is,
however, an assumption of scientists that is based on the widespread use of hydrogen as a fuel and the
environmental impact would still be very depending on the human factor [34].
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Safety

Hydrogen is, like all the other combustible fuels, flammable and explosive when mixed with air within a certain
concentration interval. The flammability range is from 4% to 75% hydrogen in air. The premise for fire or
explosion is that there is air presents with hydrogen, which is not the case during operation as the hydrogen
system is closed. Another risk specifically related to handling high pressure hydrogen is the pressure burst
which can occur under high pressure if a component malfunctions. When handling hydrogen, a lot of safety
equipment has to be installed in order to shut down the system if it detects hydrogen leakages. Hydrogen
storage vessels has, as described in the section “pressure tank categories”, undergone a large test for both
lifecycle performance, overpressure and collision/drop tests to secure the use of them in vehicles and for
storage. Typically, hydrogen storage vessels would be installed in open air and a leak would only become
dangerous if an ignition occurs, otherwise the leak would empty the system into the atmosphere. Even if the
leak is ignited it would burn in a straight flame upwards as hydrogens is lighter than air. The worst-case
scenario is a pressure burst followed by an explosion or fire. In this context, it is worth mentioning the incident
which took place at a hydrogen filling station in Kjgrbo, Norway in 2019. An explosion was caused due to an
error in assembling a plug in a hydrogen storage tank, which was a part of the high-pressure storage unit.This
lead to hydrogen leakage which thereafter reacted with air causing ignition. Additionally, the leak was in large
guantity which may have resulted in ignition scenarios due to the fact that the fail safe did not respond as it
was supposed to [35].

Research and development perspectives

Type IV tanks are the cutting edge, impactful technology for medium-high pressure short- and medium-term
storage technology for pressurized hydrogen. The materials and technology used in this type of tanks are
researched and optimized by the industry as it is the most promising for applications that use portable
hydrogen storage (automotive industry). A schematic of the Type IV tank components can be seen in Figure 7.

Figure 7: Components of a Type IV hydrogen pressure tank [36]
High-density polymer liner

Carbon fiber composite

Dome protection

TPRD

Valve |
! Temperature sensor
Boss

TPRD = Thermally Activated Pressure Relief Device
Credit: Process Modeling Group, Nuclear Engineering Division. Argonne National Laboratory (ANL)
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The components of the Type IV tank contain:

e Carbon fiber composite wrapping, which provides the shell of the tank with the necessary mechanical
strength to withstand the high pressures of the compressed hydrogen in it.

e High-density polymer liner, which serves as a gas diffusion barrier and prevents hydrogen permeation
through it.

e Dome protection, usually from foam for resistance from impact, usually used in the automotive
industry. Some Type IV tanks do not use this foam dome.

e Temperature sensor close to the inlet of the hydrogen for monitoring the temperature development
during filling and unloading of hydrogen gas.

e Valve and boss (protruding feature on a work-piece) for filling and retrieving hydrogen from the tank.

e Pressure relief device that also can be thermally activated, to control and limit the pressure of the
tank.

Other technologies such as multifunctional layered stationary hydrogen storage vessels are being developed in
an effort to maximize the hydrogen stored and minimize the cost of the materials [37].

In general, pressurized tanks manufacturing companies are investing in optimizing their products in order to
achieve lightweight and low-cost bulk transportation high pressure gaseous hydrogen vessels. This is done
mainly by improving the durability of components in contact with high pressure hydrogen while ensuring
operational safety. However, due to the nature of this physical storage method, radical improvements are not
foreseen for the short-term future as they are dependent mainly on the materials used which are unchanged
for many years.

Considering the pressurized hydrogen storage as a system, there is currently research on manufacturing
specialized hydrogen compressors to optimize the compression characteristics and increase the mass flow
rate for hydrogen [38]. Special hydrogen compressors are not commonplace yet. However, Linde has recently
developed a ionic-liquid compressor aimed at hydrogen fueling stations [39]. Nevertheless, expensive high-
power piston-compressors are utilized for compressing hydrogen gas to the desired pressures for storage.

Examples of market standard technology

The gas industry uses currently a high variety of pressurized tanks for hydrogen storage, depending in the
applications that hydrogen is used for. In the Table 4, a list of examples of various uses of hydrogen tanks and
their purpose is presented.

Prediction of performance and cost

Performance-wise (storage capacity), the Type | tanks that were used in the system defined in the
“Components in pressurized tanks storage systems” section are not foreseen to have significant, if any,
performance improvement over the years. This is because their capabilities of storing hydrogen is directly
proportional to their pressure limits which are improved only by adding more material (steel) to make them
withstand higher pressures. For Type Il & Ill tanks, the situation is similar, but they have more potential for
improvement in performance with the improvement in the durability of some composite materials. Type IV
tanks have the biggest performance potential as US Department of Energy (DOE) has set goals for their
improvement in storage capacity in the future to help with commercialization of fuel cell vehicles [11]. These
performance goals are seen in Table 4. As for the cost of the tanks themselves, it is highly dependent on the
upscaling of the hydrogen storage industry. For Type | tanks where the only variable of their cost is the
amount of steel used and its cost development in the next years. Projections from the hydrogen industry state
that costs of Type | tanks can fall to half of the current price by 2050 [19]. The rest of the tank types will follow
a similar trend according to their area of implementation in the hydrogen storage industry with Type IV to have
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significant cost reductions due to their increasing demand from the automotive industry. Type IV cost targets
from DOE are see in in Table 4.

Table 4: Examples of market standard technology and applications

Location Specs. Teohnology Ref.
provider
Stationary
storage of
energy 3x850L@
Elancourt used in 30bar
France ' telecommu 2016 Type IV MAHYTEC [40]
nication tanks, 7
application kgH>
RHYTA-
RENESTA
Stationary
and
transport
HyBalance 18 Type IV
Y tanks
Hobro, rs]’[(?jrage of 2018 @450 bar, Air Liquide [41]
Denmark ydrogen 500 kgH2
from
electrolyzer
output.
Stationary Multiple
= Type |
storage for
Medium Pressure tanks @
S Comp!ess!or High Pressure hyd I'Ogeﬂ 200 bar +
' %‘g_w e Denver, USA  fueling 206 L Air Products [42]
5 e station for yp
' Trench to Hydroge research tanks
UrDOSES @850 bar,
purp 310 kgH,

The compressors used in the storage system are projected to have a significant performance in technology,
maybe even change the existing technology altogether. Today's compressor technology is projected to
increase in performance around 20% over the next 30 years, as an estimate. The costs of the compressors for
compressed hydrogen storage however, depending on the industry’s growth, can go down to half even one-
fourth of today’s costs.
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Table 5: Technical System Targets: Onboard Hydrogen Storage for Light-Duty Fuel Cell Vehicles by DOE [43]

Storage Parameter Ultimate

Usable, specific energy from Hz (net useful kwh/kg 1.5 1.8 22
energy/max system mass) (kg Ha/kg system)  (0.045) (0.055) (0.065)
Usable energy density from Ha (net useful kWh/L 1.0 1.3 1.7
energy/max system volume) (kg Ho/L system)  (0.030) (0.040) (0.050)
$/kWh net 10 9 8
Storage system cost
($/kg Ho) (333) (300) (266)

Uncertainty

The biggest contributor to the uncertainty of the cost projections is the growth of the hydrogen storage
industry. Storage in the case of pressurized hydrogen gas is almost always connected with the short-term
utilization of hydrogen in either fueling stations, natural gas enrichment etc. Given this, it is hard to predict the
growth of the pressurized hydrogen storage industry itself without having to consider the industries that utilize
this technology and their growth. As explained in the “Prediction of performance and cost” section, the cost of
the pressurized tanks component in the system (Type | tanks) can go down to half of today’s cost price by
2050. However, assuming the price to be higher than half of the current price is a conservative option if the
industry does not develop as predicted or if another type of pressurized hydrogen gas tank technology is
chosen over Type |. The same is the case for the compressor component of the system which can go down in
costs to one-fourth of today’s cost price by 2050 if the hydrogen fueling industry follows the current growth
predictions or half if the growth of the industry is more conservative. Also the compressors’ performance
projection has a high level of uncertainty due to the new technologies being developed to fit the needs of
hydrogen compression specifically [19].

Cost examples

The cost data of the hydrogen storage system described in the “Components in pressurized tanks storage
systems” section was retrieved either from manufacturers, or from companies running such or similar
systems. The average cost of individual components is described in Table 6:

Table 6: Cost of individual components for Hydrogen storage system

System component Average Cost Average Operational Lifetime [years]

[€/unit] Cost [€/year]
Compressor 500,000 6,000 25 [19], [32]
Hydrogen battery 600 €/kg 1.250 25 [33]
Piping, power ~150,000/system ~1,000/system 25 [19]
electronics, manhours
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Overall system for 950,000 8,250 25
500kgH2

Hydrogen storage in Liquid Organic Hydrogen Carrier (LOHC) compounds

Introduction

In this section, a material-based hydrogen storage technology, the liquid organic hydrogen carrier technology
is described.

Energy carrying compounds are chemical substances that are in an energy rich state. If this energy rich state
is achieved through hydrogenation (addition of hydrogen to the compound) of a liquid organic compound, then
it is characterized as a Liquid Organic Hydrogen Carrier, or a LOHC [44].

These chemical compounds were first studied in the 1980s and extensive examination of LOHC systems
started in the early 2000s [9]. The principles of the hydrogenation and dehydrogenation (retrieval of hydrogen
from a hydrogenated LOHC) have been accessed in depth up until today and the LOHC substances are well
known.

Figure 8: Properties of different hydrogen storage technologies [45]
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LOHC storage systems are fairly similar to conventional fuels, as they are stored in a liquid form in
atmospheric pressure and environmental temperature until needed. Due to their high volumetric energy
density compared to the compressed hydrogen gas, they are considered a viable alternative fuel not only for
energy transport, and automotive purposes [9] but for stationary applications as well. In Figure 8, the energy
density of LOHC system as compared with chemicals such as methanol and ammonia, as well as Li-ion
batteries is clearly represented. It has an advantage of significantly higher gravimetric and volumetric density
as compared to Li-ion batteries, making it a suitable candidate for storage.
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Due to the existence of high amount of LOHC compounds, some of them will be briefly described in the
“Technology description” section and only one of them will be chosen to represent the LOHC in the hydrogen
storage system that will be described in the “Components in LOHC storage system” and in the Data Sheet.

Technology description

LOHCs essentially are liquids or solids which are accompanied by the reversible hydrogenation and
dehydrogenation at elevated temperatures with the help of catalysts. The organic compound retains its initial
structure upon dehydrogenation. LOHC operation on small scale is accompanied by challenges with new
process for hydrogen implementation regarding catalysts. The advantages lie in the compatibility of blending
with the existing fuel infrastructure since the initial LOHC structure after hydrogen release remains the same.
Especially, for transporting hydrogen over 1500 km, shipping hydrogen as LOHC is cost-effective. Furthermore,
no storage losses during transportation of hydrogen, as well as in a high hydrogen purity [45]. Additionally,
LOHCs are characterized by the ease of transportation. This, however, is impeded by the process of hydrogen
liberation prior to use which is energy and cost consuming. A comparison of LOHC with ammonia and liquid
hydrogen is displayed in Table 7.

Transporting hydrogen in the form of LOHC involves loading and extracting hydrogen at the destination and
can be transported as a liquid. However, the energy requirement for conversion and reconversion are in the
orders of 35-40%. Furthermore, LOHC molecules need to shipped back to the origin which makes the whole
process expensive[10].

The concept behind LOHC hydrogen storage and the chemical principles that define it are simple. It can be
divided in 4 steps for the process, as a whole. These steps are the hydrogen production, hydrogenation of the
LOHC, storage of the LOHC and dehydrogenation of the LOHC for hydrogen use. These steps will be described
below.

l. Hydrogen production. Similar to the case of the pressurized tanks hydrogen storage method, LOHC
storage will help in the energy industry as means of energy storage from excess renewable energy
production, for instance. As it will be described in the hydrogenation process, because it is realized in a
higher than atmospheric pressure level, the hydrogen from the electrolyzer system must come already
in an elevated pressure, which is the case for industrial electrolyzers [19]. The hydrogen is then ready
to go through the hydrogenation process.

ll.  Hydrogenation. This is the exothermic process of chemically binding hydrogen to the LOHC. This
process is done at elevated temperatures implying that hydrogen and LOHC (and solvents if there are
any) need to be heated up for the reaction to take place in the temperature range of 50-250°C [9]. Also,
an elevated pressure is needed ranging from 10-70 bar depending on the LOHC. Reaction conditions
of some LOHCs can be seen in Table 7.
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Table 7: Extent of maturity for LOHC compared to ammonia and liquid hydrogen [10]

|5elec|3ed properties of hydrogen cammiers

| Liquidhydrogen | Ammonia___| LOHC (MCH) __

Small scale: High

Conversion T High Mediurm
Tank storage  High High High
Process and Ship: Low Ship: High Ship: High
technology Transpart Pipeline: High Pipeline: High Pipeline: High
raturity™ Trudk: High Truck: High Truck: High
Recorversion  High Medium Mediurm
Supply chain - . . .
integration Mediumyhigh High Medium

[ |Liquidhydrogen | Ammonia | LOHC (MCH)

Toluene:
Fla ble: no smell Flar.n_mable; acute . flammable; N
Hazards** e toicity; precursor to air | moderate toxidty.
pollution; comosive Other LOH s can
be safer.
Comversion and reconversion Current: 25-35% Comversion: T-1E8% Current: 35-30%
energy required Potential: 18% Recomversion: < 20% Potential: 25%
- Integration with flexible LUHilisation of
Production plant
Technology improvements i h-pnif-oﬁ electrolysers; improved  conversion heat;
and scale-up needs ma m'-e:lrnt conversion efficiency; reconversion
n=g H; purification effidency
) _ Green Ammonia AHEAD;, Chiyoda;
Selected organizations Fa Rﬁ"E M ‘I consorturm; IHI Hydrogenious;
developing supply chain B Corporation; US Framatome;

Department of Energy  Clariant

* High = proven and commarcial; Maedium = prototype demonstrated; Low = validated or undar devalopmant; Small scale = « 5 tonnes
par day; Langs scals = » 200t nnss per day.

& Towicity oritana based on inhalation.

e Given a5 a parcantags of lowsr heaating valks of hydrogen; valuss are for hydregan that could be used in fusl alls; lowar-purity
hydiregen would requira less anengy.

Sources: Aakko-Saksaa et al. {2048}, "Liguid organic hydrogen cartiars for transportation and storing of renewable anargy — Review
and discussion”, Jowmal off Power Sowres; Bartals, (2008], "A feasbidity shedy of implemanting an ammonia Economy”™, lowa State
Unitvarsity; Brown, {2o27), “Round-trip efficency of ammonia as a ranawabla anangy transportation media”, Ammaoniz Snergy: Gidday
fzoay], "Ammonia 25 a renewable energy transporiation media”, ACS Sust. Chem. Eng.; Hansen (zoa7), "Solid cuids osll anabled
ammoria synihess and smmonia based powsr preduction”; Rew® ot al. (z0a7), "Ssasonal storags and attermative carmiers: & fadbls
hydroegan supply chain modal®, Apphed Enargy; Wulf and Zapp, (z018), " Assessment of system variations far hydrogen transpart by
liquid organic hydrogen carmiers”, istemational Joumal of Hydogan Enengy.

In the hydrogenation reactor and with the presence of a catalyst, the LOHC is loaded with hydrogen up to a
specific degree. Moreover, to ensure that all hydrogen that can be bound to the LOHC, recirculation of the
hydrogen in the reactor might be used [9]. The chemical reaction of an LOHC hydrogenation is described in
Equation (2) [46]:

HoLOHC + nH, - H,LOHC ~with AHJ = x kj -moly, ™" (2)
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Table 8: Reaction conditions for different LOHCs [46]

Hydrogenation

Temp. [°C]| Pressure [bar| Loading [%)] STY [grronc L1 h77] RE [Kk] moly, '] Solvents
NEC 150 50 100 388.2 —53.2 None
DBT 150 50 100 278.8 —65.4 None
AB 80 10 95 77.5 —35.9 THF?
FA 50 40 100 7.7 —31.2 water”
MET 250 50 26.4 220.0 —16.5 None
NAP 200 69 100 218.2 —66.3 TOLS
TOL 200 20 100 466.6 —68.3 None

Dehydrogenation

Temp. [°C] Pressure [bar| Conversion [%)] STY [gu, L™ h7Y) RE [kJ moly, "] Solvents

NEC 270 1 90 163.1 53.2 None
DBT 310 1 97 27.5 65.4 None
AB 80 1 99 27.0 35.9 THF¢
FA 60 1 100 0.2 31.2 Water”
MET 420 1 100 44.8 16.5 Water
NAP 280 1 99 16.1 66.3 TOL®
TOL 320 1 95 61.5 68.3 None

“434 g,y L7 b Final FA-concentration 1.53 M. © 910 grap L0 4 Water/methanol ratio 1.5 mol mol ™™,

LOHC storage. Right after the hydrogenation process, the loaded LOHC is then cooled and
decompressed to be stored in ambient conditions. Due to the high hydrogen saturation from the
elevated pressure environment of the hydrogenation process, some hydrogen is lost during
decompression, but this is typically limited to below 0.1 weight% hydrogen weight. The loaded LOHC
can be stored or transported in containers designated for fuels i.e. oil barrels or tankers as it has the
properties of a conventional liquid fuel. Loaded LOHCs can store hydrogen for at least 60 days to be
economically advantageous over pressurized tanks, for instance [46]. The storage time for hydrogen in
LOHCs is unlimited. Furthermore, hydrogen is not lost during storage making it an attractive form of
hydrogen storage.

Dehydrogenation & usage. This is the endothermic process of unbinding hydrogen from the LOHC. To
state simply, it is the reverse process of hydrogenation. During this process, the hydrogen in the
loaded LOHC gets separated from it in a reactor by providing energy in the form of heat and in the
presence of a catalyst. The unloaded LOHC is then stored for further cycling. For some LOHCs, the
hydrogen obtained from the dehydrogenation process is not pure for uses in i.e. fuel cells and needs
further purification. This would require modification to the existing infrastructure.

An example of the whole LOHC process is displayed in Figure 9. Here, the LOHC is N-ethylcarbazole.
The reaction of hydrogenation is exothermic in nature while dehydrogenation is endothermic in nature.
The reaction pressure and temperatures also differ as depicted.
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Figure 9: Basic configuration of hydrogenation and dehydrogenation in LOHCs [47]
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Hydrogenation

Typical Liquid Organic Hydrogen Carriers

There are many compounds that can store hydrogen in their molecules and many characteristics to consider
when evaluating them for possible real-life applications. Some of those characteristics include storage
capacity, availability of the compound/material, toxicity, energy demand and dehydrogenation temperatures,
material handling, stability of the compound during the processes and storage and more [46]. Describing in
detail the characteristics and chemistries of those compounds is outside of the scope of this report. However,
in Table 9, a list with some LOHC compounds, their characteristics and the reason of why they could be used
in storage applications or not can be seen. Some of the LOHCs are reusable while the others are not.

Input/output

The input and the output of the LOHC storage systems is gaseous hydrogen. There is also a small amount of
energy input during the hydrogenation process and a larger amount of energy input for the dehydrogenation
process as explained in the “Technology description” section. Hydrogen is being bound to the LOHC in the
hydrogenation process; the loaded LOHC is then stored in ambient temperature and pressure as liquid fuel and
then used during dehydrogenation to unload the hydrogen from it to be used, usually, to create electric power
through fuel cells.
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Table 9: Possible Liquid Organic Hydrogen Carriers (LOHCs)[48]

LOHC

Reason for further consideration

N-ethylcarbazole
Dibenzyltoluene
1,2-dihydro-1,2-azaborine
Formic acid

Well-studied nitrogenous LOHC

Already existing application as LOHG; safe and convenient handling
Unique characteristics through integration of boron and nitrogen
Safe and convenient handling

Methanol Very high storage density

Naphthalene Well-studied cycloalkane; high storage density

Toluene Well-studied cycloalkane; planned application as LOHC
Phenazine Promising stability and sustainable raw material production
LOHC Reason for no further consideration
Benzyltoluene Similar to dibenzyltoluene, however, more toxic

3-Methyl-1,2-BN-cyclopentan
2-Aminoethanol

Benzene

Indoline

Chinoline

Fluorene

4-Aminopyridine
Bicyclohexyl

1,2,4-Triazolidin

Lithiated Primary Amine

2-Methyl-1,2,3,4-tetra-hydroquinoline

Perhydro-dibenzofuran

2,6-Dimehtyldecahdro-1,5-naphthyridin

N-ethylindole
N-propylcarbazole

Energy intensive regeneration and trimerization

Low selectivity, long storage cycles

High process temperatures (400—450 °C) and very toxic
Low gravimetric and volumetric energy density
De-hydrogenation of only one ring possible, thus low storage capacity
Slow de-hydrogenation

Low selectivity

Low selectivity

Unstable at room temperature

To date no successful hydrogenation

Low selectivity

Low selectivity

Low selectivity

Similar to N-ethylcarbazole, but less studied

Similar to N-ethylcarbazole, but less studied

Components in LOHC storage systems

LOHC hydrogen storage takes place under ambient conditions. One of the matured LOHC oils in use,
dibenzyltoluene (DBT), facilitates high density in the order of 630 (Nm?3 H,)/(m® LOHC), non-flammable
transport of hydrogen. Storage using LOHC typically consist of a storage and release unit for hydrogenation

and dehydrogenation. In this section, data is taken from an existing catalogue on DBT based LOHC system by
the company Hydrogenious[49].

The reaction for hydrogenation, which takes place in the storage unit, is exothermic. The desired conditions for
the reaction consist of a pressure of 30 bar and temperature higher than 200 °C, which in turn leads to the
generation of 9 kWh, /kgrz heat. On the other hand, the dehydrogenation reaction taking place in the release
unit requires a temperature higher than 300 °C. Since dehydrogenation is endothermic, heat requirement is in
the order of 12 kWhi /kgro.

The system being analyzed in this catalogue has the following specifications:

1. The LOHC oil under analysis is dibenzytoluene, due to its non-toxic nature.
2. The LOHC system is stationary.
3. The footprint for installation and operation are predefined.

The specifications of the storage and release unit are described in Table 9.



151 Hydrogen Storage

Table 10: LOHC system specifications

Storage Unit Release Unit

Hydrogen capacity 5t/d// 210 kgH2 /h 1.5t/d // 65 kgH2/h

LOHC production/demand 4,500 1/h 1,300 I/h

Heat production/demand 1,900 kWth 780 kWth

Footprint Skid based (based on Skid based (based on
consumer’s requirement) consumer’s requirement)

Energy efficiency and losses

During hydrogen storage as LOHCs, hydrogen storage losses are negligible. Storage time itself is unlimited.
However, losses due to the hydrogenation and dehydrogenation in the form of heat are worth considering for
determining the efficiency of the LOHC system. Literature studies have reported the efficiency of DBT-based
LOHC system to be approximately 48-54%. The efficiency can be increased using Solid Oxide cells to 86%
before end use. Thermal efficiencies in the order of 60% and electrical efficiency in the order of 40% has been
reported [45]. An example of the process chain using LOHCs is displayed in Figure 10. It clearly depicts the
possibility of storing large scale hydrogen for transport while using the existing infrastructure. During hydrogen
storage in the form of LOHC, np other substance is bound or released into the atmosphere. Dehydrogenation
results in obtaining pure Hs after condensation. LOHC compounds can be stored for long-term without losses
using energy transport infrastructure for liquid fuels such as pipelines, ships, trucks etc. This facilitates a
feasible transition to the hydrogen economy [50].

Figure 10: Hydrogen storage using DBT-LOHC system [50]
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Operational losses
During the hydrogenation reaction, heat is released due to its exothermic nature. When the heat is not
recirculated, as is done in practice, the heat during storage is considered as a net energy loss. Additionally,
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during the reaction 0.1 weight % loss of catalyst is assumed per cycle [9]. Major loss in the order of 22% due to
conversion and transportation has been reported in literature [45].

Standby losses

During storage, no noticeable energy loss has been previously mentioned. No significant boil off or other
hydrogen losses are reported [46]. Additionally, during long distance transport with pipelines, trucks, ships etc.
no significant energy losses using LOHCs have been observed [50].

Energy Efficiency
Energy efficiency of hydrogen binding and unbinding on LOHCs can be defined according to Equation (3):

Enydrogen out
ydrog x100% (3)
Ehydrogen in+Etransport lossestEneat 1osstEneatEndothermic

Nroundtrip =

For such a system, the Eyqrogen out Of the system is its capacity of 210 kg multiplied by 33.33 kWh/kg,

which is the same as Epygrogen in- Eneat10sS is in the order of 30% due to the endothermic reaction heat, not

being utilized. Total transport losses are taken as 10% of the total capacity. Given this, the Equation (3) can be
calculated as follows:

TMWh

o % 100% = 709
Mroundtrip = 7 T O MWh + IMWH % %

Typical characteristics and capacities

LOHCs are relatively new in the market. For this reason, the catalogue obtained from Hydrogenious is utilized
to outline different sizes and capacities of LOHC storage and release system, as displayed in Tables 11 and
12.

Table 11: LOHC storage system characteristics [49]

Characteristics StorageBOX StorageBOX StoragePLANT StoragePLANT

10 120 5tpd 12tpd

Hydrogen capacity 10 Nm3/h // 120Nms/h// 5t/d//210kgH, 12t/d// 500
0.9 kgHz /h 11 kgHz /h /h kgH2 /h

LOHC production 201/h 240 1/h 4,500 I/h 11,000 I/h

Heat production 8 kWth 100 kWth 1,900 kWth 4,500 kWth

Footprint 20 foot 20 foot Skid based Skid based
container container
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Table 12: LOHC release system characteristics [49]

Characteristics ReleaseBOX ReleaseBOX60 ReleaseBOX120 StoragePLANT

10 1.5tpd

Hydrogen capacity 10 Nm3/h // 60 Nms3/h // 120Nms/h // 11 1.5t/d// 65
0.9 kgH> /h 5.5kgH2/h kgH2 /h kgH2 /h

LOHC demand 181/h 1101/h 1300 1/h 1300 1/h

Heat demand TTkWth 66kWth 760 kWth 780 kWth

Footprint 30 foot 30 foot 40 foot Skid based
container container container

Typical storage period

Typically, LOHCs can store hydrogen indefinitely and the loss of hydrogen during storage is negligible.
Economically, 60 days is an optimum time span for storage when compared to compressed hydrogen storage
[46]. Long-term storage under ambient pressure is one of the advantages of using LOHCs [51]. A comparison
of storage in terms of volumetric and gravimetric storage capacities for different H, storage technologies is
displayed. They are clearly superior to Li-ion batteries in such terms, as shown in Figure 8 earlier.

Space requirement

The space requirement for the LOHC technology depends on the size of the chosen system. Typically, medium
to large-scale storage systems are in use. As seen in Tables 10 and 11, the smallest size is in the order of a 20-
foot container for storage, while in the order of a 30-foot container for release. It is important to note that, skid-
based large-scale systems are economically more attractive and can be easily installed. They are significantly
larger in size.

Advantages/disadvantages

LOHCs are still upcoming in the market and only a few systems have been built so far. Given the option of
matured carriers such as DBT, this technology has the probability of facilitation of large-scale hydrogen
transport. In this section, advantages and disadvantages accompanied with LOHC technology are listed [44],
[49].

Advantages:

1. Itis anideal way to store hydrogen on a large-scale, which further find use in transport applications.
2. LOHCs are designed for long-life operations with low maintenance, easy installation and low footprint.
3. They are very safe for such a high storage capacity i.e., no leakage prospects.

Disadvantages:
1. Strict assessment on toxicity of LOHCs need to be performed.
2. Heat integration for hydrogenation and dehydrogenation needs to be improved. Hydrogenation and
dehydrogenation also consume power which is related to the efficiency of the compressor.

In addition, the pros and cons for DBT-LOHC in terms of energy density, transport limitations and cost
effectiveness are shown in Table 13.
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Table 13: Summary of advantages and disadvantages of DBT-LOHC [45]

Pros and cons for compressed and liquid hydrogen, circular methanol and DBT-LOHC as hydrogen storages. Plus sign (+) means strength and a minus sign (—) a
weakness. *

CH2 (700 bar) LH2 (—-253°C) Circular methanol DBT-LOHC
Energy density - Appr. 5.0MJL™! + Appr. 85MJL™! ++ Appr. 15.9MJL™" + Appr. 74MJIkg™!
Reversibility Not relevant Not relevant - -No + + Good
Maturity of technologies + Existing + Existing + + Good + Existing
Infrastructure compatibility --No --No + + + Excellent + + + Excellent
Transportation configuration - Special (gas truck up to 1000kg - Special (tube trailer, tanker + + + Ordinary truck (equiv. + + + Ordinary truck
Ha) 4000 kg H,) 4000 kg H,) (1800 kg Ha)
Transportation size, distance — Limited (short distances, low - Limited (long distances, high + + + Unlimited + + + Unlimited
demand) demand)
Storage time (stability) = Limited — - - Losses + + + Unlimited + + + Unlimited
Safety - Concerns - Concerns + As gasoline + + + Excellent
Biodegradability Not relevant Not relevant + + + Excellent -~ Poor
Operability in dynamic use + Feasible + Feasible + + + Excellent + Limited today
Efficiency loss in conversion and + Appr. 6-15% - = Appr. 30% plus boil-off — Appr. 19% — Appr. 22%
transportation
Costs of transportation - - Transportation - - Transportation —--3.1€ per kg H, - 0.4 € per kg H, ¢
$0.1-4" & distribution $1.1-1.8°  $0.1-4" & distribution $1.1-1.8°  (energy equiv. hydrogen®) (limited information)
per kg Hz per kg H;

* References in Sections 5.1-5.9.

® Compression, liquefaction, storage, transportation.
© To refuelling stations without costs of stations.

¢ Hydrogenation, dehydrogenation, transportation.
¢ Production (conversion of hydrogen to methanol).

Environment

Many LOHC compounds are uncharged organics like conventional fuels as gasoline and petrol, thus volatile,
flammable and lipophilic. Despite the risks, the world has been using conventional fuels with great success for
many years now [51]. This, however, does not mean that LOHCs should follow the same pattern as there are
compounds which have different characteristics in flammability, toxicity etc.

Toxicity studies have not been performed for all kinds of LOHCs but for promising ones for commercialization
or for ones already in use, studies show that they are less toxic and in general more environmentally friendly.

One of the most mature LOHC compounds, DBT, has a low toxicity along with low flammability. Other LOHCs
which are heterocyclic in nature, have similar risks of toxicity as diesel and gasoline. Additionally, nitrogen
containing LOHC compounds also displayed better biodegradability in case of a spillover, similar to aromatics
[45].

Research and development perspectives

One of the challenges with LOHC technology is the limited market wing to an early phase. Furthermore,
decentralized hydrogenation needs to be optimized. As mentioned earlier, catalyst costs can be a challenge
and needs to be further investigated. Different combinations of LOHC compounds can lead to cost effective
and large-scale solutions. Additionally, heat generated during hydrogenation needs to be recycled and used for
system energy optimization [45]. An illustration of transport using LOHCs while integrating with the grid is
displayed in Figure 11. Research in this field can facilitate heat integration to decrease the losses along with
blending LOHCs in the existing feedstock.
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Figure 11: Prospective use of LOHCs in Hz economy [53]
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Examples of market standard technology
In this section, systems available in market are specified with their application and capacities. This is
summarized in Table 14.

Prediction of performance and cost

LOHC storage is a relatively new technology as compared to pressurized tanks. Prediction of cost for the
aforementioned system analyzed in this catalogue was performed using data collected from the company
Hydrogenious. The assumption for economics relies on the fact that the storage is large-scale, and scalability
leads to decrease in component cost and is thereby favorable. The cost analysis was performed on numbers
predicted for an optimum size of 5,500 tons/day of H, storage, which is yet to be realized. The prices are
uncertain, and market is volatile regarding LOHCs and data on the use of DBT-based LOHC system with solar
power in Erlangen has been observed to result in H, delivery cost of €5 to €55 euros per kg Ho. Additionally, Ha
transport is more economical than conversion into electricity. For short distances, LOHCs are not economical
[45].
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Table 14: LOHC systems available in the market

Technology
provider
Mid to large-scale hydrogenate
transport and capacity: 792 .
201 H 49
stationary 016 Nm? hydrogen / ydrogenious [49]
applications. day
Stationary
system hydrogenate
connected with capacity: 94 .
electrolyzer and 2018 Nm? hydrogen / Covalion [54]
fuel cell for smart day
grid applications

Uncertainty

The uncertainty in cost prediction arises from the size of ships utilizing H, from LOHCs. For this technology to
be economic, a large-scale production of H is assumed. Currently, Hydrogenious is working on a future
capacity of 5,500 ton/day of H,. Furthermore, heat integration could lead to increase in efficiency and thereby

a cost reduction.

Cost examples

The cost data for LOHC system includes the system cost for a storage and release unit. Since this technology
is new in the market, the data for cost of hydrogen supply, transport in addition are listed in Table 15, as

received from Hydrogenious.

Table 15: Cost of LOHC technology

Hydrogen cost 1 $/kg

Storage 0.15 S/kg
Transport (30 days one-way) 0.44 S/kg
On site storage and release 1.31 S/kg
Total cost of ownership 2.9 S/kg
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Hydrogen storage in caverns

Technology description

In this section, underground storage of hydrogen will be addressed. This is accompanied by the possibility of
high-volume storage on long-term basis. Conventionally, natural gas storage in salt caverns has been
performed for decades [55]. This is particularly useful dealing with intermittent energy power production
through solar and wind, since large quantities of methane can be used for grid balancing. Given an
infrastructure facilitating hydrogen, hydrogen can be used for storage instead of natural gas or methane.
Furthermore, a pressure of 20 MPa is recommended for efficient hydrogen storage but also varies depending
on the cavern size [56].

The following underground hydrogen storage options have been investigated previously [57]:
e Aquifers: porous storage
e Depleted hydrocarbon deposits
e Salt caverns

In this chapter, the focus is on hydrogen storage in salt caverns. Salt formations are already existing and can
be developed into gas storage depending on the suitability of the salt feature. For this, water is pumped into
the formation and salt is dissolved herewith leaving behind a void. Thereafter, saline water is pumped back
and the process is repeated until the required gas storage size is attained [58]. The advantages of such
storages compared to other underground storage technologies are presented in Table 16.

It is of particular interest to discuss the details of salt caverns for storage since the storage is more controlled
and gas tight over a long-term period, as compared to hydrogen tanks [59]. Additionally, it is the most
economical way to implement large scale electricity storage in the form of hydrogen or methane [59], [60].

Particularly, in the case of Denmark, 7 existing salt caverns are being used for natural gas storage at Lille
Torup and several in Hvornum for brine production. The natural gas caverns can be converted into hydrogen
gas storage by facilitating a hydrogen infrastructure. For this, the caverns are flooded in order to displace
methane while maintaining a high pressure in the cavern. This leads to leaching of the cavern. Once the
natural gas is displaced, hydrogen can be stored in the cavern by gas compression.

Input/output

The input for salt caverns is in the form of hydrogen gas, which is produced through electrolysis of water or
steam methane reforming. The stored hydrogen is compressed up to 20 MPa and stored in a gas tight cavern.
Gas injection systems are employed. For releasing the hydrogen gas, gas withdrawal units are employed, and
hydrogen can in turn be used for combustion in a gas turbine or a fuel cell, in case of electricity production.
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Table 16: Comparison of underground storage for hydrogen [57]

Relevant geological, technical, environmental, health and cost aspects of various options for underground hydrogen storage.

Deep aquifers

Depleted oil and gas fields

Salt caverns

Occurrence

The depth of deposits

Lithology of site storage and
caprock

Recognition

Storage capacity

Geological tightness

Required research

Recent experience
throughout the world

of

Prevalence in all sedimentary basins
Various depths, optimally up to 2000 m
Reservoir rocks with high porosity and high
permeability, roof rocks providing seal, not
cracked

Low. Recently recognised in Europe in the
context of assessing the potential for CCS
Very high and high

The tightness of aquifer initially unknown, a
low risk of gas leakage

Possible leakage paths (geophysical surveys,
exploratory borehole and borehole tests,
laboratory testing of rock samples). Chemical,
mineralogical and biological reactivity
between hydrogen and the rock formation and
its sealing overburden: tightness of gaprocks
for hydrogen permeation. Monitoring of the
tightness and controlling of reservoir pressure.
Detailed characteristics of the storage site and
creation of a digital model

Mo experience with storage of pure hydrogen.
Numerous underground stores of natural gas
working successfully

structures and existing
infrastructure

Injection and withdrawal
cycles
Number of boreholes

Technical tightness

Flexibility of cycling

Impurities in withdrawn gas

Limitations

Cost of construction and
operation

Availability of deep aquifer with sufficiently
recognised favorable geclogical conditions,
usually close to end users. No infrastructure
on deposits

One, maximum wo cycles of injection and
withdrawal per year

A few boreholes for injection and withdrawal
of gas; additional observational boreholes
required

Boreholes (necessity of liquidation or sealing
those already existing, borehole new ones,
resistant to hydrogen)

Used for seasonal storage

Undesirable reactions producing gases such as
H,S and CH, with loss of hydrogen

Adaptation of existing boreholes for hydrogen
storage may not be feasible. The availability
of suitable technology and equipment for the
construction and operation of the storage
system

The costs higher than the cost of storage in
salt caverns or hydrocarbon deposits

Traps accumulating hydrocarbons

Various depths, optimally up to 2000 m
Reservoir rocks with high porosity and high
permeability, roof rocks providing seal, not
cracked

Genlogy well recognised

High and very high. Close to the quantity of
exploited gas

The existence of gas deposits confirms their
tightness

Monitoring of the tightness and controlling of
reservoir pressure. Chemical, mineralogical
and biological reactivity between hydrogen
and reservoir rocks and its sealing
overburden; ighmess of caprock for hydrogen
permeation. Detailed characteristics of the
storage site and creation of a digital model

No experience with storage of pure hydrogen.
Numerous underground stores of natural gas
working successfully

Availability of deposits (natural geological
traps) with recognised favorable geological
and mining conditions. The existing
infrastructure on a deposit could be adapted
for gas storage

‘One, maximum two cycles of injection and
withdrawal per year

A few boreholes for injection and withdrawal
of gas; additional observational boreholes
required

Boreholes (necessity of liquidation or sealing
those already existing, borehole new ones,
resistant @ hydrogen)

Used for seasonal storage

Undesirable reactions producing gases such as
H,S§ and CH, with loss of hydrogen, mixing of
residual hydrocarbons with hydrogen in the
case of depleted oil fields

Adaptation of existing boreholes for hydrogen
storage may not be feasible. The availability
of suitable technology and equipment for the
construction and operation of the storage
system. Reactivity of hydrogen with liquid
hydrocarbons limiting the usefulness of
depleted oil fields

The lowest storage costs for the use of
depleted natural gas deposits, higher for oil
fields

Prevalence in many sedimentary basins
Various depths, optimally up to 1500 m
Thick salt deposits; salt beds seem most
appropriate

‘Well recognised salt formations in Europe

High. Corresponding to the volume of a cavern
or a group of cavern

The tightness is assured by favorable
properties of the salt rock

Geophysical surveys of salt cavemns during
cavem leaching. Periodic surveys of changes
in the cavern during operation. Detiled
characteristics of the site storge and creation
of a digital model

Positive experience with storage of hydrogen
and other gases

Availability of salt deposits with sufficiently
recognised favorable geological and mining
conditions. No infrastructure on deposits

Possibility of multple (up to 10) cycles of
injection and withdrawal of gas per year
One borehole per cavern

Boreholes (necessity of liquidation or sealing
those already existing, borehole new ones,
resistant o hydrogen)

Possible use for storage more frequent than
seasonal

Impurities caused by undesirable reactions
between hydrogen and interbeddings other
than rock salt

Convergence causing clamping of the cavemn.
The availability of suitable technology and
equipment for the construction and operation
of the storage system. The availability of water
for cavern leaching

Higher than in depleted hydrocarbon fields

Components in hydrogen caverns storage systems

Through renewable energy power production sources such as wind turbines or photovoltaic modules, the
excess electricity is in turn converted to hydrogen using electrolyzers. Hydrogen could, however, also be
produced from natural gas. Then the hydrogen gas is compressed into the cavern. During the release of
hydrogen, it is supplied to gas turbines or fuel cells for power production.

The properties of the salt cavern which will be analyzed in this report to serve as a storage option for hydrogen
is presented in Table 17. This data is an average of the range of data acquired from literature and the existing
infrastructure for gas storage in caverns.
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Table 17: Description of salt cavern for hydrogen storage analysis

Parameters Salt cavern Reference
(Undergroundstorage)

Diameter 100 m [59]

Gas volume 500,000 m?3 [57], [59]

Gas depth 1,000 m [56], [57], [59]

Gas pressure 100 bar [56], [57], [59]

Duration 50 years [60]

Energy efficiency and losses

A typical operation of hydrogen storage in salt caverns relies on the pressure. Compression and expansion of
hydrogen between minimum and maximum pressure limit dictates the functioning. In practice, initial
formation pressure at the desired depth is taken as a reference. Following this, 80% of this initial pressure is
the recommended maximum pressure. Furthermore, 30% of the maximum pressure is the recommended
minimum pressure [61].

For instance, in the case of 1,000 m deep salt cavern with a volume of approximately 500,000 m?, the required
working gas is in the order of 4,300 tons. After achieving the minimum pressure, the gas cavern volume,
known as the cushion gas, would be in the order of 2,150 tons of hydrogen gas. Maximum flowrates in the
boreholes govern the filling and emptying of the cavern. Maximum withdrawal rates are in the order of 10 % of
the storage capacity per day [61]. A schematic of withdrawal and injection of H in salt caverns while
integrating in the existing grid using renewables for power production is shown in Figure 12.

Figure 12: An illustration of Hy storage in salt caverns. As an example it is shown that the hydrogen can be used for power
generation [56]

electricity gas electricity
combustion
unit
RENEWABLE H,0 E y m T sl

wind energy __M__ ;
— . 1
solar energy = — E SRR SN
electrolyser H,

injection 1 I

. i c
withdrawal saltpaverns

Operational losses

Losses during injection of hydrogen into the cavern needs to be considered. Furthermore, compression of gas
up to 200 bars will lead to power consumption. During extraction, no losses are considered due to over
pressure of hydrogen stored in the caverns.
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Standby losses

During storage, undesirable reactions may lead to impurities in the salt caverns. Furthermore, the integrity of
the permeability of the rock salt is of importance. Usually, salt caverns are leak tight and insignificant storage
losses are assumed.

Energy Efficiency
Energy efficiency of hydrogen compression in caverns.

Energy efficiency or roundtrip efficiency of the hydrogen storage system described is given by Equation (4)

Enydrogen out
T’ dtrip — 24 g X 100% (4)
roundtrip E 1E VE
hydrogen inTEcompressionTEpressure losses

For such a system, the the Enydrogen out Of the system is its capacity of 500 kg, based on volume and density of
hydrogen stored, multiplied by 33.33 kWh/kg, similar to the amount of Enydrogenin. The energy consumed by the
compressor for the compression of 1 kg to 200 bar is approximately 4 kWh/kg [19], [22]. The energy losses
due to permeation and pressure losses are negligible. In the calculations however, a collective 0.01% will be
assigned to them to indicate a margin of error and uncertainty for compression. Given this, the Equation (4)
can be calculated as follows:

150000MWh

= % 100% = 999
Mroundtrip = 150000MWh + 1500MWh + ~0 % %

The roundtrip efficiency of the storage system assumes that the electricity for the compression can be
translated into a 1:1 loss in the energy content of the hydrogen.

Typical characteristics and capacities

In this section, characteristics of pre-existing salt caverns used for hydrogen storage are described, as
concisely presented in Table 18. Since salt caverns is a mature technology, these characteristics serve as a
guide for hydrogen storage capacities.

Table 18: Existing salt caverns with their characteristics [62]

| Characteristics ~ Teeside ~ Chershire Basin  East Yorkshire  EastlrishSea |
Size (volume m3) 70,000 300,000 300,000 300,000
Depth (m) 370 680 1,800 680
Operating 45 105 270 105
pressure (bar)

Typical storage period

Typical storage period has been mentioned in the literature as 50 years or more [60]. Since the underground
storage already exists, it can be used for long periods of time. The disadvantages of reactivity of hydrogen
with rock material has been mentioned previously. Hydrogen permeability might be an issue shortening the
storage period. The preferential timescales and capacities intended at applications is shown in Figure 13.
Clearly H, storage has a large scale and long-term storage potential.
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Figure 13: Timescale of storage technologies [61]
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Space requirement

Since salt formations are already existing, some of them can be leached in order to store hydrogen and
additional infrastructure is not required. Usually, salt caverns have a very high storage capacity in the order of
500,000 m®. As explained in technology description, the specifications of the cavern are significantly higher
than LOHCs and tank storage, discussed earlier in this catalogue.

Advantages/disadvantages

Currently only a few salt caverns are operational as H; storage facilities. Due to the large-scale storage, the
investment cost is low when an already existing natural gas cavern needs to be converted for hydrogen
storage. Availability of desired geology is a disadvantage with this technology currently. In this section, the
advantages and disadvantages are listed.

Advantages:
1. Large volume storage-useful for grid balancing and supply/demand balance.
2. Long-term storage solution with unlimited lifetime and low footprint.
3. Suitable for short-term peak shaving operations [59].

4. Much lower investment costs per storage unit than hydrogen tanks.

Disadvantages:

1. Low energy density as compared to oil stored in salt caverns.
2. Limited salt structures

Environment

Storage of hydrogen in salt caverns usually leads to low losses. Strength of the cavern determines the extent
of hydrogen leakage, which is usually not a big issue but is still under investigation [56] . Since the technology
is mature, the only damage can be due to the blow-off of the cavern head due to excess pressure leading to a
gas leak. To avoid this, safety valves are in place and automatically close the head [61].
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Research and development perspectives

The issue relating to permeability is of utmost importance. Investigation into undesirable reactions leading to
hydrogen embrittlement and loss of wall integrity are in progress [56]. Progress in the field of compression
technology is also being investigated. Tightness during underground storage along with selection of geological
structure to facilitate it need to be further investigated [57]. Research in the field of market mobility and cost of
hydrogen production will also determine the potential of large scale storage using salt caverns [60].

Examples of market standard technology

In this section, the 4 pre-existing gas caverns for hydrogen storage are addressed again. Since the technology
is only in use in 3 places, the details of the caverns are described in Table 19. One of them consists of three
small single caverns in operation in Teeside, UK which can store 1,000 ton of H,. The other one is in operation
in Texas, USA which is the largest storage system which can store H; for 30 days i.e., 10,000-20,000 tonnes of
H,. [56]. The third one is a demonstration project planned for operation in 2023 in Germany which is aimed at
3,500 tonnes of Hy storage [10].

Table 19: Market technology for hydrogen storage in the form of salt caverns [56]

Table 2 — Brief information of underground hydrogen gas
storage facilities [5,31—33].

Location Teesside-UK Chevron, Texas-USA
Storage type Salt cavern Salt cavern
Storage volume 3 x 150,000 m? 580,000 m?
Storage depth =370 m 850—-1150 m

Gas Pressure 45 bar® (constant) 70—135 bar®
Energy 244 GWh 83.3 GWh

a 10bar = 1 MPa.

Prediction of performance and cost

The prediction of cost for the caverns depends on the compression of gas into the pre-existing rock salt
structure. For this, operating pressure for hydrogen injection is a significant parameter. For improving the cycle
efficiency, the stress and over pressure limits can be optimized for the salt cavern [63]. The cost also depends
on the leak tightness and embrittlement. Economically, it is the cheapest large-scale hydrogen storage
technology. Furthermore, it is a mature technology and the state-of-the-art cost analysis is a good indicator of
realizing this technology.

Uncertainty

The uncertainty in economics of large-scale hydrogen storage using gas caverns arises from the potential of
hydrogen production infrastructure such as electrolysis for cost reduction. Furthermore, improvement in
compressor quality, gas injection mechanisms and rock permeability studies can ensure leak tight and long-
term safe storage.

Cost examples

Examples of pre-existing salt caverns for hydrogen storage from literature are presented in Table 20. A
comparison between onshore and offshore caverns is also presented. Maximum cost is incurred during the
installation and low maintenance costs are associated with this technology.
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Table 20: Pre-existing salt caverns for storage-cost breakdown

Onshore Offshore
Teesside  Cheshire East East Irish

Basin Yorkshire Sea
Salt Cavern storage size m? 70,000 300,000 300,000 300,000
Salt cavern depth m 370 680 1800 680
Salt cavern operating pressure bara 45 105 270 105
Number of cavern required for 21 3 1 3
weekly operational mode and with
combined storage
Water | Brine pipeline length km 5 61 5 1
Costs
Jack-up drilling rig hiring cost Million £ = = = 5.2
Specialist drilling equipment hiring  Million £ = = = 1.2
cost
Geological survey cost Million £ 3.0 3.0 3.0 6.0
Salt cavern construction cost Million £ 128.5 39.3 26.8 39.3
Water pipeline cost Million £ 2.7 33.2 2.7 0.5
Brine pipeline cost Million £ 2.7 33.2 2.7 0.5
Costs of a 4 legged tower Million £ = = = 18.8
“Jacket’ structure
Install cost of topside and Million £ 97.1 130.2 205.9 350.8
above ground facility
Land costs (5%) Million £ 1n.7 1.9 12.1 20.8
Owners costs (10%) Million £ 23.4 23.9 24.1 41.6
Contingency (25%) Million £ 58.5 59.7 60.3 104.0
Cost of production of Million £ 1.4 1.8 2.2 1.8
cushion gas
Total project cost Million £ 329.0 336.4 3399 590.5
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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.

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.
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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
[11 “Energy technology perspectives 2008”, International Energy Agency, 2008.

[2] “Capturing Power Grid”, IEEE Power & Energy Magazine, July/August 2009,
http://www.electricitystorage.org/images/uploads/docs/captureGrid.pdf
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Brief Technology Description

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, CO; 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, 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.
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Figure 1: Operating principle of the CAES plant Huntorf (left) and the MclIntosh (right) [1]
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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 TkWh of electricity [2].

Table 1: Data for the Huntorf and the Mclntosh traditional CAES plants [3].

Simple CAES process, two-

2n generation CAES, [E}E

Type recuperator, two-stage NG
stage NG combustors combustors
Location Huntorf, Niedersachsen Mcintosh, Alabama
Commissioning 1978 1991
Turbine power 320 MW, 110 MW,
Generation capacity ~1 GWh 2.6 GWh
Thermal round trip efficiency ~42 % ~52 %
Specific cost 320 DM/KW,, $591/kW.,,
Turbine start-up time >9 min. 14 min.

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.

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.
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Figure 2: Various Geological Formations for Underground Storage [5]
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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.

Figure 3: Coincidence of high wind potential (red circles) and salt domes in Europe (blue areas) [6]
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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 Ain

) the output efficiency in Figure 4 would be 44 % leading to a round cycle efficiency of 44 %.

Figure 4: Energy transfer of a conventional CAES plant [7]. The source does not quote numbers but only graphics.

Energv transfer of CAES plants:

:[Heat loss, leakage and pipe friction '

L

Mechnical loss

I Mechnical loss I Combustion & heat loss, leakage, pipe friction

A -
Stored compressed Generator loss

air power A

Surplus electrical Compressor Stored compressed Turbine output Generator Compensated
power from grid  mechanical power air power power power electrical power to grid

Fuel chemical
energy/power

, ! |

a) Compression stage b) Expansion stage

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 Mclintosh facilities. The indicated heat rates (thermal energy
in over electrical energy out) can be recalculated to 1.96 kwWh/kWh for Huntorf and 1.20 kWh/kWh for Mcintosh [9].

Huntorf (1978)
Germany

Turbine Power / Discharge time

Old 290 MW /2 hrs
New 320 MW/ ~3 hrs

Mclntosh (1991)

110 MW / 24 hrs

Compression Power / Charging time 60 MW /8 hrs 50 MW / 38 hrs

Power ratio 0.19 0.45

Charge / Discharge time Ratio 2.7 1.6

Cavern Pressure 46 — 72 bara 45— 74 bara

Efficiency 42% 54%

Heat Rate 6700 BTU/kWh 4100 BTU/KWh
(without heat Recuperator) (with heat recuperator)

Availability 7 90 % » 90 %

Reliability 7 97 % » 97 %

Start-up reliability » 95 % » 95 %

Cavern

2 x 150'000 m? (Salt Cavern)

538'000 m? (Salt Cavern)

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/m?2. For the
Mclntosh the number is about the same since the same pressure range is used. However, the energy densities
(kwWh/m?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).

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
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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]
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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 m?) is required for 320 MW output.
However, according to reference [8] 1 acre, which corresponds to approximately 4000 m? (63x63 m), is
required for a 100 MW output plant.

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 m?/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 m? surface area (for 320 MW) mentioned above does not set the complete requirements.
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Figure 6: Aerial photo of the Huntorf facility [12].

P power plant

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 MWqc
(Rolls Royce-Allison) to 135 MW, (Dresser-Rand) to 300-400 MW (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 MclIntosh 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 MclIntosh 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 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 MclIntosh 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.
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Disadvantages

For traditional CAES the use of natural gas implies CO, 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.

e Inthe 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 Mclntosh plants
are 42 % and 54 % respectively [16]. The main reason for the difference is that the MclIntosh 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 CO; 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.

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.
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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:

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].

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).
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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 €.

Investments cost per Investments cost per energy storage
discharge capacity capacity

Year of S/kW o €/kW (2015 S/kWh o €/kWh (2015 prices) Reference no.
publication * prices) *
2003 460 1.0 12
2007 680 23
2007 710 24
2008 530 1.40 6
2009 580 25
2009 420 100 26
2010low 340 1.6 27
2010high 380 27
2011 820 120 20
2011 740 22
2012low 320 1.6 8
2012high 910 100 8
2012 320 28
2012 0.09 29
2013low 300 90 9
2013high 740 9
2014low 420 16
2014high 1250 16
2014 1170 2
201 5low** 410 0.8 30
2015high** 690 25 30
2016 1220 31
20777%** 660 18
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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.

Conventional CAES’ Adiabatic CAES’
Cost Cost Fraction Cost Cost Fraction
($2009/kwW) (%) ($2009/kwW) (%)

Compressor 84 11 129 13
Heat Exchanger 33 4 150 15
High pressure expander 60 8 114 11
Low pressure expander 140 19 100 10
Electrical and Controls 44 6 60 6
Cavern Development 75 10 86 8
Construction materials and 215 29 255 25
labor
Indirect Costs 98 13 137 13
Total 749 - 1031 -

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

Storage medium for Size Cost for power related plant Cost for the energy storage  Typical hours of Total capital
CAES plant (MWe) components ($/kW) components ($/kWh) storage for a plant  costs ($/kWe)
Salt 200 350 1 10 360

Porous media 200 350 0.10 10 351

Hard rock (new 200 350 30 10 650

cavern)

Surface piping 50 350 30 3 440

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.
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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
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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.

Table 6: Overnight capital costs of hybrid CAES facility [25]

Project Title:  PROJECT:
Project Name:  Hybrid CAES Yakima Min. Scenario Name:  Low Flow
Proj. Location: ~ North America Job No: - Prep. By: -
08JAN13 DOLLARS
Estil Date:  18:35:30 Est. Class: Currency:  USD
Account MH I Labor Cost Matl Cost: Total Cost Percentages
(2) Equipment 31,040 1,552,000 77,141,100 78,693,100 70% of TDC
(3) Piping 74,451 3,722,550 14,477,200 18,199,750 16% | of TDC
(4) Civil 70,889 3,544,450 3,163,500 6,707,950 6.0%  of TDC
(6) Instruments 7,085 354,250 1,151,400 1,505,650 1.0%  of TDC
(7) Electrical 14,270 713,500 4,380,400 5,093,900 5.0%  of TDC
(8) Insulation 21,762 1,088,100 796,100 1,884,200 2.0% | of TDC
(9) Paint 8,158 407,900 89,700 497,600 <1.0%  of TDC
of TDC
Total Direct Field Costs 227,655 11,382,750 101,199,400 112,809,805 100.0% = of TDC
(TDMH) (TDL) (TDM) (TDC)
Indirect Field Costs 9,154,156
(IFC)
Total Field Costs 227,655 121,963,961 69% of TIC
(TFMH) (TFC)
Freight 4,047,976 4.0% of TDOM
Taxes and Permits 6,324,963 56% of TDC
Engineering and HO 38,881 6,590,300 3.7% of TIC
Other Project Costs 10,373,000 5.8% of TIC
Contingency 26,874,100 15.3% of TIC
Total Non-Field Costs 38,881 54,210,339 30.7% of TIC
Project Total Costs 176,174,300 156.0% of TDC

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.
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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.

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.

Quick

Capit Spin Start

Heat al VELED]] Fixed Round- Construction Ramp Ramp

Rate Cost O&M 0O&M Trip FOR | POR Schedule Rate Rate

(Btu/kWh) | ($/kW) | ($/MWh) | ($/kW-year) | Efficiency | (%) (%) (Months) (%/min.) | (%/min.)

2008 4910 927 - - - - - - - - -
2010 - - - - - - - - - - -
2015 4910 900 1.55 116 1.25 3 4 18 50 10 4
2020 4910 900 iS55 116 1.25 3 4 18 50 10 4
2025 4910 900 1.55 116 1.25 3 4 18 50 10 4
2030 4910 900 iS55 116 1.25 3 4 18 50 10 4
2035 4910 900 1.55 116 1.25 3 4 18 50 10 4
2040 4910 900 iS55 116 1.25 3 4 18 50 10 4
2045 4910 900 1.55 116 1.25 3 4 18 50 10 4
2050 4910 900 iS55 116 1.25 3 4 18 50 10 4

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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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 = /1_;‘1'0.)2,
where | is the moment of inertia — equal to m - r? — and w 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:

FEE=m-r-w?

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 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.
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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.

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.
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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]
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Input/Output
The input for flywheels is electricity. The output from flywheels is electricity.

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



162 Flywheels

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.

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.
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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.
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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 T MW and 250 kWh.
Figure 5 shows a photo of an example of their systems that currently provides 20 MW of frequency regulation
service.

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 m?)

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.

Advantages and Disadvantages of Flywheel Energy Storage Relative to Other
Energy Storage Technologies

Advantages Disadvantages
Power and energy are nearly independent Complexity of durable and low loss bearings
Fast power response Mechanical stress and fatigue limits
Potentially high specific energy Material limits at around 700M/sec tip speed
High cycle and calendar life Potentially hazardous failure modes
Relatively high round-trip efficiency Relatively high parasitic and intrinsic losses
Short recharge time Short discharge times

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 CO, 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]:

Flywheel disc: Study of better materials for fibre flywheels (high density) should be carried out in order to

reduce the total cost.

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.
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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.
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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
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
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various |EC 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.

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/

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.
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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.
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Costs
System installation prices naturally depend on the individual location conditions and size of purchase.

Examples of prices for flywheels in 2070 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/Sin 2017
(numbers are based on recent sales).
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Table 2: Prices for flywheels and comparison of prices, information is provided by Beacon Power in 20124 and WattsUp
Power (WUP) A/S in 20125 (numbers are based on recent sales)

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 MS$(2010)/ MW 2.9 8
Cost per capacity MS$(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)
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

T
Cost per charge capacity per MW 92%
Cost per energy storage per MWh 79%

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 TMW 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.

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.

24 Beacon Power 2009: Full system price for a TMW/(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.

25 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 T00kWh 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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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.

Investment cost per energy Investment cost per

storage capacity discharge capacity

Year of M€/MWh M€/MW Reference
publication (2015 prices) (2015 prices)

2001 0.35 19

2003 0.35 10

2010 9.3 2.3 Beacon Power?®
2010 5 6.4 Beacon Power?’
2011 3.1 1.1 20

2012 0.81 0.20 9

2012 11 20 9

2013 0.23 1.0 22

2014 0.10 15

2015 59 0.02 23

2015 1.2 3.0 24

2015 1.4 35 24

2015 2.7 25

2017 0.3 0.03 WattsUp Power
2017 2.0 0.20 WattsUp Power?®
2017 1.6 0.16 WattsUp Power?®

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.

26 Table 2 Beacon Power, plant size: T MW

%7 Table 2 Beacon Power, plant size: 0.2 MW
28 Table 2 WattsUp Power, plant size: 2 MW
2 Table 2 WattsUp Power, plant size: T MW
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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 20009.

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).

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:
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For purchase of 1-2 flywheels 0.1 MW approx. 9 months
For purchase of T 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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Brief technology description

Lithium-ion batteries or Li-ion batteries (LIBs) are rechargeable batteries that store electric energy and provide
electric power, typically for short durations (up to 6 hours) when used in relation to the power system. LIBs are
a large family of technologies with several subgroups available, serving different applications depending on
the power or energy requirements. The subgroups are typically defined by their inherent chemistry and new
technologies are becoming available frequently. For energy storage, the NMC- or LFP-battery chemistries® are
the dominating technologies. Non-rechargeable, or “primary”, LIBs exist but are mainly used for low-current or
long-duration storage applications and not for large-scale applications. Rechargeable, or “secondary”, LIBs are
applied in all kinds of consumer electronics, electric vehicles and large-scale electricity storage.

LIBs, and batteries in general, consist of battery cells, in which the energy is stored, which are assembled in
modules and packed together into a battery system, as shown in Figure . The battery system also contains
auxiliary components to ensure the battery operation. The battery system should not be confused with a grid-
connected energy storage system (ESS), which is explained in the end of this section under “Components in a
lithium-ion battery energy storage system”.

The first lithium batteries were developed in the early 1970s, and Sony released the first commercial lithium-
ion battery in 1991. Since then, LIBs have improved the performance of electrical applications in several fields
from miniature electronics to electric vehicles to large-scale grid storage. As of 2024, the largest standalone

30 Detailed description of LIB chemistries can be found in Table .
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facility in operation is located at Moss Landing with 3 GWh energy capacity and 0.75 GW rated power output,
with options to expand to 6 GWh energy capacity and 1.5 GW rated power output [1].

LIBs can be used to supply system-level services covering nearly all current services depending on the
functionality of the attached inverter and the size of the system with sub-millisecond response times making
them ideal for services such as primary frequency regulation, voltage regulation and load shifting. As the
technology is effective both at large and small scale it finds uses in both large grid services and small
household applications typically allowing access to power during blackouts or optimizing usage of rooftop
solar power.

Figure 1 Basic components of a cell-based battery system from cell to system level.
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= BASIC CELL s STACK OF » MANY » SEVERAL MODULES OR » SEVERAL BATTERY
CHEMISTRY (e.g., 20) BATTERIES MANY BATTERIES PACKS IN PARALLEL
® BASIC CELLS IN SERIES : * ENERGY: >15 KWH
i O CONNECTED » VOLTAGE: 400 V
LEVEL IN PARALLEL

The LIB electrochemical cell

A LIB cell contains two electrodes and a porous membrane as separator (see Figure 2). The materials used for
the electrodes typically motivate the notation of the different LIBs. A liquid electrolyte fills the pores in the
electrodes and membrane. Lithium salts (e.g. LiPFy) are dissolved in the electrolyte to form Li* and PF; ions.
These ions can be released and absorbed by the electrodes from the electrolyte during charge and discharge.
Alternatively polymer or solid electrolyte can be used but these are rarely seen in grid scale energy storage.
The performance of the cell is determined by several factors with the chemistry of the anode and cathode
electrodes being the main factor, but geometry, electrode thickness and electrolyte composition also influence
the quality of the cell. Similarly, the cells architecture determine the ability to transfer heat out of the cell and
avoid overheating from high power draw, since different materials or geometries show different thermal
capacity and conductivity. A schematic representation of a cell’s internal components is shown in Figure 2.
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Figure 2 Schematic diagram of a typical LIB cell displaying the individual components in the battery. The membrane
component is also known as the separator.
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Each cell in a system provides a voltage and capacity with most LIB providing between 2V and 5 V. In the case
of the dominating NMC chemistry each cell provides about 3.6 V as nominal voltage. However, when fully
charged each cell reaches 4.1 V to 4.2 V and once a load is used to discharge the battery the voltage drops
until all the energy is consumed and the minimal voltage is reached. This minimum level varies from producer
to producer and is typically between 2.5V and 3 V.

As most stationary systems are build from modules with 24 V or 48 V, each module will typically be made of 6
or 16 cells in a series connection. On system level a voltage of 400 V, 600 V or 800 V is common, where 8, 12
or 16 individual 48 V-modules are connected in series to reach the system voltage. Thus common systems
have 96, 144 or 192 cells in series through all modules. To increase the energy capacity without affecting the
system voltage, cells are placed in parallel in the modules or whole systems are placed in parallel. This is
typically presented as a 9642, system, read as 96 cells in series and 2 in parallel. Parallel connections can be
tens or hundreds of cells depending on the specific system. Generally, higher system voltages are common in
applications with a higher power requirements and lower system voltages are found in compact low to
medium power applications.

The operating range of a system in terms of voltage, temperature and power is determined by the architecture
as descriped above. The entire system is protected from abuse by a battery management system (BMS) which
controls the voltage, temperature and current the system is exposed to. If the limits of the system are
exceeded the BMS must close down the system to protect the cells as voltage level, temperature or current
outside of the limits can permanently damage the system and result in an increased safety risk.

Lithium-ion chemistry
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Table shows a comparison of the three most widely used LIB chemistries for grid-connected LIB systems and
the major manufactures. The listed chemistries are NMC, LFP and LTO. Other LIB chemistries such as LCO?,
LMO3? and NCA® are generally not used for grid electricity storage due to insufficient performance or high
cost and are therefore not included in the table. The numbers in the table are from cell manufacturers or
product and system suppliers.

NMC is the most widely used of the three chemistries, due to the increased production volume and lower
prices led by the automotive sector. As mentioned above, a LIB contains an anode and a cathode, which are
the two electrodes in the cell.

The LFP battery is the second dominating chemistry and is widely used for its high safety level, as it does not
release oxygen from the cathode during fires. It has also found uses in the automotive sector for midrange
cars due to the development of cell-to-pack technology.

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 occur outside the voltage limit of operations.

LTO LIBs are the least used and most expensive cell chemistry among these three. In LTOs the graphite anode
is replaced with a lithium-titanate anode. The cathode of an LTO battery can be NMC, LFP or other battery
cathode chemistries. The LTO technology excels at ultra-high-power application with charge times below 1
minute in the most extreme cases, while maintaining a very long lifetime with more than 10,000 cycles. The
main drawback for this technology is the significantly lower energy density and high price making its
application limited.

3T Lithium Cobalt Oxide.

32 Lithium Manganese Oxide.

33 ithium Nickel Cobalt Aluminium Oxide.
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Table 1T A comparison of three widely used LIB chemistries, with values based on the listed supplier's available data sheets
for specific system.

Acronym NMC34 LFP35 LTO®
A Lithium Nickel L L .

Cell Chemistry ViaE e G G Lithium Iron Phosphate Lithium Titanate
Energy Density 105 — 288 (Cell) 50 — 170 (Cell) 50 - 90 (Cell)
(Wh/kg) 115 = 140 (System) 80 — 110 (System)
Energy Footprint®” B
(kWh/m?) 150 190 — 275 n/a
Cycle Life 1,500 — 8,000 4,000 - 12,000 20,000 - 25,000
Calendar Life 10 to 20 years 20 years 20 years
Exermplary Manufacturers Samsung SDI, LG Chem, CATL, BYD, LG Chem, Toshiba, Leclanche,

prary Panasonic, CATL, ATL Panasonic, Ufine Altairnano

Sodium-ion batteries and other related battery cell types

There is a constant drive to develop new battery chemistries/technologies. While most never reach
commercial success, a few promising technologies have shown the potential to complement or compete with
the dominating LIB. Two promising technologies for industrial scaling are sodium-ion batteries (SIB) and solid-
state batteries.

Sodium-ion batteries work as a simple substitution of lithium with sodium, but this minor change has caused
complications, as the materials used in LIB must be reoptimized for the sodium ion before it can be
commercialized. In contrast to lithium, sodium is less rare, geographically more abundant and cheaper,
reducing the dependency on scarce resources for the battery system. SIBs operate on a similar principle,
involving the movement of sodium ions between the anode and cathode during charge and discharge cycles.
While they typically offer a lower energy density compared to lithium-ion batteries with CATL reporting energy
densities of 160 Wh/kg based on a sodium Prussian white cathode chemistry. Their potential for lower costs
makes them appealing for large-scale energy storage applications and midrange EVs. [2] However, it is unclear
when sodium ion batteries will reach the necessary production scale to match the cost of LIB or succeed
them. This technology is commercially available as of 2024 with several manufacturers on the market.

Solid-state batteries represent a broad family of batteries having a combined separator and electrolyte in one
solid material. These batteries can be made with materials from both lithium and sodium ion technologies and
use the same ions as the working principle. However, since the technologies does not rely on flammable liquid

34 Cell and system values are taken from LG chem, TesVolt (using Samsung SDI), Panasonic, CATL websites.
35 Cell and system values are taken from BYD, UFINE and CATLs websites.
36 Cell and system values are taken from Toshiba and Leclanché websites.

37 The energy footprint may vary significantly between suppliers, the numbers presented here are based on 4 systems from the listed
suppliers. No values are given for LTO BESS systems as these were not available.
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electrolytes, they promise a higher degree of safety as less fuel is available for a fire. However, this does not
mean that they cannot catch fire, and safety concerns will remain. Additionally, since solid-state batteries
allow for different electrode materials, there is greater possibility reaching higher energy densities, enabling
longer battery life and improved performance in applications such as electric vehicles and portable electronics.
Especially, if pure lithium metal anodes can be used safely not only in primary batteries, but this also greatly
increases the energy density as the added weight of graphite can be removed. Despite these benefits,
challenges remain in terms of manufacturing complexity and cost, especially as the manufacturing process is
significantly different from LIB. Researchers are actively working to overcome these obstacles, aiming to make
solid-state batteries a viable and widespread solution for future energy storage needs.

Lithium-ion battery packaging

Battery cells come in various packaging styles—coin, cylindrical, pouch, and prismatic (Figure 3 and
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Figure 4) — each suited for different applications due to their unique characteristics. Coin cells are small and
compact, perfect for low-power devices like watches and hearing aids. Cylindrical cells, known for their robust
design and ease of manufacturing, are widely used in consumer electronics and electric vehicles, such as
those made by Tesla, due to their enhancing safety and durability. Pouch cells are lightweight and flexible,
making them ideal for applications where space and weight are critical, like in electric vehicles and portable
electronics; however, their lack of rigid casing makes them more susceptible to physical damage. Prismatic
cells have a rectangular shape that allows for easy stacking and efficient space use, making them suitable for
electric vehicles and industrial energy storage systems. While they are more expensive to manufacture than
cylindrical cells, prismatic cells offer better thermal management and higher capacity in a compact form. Each
packaging type balances factors like size, energy density, cost, and application suitability to meet specific
needs.

Figure 3 Examples of LIB cells. (a) Tesla 21700 cylindrical NMC LIB cell [3]. (b) Samsung SDI prismatic NMC LIB cells [4].
(c) LG Chem pouch NMC LIB cell [5].
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Figure 4 Schematic drawing showing the shape, packaging and components of various Li-ion battery configurations [6]. (a)
Cylindrical; (b) coin; (c) prismatic; and (d) pouch.
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Components in a lithium-ion battery energy storage system

Figure 5 provides an overview of the components in a LIB storage system with an interface to the power grid.
In LIB storage systems, battery cells are assembled into modules that are assembled into packs (see Figure ).
The battery packs include the BMS. The BMS is an electronic subsystem that monitors the battery conditions
such as voltage, current, and temperature and protects the cells from operating outside the safe operating
area. This is the main component responsible for the functional safety of the system. The BMS may be
implemented as a single unit, but in the case of grid scale systems it is often distributed with local monitoring
units in each module and 1 or 2 layers of control units in each rack or container and a system control for the
whole site, this can be combined with the energy management system (EMS) in some cases.

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 indoors or outdoors. Further, an
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 (PCS) 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.

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 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 distributed system operator (DSO) services. Appropriate
sizing of the battery and power conversion systems is essential to maximize the revenue. Technical aspects of
a battery storage system, system coupling, and grid integration are summarized in Table 2, Figure 5 and
Figure 6.
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Figure 5 Components and their categorization of grid-connected battery energy storage systems, such as Li-ion. Modified
from [7].
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Input/output

Input and output are both electricity but must be converted in voltage and/or from AC to DC and vice versa
depending on the local grid type with the battery side always requiring DC. In an AC grid this is done by an
inverter which outputs AC current at a set frequency and voltage level. In a DC grid a converter is used to
transform the variable DC voltage on the battery side to a fixed DC voltage on the grid side. The grid may
require AC or DC, with AC being the most common. Electricity is stored in the cell as electrochemical energy
during charge and converted back to electricity during discharge. Typically, with around 10% loss released as
heat.

Energy efficiency and losses
The losses in a LIB can be divided into operational and standby losses. The operational losses are first
described, then the standby losses. Finally, total 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.

The battery loses energy as heat during charge and discharge with a typical loss of 1 — 12%, depending on the
current drawn, with higher current leading to higher losses. For a system discharging/charging over more than
an hour, losses in the battery are typically below 4% for modern technologies. As this is related to the internal
resistance of the cell, it will increase during the cell’s lifetime typically reaching 200% of the initial value by end
of life (EoL). However, the charge profile and temperature can heavily influence efficiency and for systems at
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extreme temperature and/or high power/energy ratios the efficiency obtained can be highly system specific
and will need individual evaluation to accurately understand.

Power electronics is responsible for converting the stored energy in the battery into a usable AC system at the
grid frequency and voltage. Inverters are designed with an optimal efficiency load, typically around 90 — 95%
of their rated capacity and are therefore the main source of losses.

The total round-trip efficiency is determined by the combination of losses in the inverter and the battery. The
total roundtrip efficiency includes losses in the AC system and DC system in addition to the standby losses
making the total roundtrip efficiency typically ranging between 80% and 90%. The higher the power rating of a
system the more important a high efficiency system is to avoid issues with handling waste heat.

Standby losses

LIB electricity storage system requires power to operate the auxiliary balance of plant (BOP) components, such
as monitoring units, control systems and thermal management. Additionally, capacity components such as
inverters have a standby consumption even at zero load that must be supported. This is often drawn directly
from the battery itself.

The cells also experience self-discharge typically in the order of 0.1% per day depending on the environmental
conditions. This arises from side reactions inside the cells, which are accelerated by increasing temperatures
and therefore more important for systems in continuously warm climates. The standby losses are important
for long-duration storage systems, as they are typically constant over time and not dependent on the number
of charge/discharge cycles per day.

Regulation ability and other system services

Grid-connected LIBs can absorb and release electrical energy almost instantly. The response time of grid-
connected LIBs are strongly dependent on control components, EMS, BMS and TMS as well as the PCS. The
fast response time and the ability of inverter to support grid services makes a BESS system capable of
offering a wide range of services to the grid (Table 2 and Figure 6).

Table 2 Grid services relevant for grid systems.

Services Notes

Frequency services are supplied in a fixed timeframe where the system must react
Frequency regulation to changes in the grid frequency. The service's price is based on the power available
from the system.
Energy shifting is designed to minimize the peak power drawn from the local user or
provide additional power during peaks hours on the utility scale.
Wholesale arbitrage exploits price differences by buying energy when prices are low
and selling when they are high.
Due to grid forming technology, in the inverter systems a BESS may be used to
Black start initiate the grid after a blackout. However not all inverters are designed for black start
applications
Smaller BESS system may be placed in weak parts of the grid to provide or draw
reactive power to influence the local voltage.
Increased self- For both large- and small-scale power production by wind or solar, a BESS may be
consumption used to avoid sending surplus energy to the grid when market prices are

Energy shifting

Wholesale arbitrage

Voltage support



180 Lithium-lon Batteries for Grid-scale Storage

unfavorable. The energy can then be used locally or sold to the grid once prices are
favorable.

These grid services often have requirements to a minimum size, power or response time, and thereby limiting
access to different markets depending on the system specifications. The market requirements are generally
met during the design phase of centralized systems targeting specific markets. However, the rise of
decentralized systems such as aggregated electric vehicles (EV) or aggregated residential BESS has meant
that smaller units can be combined to meet market demands similar to a virtual power plant. However, virtual
power plants typically comprise power production units such as photovoltaics (PV) or wind power, which are
not needed in an aggregated BESS or EV system. These systems are harder to control as their primary use
influences the availability of energy and power from the systems. Because of this, these systems typically
target markets such as energy arbitrage or frequency regulation. Due to practical reasons, decentralized
systems may not be suitable to offer black-start services or voltage stabilization services. They also suffer
from unpredictability of the available capacity and energy as e.g. an EV may be unplugged by the owner while
it is actively providing grid services. For this reason, vehicle-to-grid (V2G) will require a large number of EVs to
be aggregated to get a statistical capacity that is robust against individual EVs losing connection.

Figure 6 Battery storage can provide a broad range of services to a power system [8]. Battery storage applications are
represented along the dimensions: horizontal axis shows the location within a power system; vertical axis shows the type
of services.
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The BESS can further be used to provide inertia as a virtual spinning reserve. This can improve the integration
of renewable energy. This service is rarely assessable by BESS system owners as it has historically been an
inherent feature of the generators in central power plants and unless they are taken offline, it may not be
necessary to provide such a service from a BESS system.

Typical characteristics and capacities
Most BESS systems are designed using the 19-inch rack standard or containerized solutions for easy
installation. These racks can fit several modules in series and can often reach the full system voltage in a
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single rack. In this section we have taken 3 examples of commercially available BESS systems with 2 rack-
based systems from Xolta and TesVolt and a containerized system from BYD see Table 3. Based on the
available system, all have symmetric charge and discharge power rating and near 1C; power to energy ratio.
All systems are in the range of 0.075 — 0.12 kWh/kg and 105 — 160 kWh/m? with the containerized solution
generally having better performance. However, the rack does allow for more flexibility when dimensioning the
size of the system as several racks or containers can be placed in parallel to increase the size of the system.
The 20 ft. containerize solution is used in the data sheet as the default unit.

Table 3 Typical BESS characteristic for commercially available systems as of 2024.

Producer Energy Weight(kg)
Xolta BAT-80/60 73 kWh 60 kVA 0.8x0.85%2.18 950
TesVolt TSI HV 100 E 96 kWh 96 kW 0.99%0.61 x 2.2 834
BYD CP3§’F§§?O'E' 2,560 kWh 2,430 kW 11x1.7 x2.65 31,000

Typical storage period

Several aspects of LIB technology put an upper limit to the feasible storage period. The lifetime of the battery
means that the cost per cycle becomes significantly higher for long term storage. The BOP power for standby
operation adds parasitic losses to the system, which further limits the feasible standby time. This calls for
shorter storage periods in order to obtain enough cycles to reach positive revenue. Most markets provide both
favorable charge and discharge conditions within an 8 — 12 hrs time window corresponding to the natural
peaks loads during the day or the production from solar power farms. Therefore, most applications work well
with a 2 — 6 hrs system matching the time characteristic of the market. This does not necessarily apply to
frequency services, which can have much shorter time characteristics of 15 — 60 min. While systems with
longer storage times are possible, they are generally not cost competitive due to the high cost of the energy
unit and the low number of cycles that can be realized within the system’s lifetime.

Advantages/disadvantages

LIB based BESS systems have the main advantage that the technology shares part of the same supply chain
as the automotive sector, causing the scale up of production to occur much faster compared to most other
storage technologies.

On the technical side, the technology has a very fast response time and ability to deliver both high power and
large amounts of energy making it useful for most services needed in the grid as described in the chapter
above. Additionally, low maintenance is expected, resulting in low operational cost for the system.

The main disadvantage is the inherent fire risk of the battery cells which results in high requirements for fire
safety, which can greatly increase the footprint of the system due to safety zones around the racks or
containers.
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Table 4 Typical BESS characteristic for commercially available systems as of 2024.

Advantages Disadvantages

Short response time Fire risks
Scales to large and small sizes High voltage risks
High energy efficiency Large investment cost

Proven technology
Long lifetime
Low maintenance

Low cost per kWh/cycle

Environment

Like all storage technologies, LIB adds additional greenhouse gas (GHG) emissions on the electricity that is
stored. These emissions arise from manufacturing, recycling and losses during the use phase. However,
energy storage in LIBESS can still provide a net reduction in GHG emissions of electricity by displacing high-
emissions power sources, such as coal or gas based powerplants, with stored energy generated from low
emissions sources such as wind or solar. The emissions from a BESS are determined in a life cycle analysis
(LCA), typically taking all the above-mentioned contributions into account, i.e. emissions from production and
avoided emissions from integration of renewable energy (RE). However, it is difficult to estimate the impact of
RE-integration, since it is highly dependent on the actual usage of a BESS and the energy system in which it is
integrated and may therefore vary significantly from case to case [9]. In a case study of a grid-scale BESS in
Normandy it was estimated that with optimized control strategies, the BESS may displace up to 3 times the
GHG emissions produced in its manufacturing and recycling phase [9]. Additionally, LCA analysis has shown
that the choice of battery chemistry has a minimal impact on the total emissions. The main impact on the
emissions per kWh stored comes from how intensely the BESS is utilized. More charging/discharging cycles
per operating time reduces the emissions per kWh energy stored, an optimum lies typically around 1 full cycle
per day. At frequencies above 1 cycle/day minimal additional improvement is achieved. External factors also
affect the emissions intensity, especially the grid mix. When comparing the US grid mix with a pure PV source,
the emission intensity drops from 0.55 kgcozeq/kWh 10 0.1 kgcozeq/kWh, respectively [10, 11]. Based on
common LIB technologies, it can be expected that BESS storage system in 2020 has an emission intensity of
200 kgcozeq/kWh of installed capacity, resulting in a 43 — 84 kgcozeq/kWh stored energy through the systems
lifetime if the system is used effectively [11].

Critical and strategic raw material aspects

LIB technologies rely on critical raw materials (CRM). To classify as a CRM, according to the EU, material needs
to be both economically important to the EU and have a certain risk in supply. Specifically, the so-called supply
risk score must be over 1 and the economic importance be over 2.8. The score of relevant materials is
published in the Study of critical raw materials for the EU in 2023. There were 32 identified CRMs out of 87
screened, additionally copper and nickel are considered strategic materials but do not meet the criteria for
CRM. As shown in Table 5, all of the LIB technologies rely on CRMs and production is typically centralized in a
few countries with China, Australia, Russia and Chile playing key roles in the global supply chains. In all CRMs
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recycling of EoL equipment cannot meet the current demand and as demand increases, this situation will likely
persist in the future. The future demand toward 2040 is expected to rise significantly and will, even with
optimized recycling rates, require additional production capacity of virgin materials, especially for nickel, cobalt
and lithium [12]. In theory, there are enough CRM available globally to realize the current production targets for
LIB. Mining and processing of these materials, however, has considerable negative ecologic as well as
economic impact on the global energy transition and the sustainable development goals. Therefore, both
recycling of LIB materials and alternative battery chemistries should be exploited in near future.

The raw material price of these materials is highly volatile and can shift significantly year to year. Especially
2022 and 2023 saw historical high pricing of lithium reaching 78 kEUR in November 2022 up from its
historical low in Oct. 2020 of just 5 kEUR. [13] This volatility is drastically reduced when going from raw
materials to full scale systems. This can be seen in the peak price of lithium, dropped 35.9% between April
2023 and April 2024. In the same period battery pack pricing dropped only 14 % driven by both innovation and
price drop. The price volatility is further reduced by long term contract across the battery value chain. As a
result, the volatility in raw material market is unlikely to have high impact on pack pricing in the short term. [14]

Table 5 Overview of key materials used on the different storage technologies.

- i Supply :
Technologies Biggest and second biggest e Recyc;léng
producers T share

_ Australia (28%)

Aluminum LIB (NMC, LFP, LTQ), SIB%
China (21%)
DRC (63 %)

Cobalt LIB (NMC, LTO) ,
Russia (7 %)
Chile (28 %)

Copper LIB (NMC, LFP, LTO) 0.1(-)/4.0() 55 %
Peru (12 %)
China (67 %)

Graphite LIB (NMC, LFP, LTO), VRFB _ 1.8(-)/3.4(+) 3%
Brazil (8 %)
China (56 %)

Lithium LIB (NMC, LFP, LTO) 1.9(+)/3.9(+) 0%
Chile (32 %)
South Afrika (29 %)

Manganese LIB (NMC, LFP, LTO), SIB 1.2(+)/6.9(+) 9%
Australia (16 %)

China (33%)
Nickel LIB (NMC, LTO) _ 0.5/5.7(+) 16 %
Indonesia (12%)

VRFB China (62 %) 2.3(+)/3.9(?) 1%

38 (+) is used for values that have increased from the 2020 assessment and (-) is used for values that have decreased. No sign indicates
that the value is stable in the period.

39 Recycling share of the total market demand.

40 Based on Prussian White technologies.
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Research and development perspectives
Development is currently focusing on addressing a few key challenges:

Lower LCOS

Development of new cell technology such as solid state and metal-based anodes
Increased sustainability

Increased safety

L=

Lowering the LCOS has been done by either increasing the lifetime of the battery to spread the large capex
cost over more cycles or a longer period. Or by lowering the CAPEX cost with improved production
technologies such as dry coating of the electrodes. Eliminating the need for drying and solvent recovery. These
technologies are currently near adoption with a maturity level in category 2. [15]

There are several promising materials that can provide a significantly higher capacity compared to current
technology. Some of the most promising materials were Lithium sulfur, silicon and solid-state materials. Sulfur
and silicon-based material have been in commercialization by companies such as Oxis and Amprius
respectively, promising capacities up to 500 Wh/kg and 1,300 Wh/L with charge times below 6 minutes. [16]
[17] However, Oxis has since filed for bankruptcy. Solid state technologies or semi solid-state technologies are
also entering the commercialization state and have been announced by several companies such as 24M
claiming to be able to make battery packs that can provide ranges in EV of up to 1,600 km per charge and
costs down to 80 US$/kWh [18]. The solid-state technology also reduces or eliminates the use of flammable
electrolyte reducing the safety risk associated with the cells. However, more needs to be studied on the safety
of solid-state technologies before the risk associated with the technology is fully known. While these
technologies all are at a maturity level in category 2, they have yet to meet the pricing requirements to
compete with existing technologies.

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 6.

Two larger grid-connected LIB systems are installed in Denmark:

In Nordhavn, Copenhagen, Denmark a 630 kW and 460 kWh was installed by ABB for Radius Elnet and @rsted
in 2017. This set the scene for @rsted’s first steps into commercial battery storage. For @rsted the following
energy storage projects are under development: a 20 MW battery storage near Liverpool in the UK and a 1 MW
storage pilot project in Taiwan [37].

Lem Keer Wind Farm was Vesta's pilot project for 400 kW and 100 kWh 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 2,000 kW and 4,000 kWh grid-scale LIB storage system to
provide ancillary services, test energy arbitrage and reduce curtailment.

Global examples:

Globally the three largest grid-scale LIB storage systems are the Moss Landing BESS operated by Vistra
energy of 750 MW and 3,000 MW h with plans to expand to 1,500 MW and 6,000 MWh [19], the Mira Loma
Substation in California which features 20 MW and 80 MW h using 400 Tesla Powerpack 2 [38,39] and the
Neoen’'s Hornsdale Wind Farm which features 100 MW and 129 MWh [40], both systems provide peak
shaving.
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The Laurel Mountain, West Virginia, USA grid-scale LIB storage system at 32 MW and 8 MWh [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.

Table 6 Example of market standard technology for grid-connected LIB systems.

Technical provider  Location Year Capacity  Primary usage Ref.

Frequency control plus inertia

Dalrymple short-circuit power
substation in 30 MW /8 Renewable energy integration
Flectralet South 2019 MWh Wholesale arbitrage [20]
Australia Black start
Voltage regulation
Moss
750 MW
Vistra energy Landing, 2020 o / Co-location with gas fuel power plant  [19]
L 3000 MWh
California
Samsg 80kW/ 240 . :
Xolta Denmark 2019 Wh Renewable energy integration [21]
Island mode
Bornholm 30 MW/ 43 .
EWII Denmark 2024 MWh Frequency regulation [22]

Renewable energy integration

Prediction of performance and costs
CAPEX

The projection of the capital cost for a 1.5 MW and 3 MWh lithium-ion battery energy storage system (LI-
BESS) is shown in Figure 7. This cost is divided into the following elements:

Battery cells

Packaging of the cells into battery packs with a Battery Management System (BMS)

Procurement of battery packs in racks within containers, which includes thermal management systems (TMS)
and a fire suppression system (FSS)

Labour for installation and assembly

Balance of System (BOS), which includes wiring and electrical support equipment

Power Conversion System (PCS), which converts bidirectionally between the DC current for the battery system
and the AC current for the grid

Cost of connecting the BESS to the grid, which includes a transformer

Cost of Engineering, Procurement, and Construction (EPC), which encompasses site-specific engineering
work, procurement of materials and construction equipment, as well as siting, installation, and commissioning
of the BESS.

The cell- and pack-cost are projected from a learning curve based on recent industry average LIB pack cost
forecast from BloombergNEF's annual battery price survey from 2023 [23], shown in

Figure 8, and on recent historical demand data from IEA [24], shown in Figure 9. The resulting learning rates
are 15% on the battery cells and 23% on the battery packs, shown in Table 7. It is assumed that the



180 Lithium-lon Batteries for Grid-scale Storage

production capacity of Li-ion batteries will follow the forecast in demand, which drives the cost reduction from
the learning curve.

The forecast of demand to 2040 based on [25, 26, 27, 28, 29], and the growth in yearly demand and the
corresponding cell- and pack-cost from the learning rate is shown in

Table 8. It is mainly driven by a demand for batteries in electric mobility and is projected to increase ten-fold
between now and 2050. The growth in demand from 2040 to 2050 is assumed to be half the growth from
2035 to 2040. Here, the rate of growth is assumed to slow down because of competition with post-LIB or new
battery technologies, and not because of a decrease in demand for energy storage. In 2023, the combined
battery cell and pack prices are about 139 $,4,3/kWh or 109 €,4,,/kWh (see conversion factors in
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Table 11), which falls to about 94 €,4,,/kWh in 2025 and 59 €,4,0/kWh in 2050.

The battery cells correspond to about a fourth or third of the total capital cost. The battery cell cost follows a
learning curve that is mainly driven by the market of electric vehicles, since it can be the same cells that are
used in both transport and storage applications. The remaining cost components are somewhat more specific
to the energy storage system (ESS). Here it is assumed that the learning curve of the other cost elements
follows the projected demand for BESS in general, projected by BNEF [30]. The demand profile is shown in
Table 9, and the cost and assumed learning rates of the cost elements related to the ESS, is shown in
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Table 10.

Figure 7 Projection of capital cost element of a 1.5 MW /3.0 MW h LI-BESS.41
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Figure 8 Historical Lithium-ion battery cell and pack cost [23].

41 The ratio of the cost elements depends on the energy to power ratio of the BESS.
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Volume-weighted average lithium-ion battery pack and cell price split, 2013-2023
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Figure 9 Historical volumes of Lithium-ion battery packs in use in the global energy sector [24].
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Table 7 Costs and learning rates of Li-ion battery cells and packs. Pack cost includes the battery management system.

Cost element Cost in 2023 (Million

i 42

Euro2020 / MWh) Learning rate Source
Cell 0,084 15% (23, 24]
Pack 0,025 23% (23, 24]

42 Learning rate determined from regression of historical data.
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Table 8 Assumed demand profile for LIB cells and projected costs.*

2023 2025

Yearly demand

% % % % % %
compared to 2023 100 165 530 880 1150 1175
Projected Cell Cost
(MEUR2020/Mwh) 0084 L 0057 0,05 004 004
Projected Pack Cost
(MEUR2020/Mwh) 0% 0,023 0013 001 0,01 0,01

Table 9 Assumed demand profile for LI-BESS.*4

2023 2025

Yearly demand

% % % % % %
comparedto2028 | 100 110 240 380 470 500

43 Li-ion packs 2025 forecast is based on [19, 20, 21, 22, 23], 2030 to 2050 is based on IEA [19], where 2050 corresponds to the high estimate
for 2035, and 2040 found by interpolation. The demand is primarily in the electric vehicle sector. The growth in demand for LIBs is assumed
to slow down from 2035 because of competition with post-LIB or new battery technologies, and not because of a decrease in demand for
energy storage [23].

4 Li-ion BESS demand forecast is based on projected growth in ESS from BNEF in 2018 [24]. The growth in demand for LIBESS is assumed
to slow down from 2040 to 2050 because of competition with post-LIB or new battery technologies, and not because of a decrease in
demand for energy storage [23].
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Table 10 Other cost elements of Li-ion battery energy storage systems.*

Costin Learning

Cost element 2025 Unit rate Comment
Container, TMS and MEUR A
% .
Fas 0,081 2020/MWh 10 Cost derived from [31], LR from [32]
Labor and MEUR
% [ .
installation 0,010 2020/MWh 5 Cost derived from [31], LR from [32]
Power conversion system and direct
MEUR current (DC)-DC converter.
P 9 10 %
©s 0.06 2020/MW o Average between the sources. Cost
derived from [31, 32, 33], LR from [32].
Balance of system. Includes foundation
and inverter house, conduit, wiring, dc
MEUR cable, energy management system,
%
B0S 0.037 2020/MWh / switchgear and monitor and controls for
each container. Cost derived from [31],
LR from [32].
Costs associated with connecting the
MEUR ESS to the grid, including transformer

Grid Connection 0,017 0% cost, metering, and isolation breakers.
2020/MW . :

Value corresponding to lower estimate of
10 MW-size BESS from [32].
The cost of EPC is assumed to be 10 %
of all other costs. Average value between
[31, 32].

EPC 10 % 0% Includes engineering costs and
construction equipment as well
as sighting, installation, and
commissioning of the BESS.

45 Cost reductions are assumed to follow demand in BESS shown in Table 9. All cost elements are reported in the real 2020 EUR. The inflation
correction factors, and exchange rates, used in this work are shown in

Table 11.
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Table 11 Inflation correction factors and exchange rates.*®

X (year) Inflation correction factor Exchange rate
EUR X to EUR 2020 EUR Xto USD X
2023 0,85 108
2022 0,90 105
2021 0,97 118
2020 1 s
2019 1,00 112
2018 1,01 118

Impact of second life

The prediction described above is based on first life BESS systems which dominate the current market.
However, second life systems have long promised to deliver a competitive alternative by using secondhand
battery systems from the EV sector. However, this comes with significant disadvantages as listed below:

Table 12 Advantages and disadvantages of second life applications.

Advantages Disadvantages

Better utilization of resources Uncertain remaining life
Potential for lower CAPEX Unverified safety level
Reduced pressure on recycling streams Increased LCOS

Reduced performance

The main economic driver for second life is the lower CAPEX cost estimated to be reduced by 21 — 36%
depending on the business model. [34] Despite the high advantage in the CAPEX reduction the system is also
expected to have a higher cost of replacements and lower efficiency as the pack has already been used in
other application. This is estimated to result in a mean LCOS increase for the system of 11 — 32% depending
on the business model over a 15-year period. [34]

The long-term economic disadvantage of the second life BESS may be offset by the improved utilization of
resources. However, this aspect is strongly dependent on the balance between demand and supply but may
add competitive advantages to the second life systems if the technology can be effectively implemented. [35]

4 Costs are corrected for inflation as following the European Harmonized Index of Consumer Prices (HICP), compiled by Eurostat, the
statistical office of the European Union, and the national statistical institutes of EU Member States [28]. Inflation factors from year to year
are calculated from average yearly changes on a monthly basis. Exchange rates are compiled from the yearly average of daily exchange
rates from the European central bank [29].
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OPEX

The operational expenditures are costs related to the operation and maintenance (0&M) of the BESS. This
includes all costs necessary to keep the storage system operational throughout its life, such as planned
maintenance, parts, and labor. This also includes major overhaul-related maintenance, such as refurbishment
of power equipment. Some of these cost elements depend on energy throughput, variable O&M, and some
occur at fixed time intervals, fixed O&M. In the literature, the variable O&M cost is often reported to be zero or
near zero (around 0 — 2.5 $,0,,/kWh [36]), and here it is adopted to zero. This corresponds to allocating all
operating costs to the fixed 0&M, which implies a fixed use-pattern over the lifetime of the BESS. NREL reports
a high estimate of yearly fixed O&M for a 4h BESS with one cycle per day over the calendar lifetime to be 2.5%
of the $/kW capital cost [36]. The high-estimate cost includes maintenance to counteract degradation such
that the system will be able to perform at a rated capacity throughout its lifetime. If the battery is operating at
a higher rate of cycling, then this fixed O&M value might not be sufficient to counteract degradation. Here it is
assumed that for a battery system operating with a power-to-energy ratio of 2 MW /2 MWh (a 30-minutes
system), the yearly fixed O&M cost will be 5%. For systems in between, a linear interpolation is adopted
between the two power-to-energy ratios. The fixed O&M is shown in Table 13, with an example cost calculation
in 2025. The values are generally aligned with reported O&M values from [36] in the range of 5 —

50 $,52/kW * yr. The central estimate of O&M in the datasheet is 2.5%, as reported for an

0.25 MW /0.25 MW h system.

Table 13 Fixed O&M as function of power-to-energy ratio of the BESS.#/

Power-to-energy ratio (MW/MWh) 0.25

Yearly fixed O&M cost as a
percentage of the €/kW capital cost
Projected cost in 2025
(2020EUR/KW/y)

2,5% 2,9% 3,6% 5%

Scaling with system size

As with most other modular technologies, there is an impact on price as customers purchase larger volumes.
The capacity component cost receives a 10% price break for a tenfold increase in system size. Energy
components receive a 5% price break for a tenfold increase in system size [32]. Table 14 shows the resulting
cost elements of different system sizes projected for 2025.

Table 14 Projected cost of energy and capacity components for a 2h system in 2025.

2h system, 2025 1-10 MW 10-100 MW 100-1000 MW

Energy component (Million Euro/MWh) 0,10 0,092 0,088
Energy component scaling factor 1 0,92 0,88
Capacity component (Million Euro /MW) 0,09 0,08 0,073
Capacity component scaling factor 1 0,89 0,81

47 Fixed O&M cost is based on a 4h BESS from [30]. The O&M of a 1/2 h BESS is assumed twice the cost.
From linear interpolation, the equation is: Fixed 0&M = 1.43% * P/E + 2.14%, where P/E is the power-to-energy ratio in MW /MW h.
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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 10 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 are
as low as 50 $/kWh already in 2025.

Figure 10 Trend data for Tesla/Panasonic vs. Bloomberg’s forecasts for LIB pack cost [44,45].
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The spread in the current and predicted price shown in Figure 10 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.

Cost examples

The aim of this technology catalogue is to provide a brief insight into the technical aspects, current status, and
forecasted price level of LIB BESS technology. In relation to this, and to help the reader obtain 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 neither O&M expenses nor interest rates are included in the calculations.

Frequency regulation in 2025: 4C-rate, 2 MW h BESS system. 20 years operation time.
Cost items:

2 MWh “energy component”, year 2025 at 0.10 M€/MWh

2 MW h “other project costs”, year 2025 at 0.15 M€/MWh

8 MW PCS “capacity component”, year 2025 at 0.09 M€/MW

Scale factor of 1 for both capacity and energy

CAPEX: 2 (0.10 M€ + 0.15 M€) + 8 0.09 M€ = 1.22 M€
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Energy integration in 2030: %C-rate, 16 MW h BESS system. 25 years operation time.

Cost items:

16 MWh “energy component”, year 2030 at 0.07 M€/MWh

16 MW h “other project costs”, year 2030 at 0.13 M€/MWh

Energy component scaling factor of 0.92

4 MW PCS “capacity component”, year 2035 at 0.09 M€/MW

CAPEX: 16 * 0.92 * (0.13 M€ + 0.07M€) + 4 = 0.09 M€ = 3.28 M€
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Brief technology description

A redox flow battery (RFB), or simply flow battery, is a special type of secondary (i.e., rechargeable) batteries
for electrical energy storage systems. A flow battery stores electrical energy in chemical compounds, whereby
the reactants are present in dissolved form. These two reactants act as energy carriers and circulate in
separate circuits, between which ion exchange takes place in galvanic cells consisting of two electrodes and a
separating membrane. In these cells, the dissolved reactants are chemically reduced and oxidized*® to either
absorbing or releasing electrical energy in form of electrons. The electrolyte that is reduced (i.e., the reductant)
at the negative electrode of the galvanic cells (i.e., the anode) is also referred to as negolyte or anolyte. The
electrolyte that is oxidized (i.e., the oxidant) at the positive electrode of the galvanic cells (i.e., the cathode) is
also referred to as posolyte or catholyte. A principal diagram of a general RFB is shown in Figure 1.

48 The term redox originates from the electrochemical processes of reduction and oxidation.
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Figure 1 Principal diagram of a redox flow battery.
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The number and sizes of the electrolyte tanks determine the energy capacity of an RFB, whereas the number
and size of the galvanic cells determine its power capacity. Due to the possibility to scale their rated energy
and power independently of each other, RFBs are today primarily used within stationary electrical energy
storage systems (EESS) for short-term (< 6 hours) and medium-term storage periods (< 24 hours). Figure 2
illustrates the general architecture of an EESS with a redox flow-based battery system including the cell stack,
two electrolyte tanks, necessary pipes and pumps as well as a battery management system (BMS). The
remaining components of such a system can be directly related to other types of battery energy storage
systems (BESS), for example, Lithium-based BESS in Chapter 180.

Figure 2 General architecture of a redox flow-based battery energy storage system (Modified from [1]).
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Vanadium redox flow batteries (VRFB), sometimes also known simply as vanadium redox batteries (VRB) or
vanadium flow batteries (VFB), are currently both the most common and mature technical realizations of RFBs.
A VRFB utilizes the ability of vanadium to adopt four different oxidation states in solutions, so that only one
electroactive element is required for these RFBs instead of two as redox pairs of vanadium can be used for
both electrolytes. The electrodes of VRFBs are made of carbon, the structure of which has a significant
influence on the properties. The electrodes and the two electrolyte reservoirs are separated by a membrane
that ideally only allows hydrogen ions to pass through. This makes the VRFB-technology ideal for exploiting in
the cell stack (and for other subsystems) materials, components and processes originally developed for
hydrogen fuel cells.
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Figure 3 shows the principal electrochemical reactions inside a VRFB.
VRFBs use redox pairs of vanadium in both half-cells of the cell stack. The posolyte reactive species contains

vanadyl sulphate (i.e., vanadium(IV) oxide sulphate, V050,), which can be oxidized to the pentavalent ion. The
corresponding half-cell reaction at the cathode is:

VO* + H,0 2 V0,* +2H* +e~  (E° = 0.995V vs.SHE),

where V0?* is the oxovanadium(IV) cation vanadyl and V0,* is pervanadyl, an oxycation of vanadium(V). The
negolyte reactive species contains vanadium(lll) sulphate (i.e., V,(50,)3), which can be reduced to the bivalent
vanadium salt. The corresponding half-cell reaction at the anode is:

V3t +e- 2 V2t (E® = —0.255V vs.SHE).
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Figure 3 Principal electrochemical reactions inside a vanadium redox flow battery [2].
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Hence, the full-cell reaction is:
VO?** + H,0 + V3* =2 V0," + 2H* + V?*

and provides a cell voltage of 1.25 V at standard environmental conditions. The source voltage per cell
(voltage without load) is between 1.15 V and 1.55 V. At 25°C it is 1.41 V. 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—5M[2].

VRFBs have lower energy density of approximately 15 Wh/l to 35 Wh/I of liquid electrolyte, compared to
lithium-ion batteries. The energy density by mass is therefore between 20 Wh/kg and 32 Wh/kg electrolyte
[2].

As with all redox flow batteries, one of the main advantages of the vanadium redox accumulator is that, unlike
conventional secondary cells, the power and capacity are independent of each other. The power can be
regulated primarily by the electrode surface, the storage capacity by the amount of electrolyte. Full discharge
to 0% state of charge (SoC) is also harmless. The modular and scalable design of a VRF-BESS is illustrated in
Figure 4. Further advantages of VTFBs include cycle stability and ‘charging’ via electrolyte exchange.
According to a study from 2016 [3], such a battery completed over 200,000 charge/discharge cycles within a
three-year test.

The main disadvantage of vanadium redox accumulator technology, in addition to the poor volume-energy
storage ratio, is the more complicated overall structure compared to conventional accumulators, which also
includes pumps and storage tanks.
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Figure 4 lllustrations of the modular and scalable nature of VRFBs (©Sumitomo Electric, 2019).
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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 5.

Figure 5 lllustration of a single cell, a cell stack and the respective cell stacking for a VRFB (©Sumitomo Electric, 2019).
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As is common for BESS, the primary input as well as output of VRFBs is electrical energy. Electrical energy is
converted electrochemically into chemical energy during charge and converted back to electrical energy during
discharge in the reaction process described above. Figure 6 illustrates energy conversion of both input and
output energy in a VRFB.
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Figure 6 lllustrations of the energy conversion processes in a VRFB during discharging (a) and charging (b).
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The cell stacks of VRFBs operate typically with direct current (DC). When operated with alternating current (AC)
as input/output power, this must be converted accordingly by appropriate power electronics (cp. Figure 2).

Secondary input or output power in the form of thermal energy can generally be neglected for VRFBs. Due to
their operating temperatures being close to average ambient temperature, waste heat of VRFBs is not of high
value. At the same time, most VRFBs do not require auxiliary cooling for the cell stacks due to the large
thermal mass of the electrolyte itself [2].

Energy efficiency and losses

Like all other energy conversion technologies, certain loss mechanisms also occur with the practical operation
of VRFBs. The losses in VRFBs can be divided into operational losses and standby losses. The total energy
efficiency is a combination of these effects.

Operational losses
The operational losses of a VRF-BESS comprise all the losses that occur during charging and discharging.

Voltage efficiency is the ratio of average discharge voltage to the average charge voltage. In VRFBs, voltage
efficiency typically ranges from 75% to 90%. This efficiency is affected by factors such as internal cell
resistance and overpotentials during operation. Coulombic efficiency is the ratio of the total charge discharged
to the total charge initially charged. VRFBs generally have high Coulombic efficiencies, often exceeding 95%,
because the vanadium ions do not cross-contaminate between the two half-cells which minimizes side
reactions. Energy efficiency is the product of voltage efficiency and Coulombic efficiency. It represents the
overall efficiency of a battery in converting the input electrical energy into electrical energy stored and back
into electrical energy. For VRFBs, energy efficiency typically ranges from 70% to 85%.

In practice, the use of electric pumps and valves in the VRF battery system results in additional losses due to
the consumption of these peripherals. Added to this are the peripheral consumptions of communication,
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controls and other central subsystems. These losses add up to below 2% during operation. Furthermore, the
central power electronics are designed with rated efficiencies typically rated around 95% which results in
additional losses during operating VRF-BESS.

The overall roundtrip efficiency of a complete VRF-BESS can be expected to be in the range between 75% and
90% on the DC-side alone. The respective losses of between 10% and 25% are released in the form of thermal
energy.

Standby losses

The standby losses of a VRF-BESS comprise all the losses that occur in periods when not operated (i.e.,
neither charging nor discharging). Electrolyte left in the cell stack after operation will self-discharge during
idle/standby due to diffusion of vanadium ions across the membrane separating the two half-cells. These
losses are comparatively low for VRFBs, often between 1% and 3% per day, and affect only the amount of
electrolyte within the cell stacks. Small volumes and/or closing valves close to the input/output of the cell
stacks can minimize the losses.

Any standby consumption of other subsystems and peripherals of a VRF-BESS (e.g., communication and
controls) can be considered additional losses. The losses are typically below 1% per day.

Regulation ability and other system services

The response time is an important characteristic that determines how fast a battery can respond to changes
in load demand during discharging or input power during charging. VRFBs are known for their relatively fast
response times below 100 ms if electrolyte is already present within the cell stack, below 1 s if the electrolyte
must first be pumped into the cell stack (idle/standby), and below 1 min if the whole VRF-BESS is shut down.

This fast response time, together with low self-discharge and a high number of lifetime cycles, allow VRFBs to
be both effectively and efficiently exploited for most grid-scale applications of EESS. Table 1 and Figure 7
collect possible applications for grid-connected VRF-BESS.

Table 1 Possible applications for grid-connected BESS.

Services Notes Location

Frequency Frequency services are supplied in a fixed timeframe where the Front-of-the-

regulation system must react to changes in the grid frequency. The service meter
price is based on power available from the system.

Peak shaving Peak shaving is designed to minimize the peak power drawn from Front-of-the-
the local user or provide additional power during peaks hours on meter
utility scale.

Energy arbitrage . - - - : Front-of-the-
Energy arbitrage exploits price differences by buying energy when ;
prices are low and selling when they are high. meter

Black start Due to grid forming technology in the inverter systems a BESS all
may be used to initiate the grid after a blackout. However not all
inverters are designed for black start applications

Voltage support Smaller BESS system may be placed in weak parts of the grid to all
provide or draw reactive power to influence the local voltage.

Optimized self- For both large- and small-scale wind or solar power production a Behind-the-

consumption BESS may be used to avoid sending surplus energy to the grid meter

when marked prices are unfavorable. The energy can then be used
locally or sold to the grid once prices are favorable.
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Figure 7 BESS applications along the dimensions of the power grid; horizontal axis shows the location; vertical axis shows
the service (OIEA, 2024).
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Most possible applications for BESS primarily place demand on the central power electronics, as these ensure
the connection to the grid. However, the BMS is responsible for ensuring that the actual battery system can
follow the power electronics. This is typically ensured in the design phase of the BESS. With the help of an
appropriate BMS, VRFBs can deliver up to 1.5 times their rated nominal power for shorter periods (as long as
membranes in the stacks are not overheated).

Typical characteristics and capacities
Examples of recently commissioned grid-scale VRB installations are listed Table 2.

Table 2 Selective list of the largest VRF-BESS installations worldwide.

Commission
Name
Date
Minami
Hayakita December 2015
Substation
Pfinztal, Baden-
. September 2019
Woniushi, Liaoni
ng
Tomamae Wind 2005
Farm
Zhgngbel 2016
Project
SnoPUD MESA 2 March 2017

Project

Energy (MWh)

60

20

10

Power (MW)

15

Dls(ch;eerg; Country
4 Japan

10 Germany

2 China

1.5 Japan

4 China

4 USA
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San Miguel

: 2017 8 2 4 USA
Substation
Pullman .
e April 2015 4 1 4 USA
Dalian Battery ~ October 2022 400 (800) 100 (200) 4 China

Typical storage period

The typical energy storage period for BESS depends on both their application, design, and operation. The
storage period for VRFBs is principally not limited as their modular nature and scalability allow for flexible
deployment to meet the needs of different applications. It ranges from minutes for grid services to weeks for
energy storage.

Due to their low self-discharge, minimal degradation, and the favorable levelized cost of storage (LCOS) for
high energy/power-ratios, VRF-BESS have general benefits for storage periods larger than that for Li-BESS.
Figure 8 illustrates typical storage periods for VRF-BESS.

Figure 8 lllustration of typical storage periods for VRF-BESS (©Sumitomo Electric, 2019).

Cell stack,
heat exchanger

Type (hours) Output Capacity

20ft (3-4h) 250kW 750kWh-1,000kWh

S0ft (4-6h) WP 1,000kwh-1,500kWh

- 250kw 1,500kWh-~2,000kWh

20f8 SIERsCEROI| 250kW | 2,000kWh-2,500kWh

Electrolyte Tank

Space requirement

Due to their modular nature and scalability, the space requirement for VRF-BESS strongly depends on
individual boundary conditions. From actual VRF-BESS in operation land use between 17 m2/MWh and
140 m?/MWh is reported [4].

A reasonable average value for space requirement for a VRF-BESS results from a modular design based on
standard ISO containers as shown in Figure 9. This results in land use between 45 m? /MWh and 65 m?/MWh,
with lower values for higher energy/power ratios.
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Figure 9 lllustration of typical land use for VRF-BESS (©Sumitomo Electric, 2019).

Example of layout for

500kWx8h (4,000kWh) system Sample footprint
250kWx8h 250kWx8h )
o Output | Capacity LxW

PCs
(500kW)

MW 4MWh 15mx17m

MW 6MWh 21mx*17m

MW 8MWh 27mx17m

1OMW | 40MWh | 85mx27m

10MW | 60MWh | 103mx27m

10MW 80MWh | 131mx27m

Advantages/disadvantages

General advantages and disadvantages of VRFBs in comparison to other EESS technologies are listed in Table
3.

Table 3 General advantages and disadvantages of VRFBs.

Advantages Disadvantages

Energy and power capacity can be scaled

. Heavy weight of electrolyte solution
independently of each other ywelg y

High tolerances for deep discharge Toxicity of vanadium compounds
Mixing electrolytes causes no damage Noble materials in cell stack
Single charge state across the electrolyte avoids Extra active peripherals in the form pumps and
capacity degradation valves
Non-flammable and non-explosive aqueous 4 . .
P g Relatively low energy density (compared to LiB)
electrolyte
Low noise and emissions during operation Relatively poor roundtrip efficiency (compared to LiB)

Energy and power capacity upgradeable during the

whole lifetime Small operating temperature range (~5 °C to 50 °C)

Passive cooling possible
High lifetime cycles (> 20.000)
High lifetime (> 20 years)

Low LCOS (~ 0.05 €/kWh)
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Environment

The environmental footprint of VRF-BESS can be considered in the range of between 160 kgcozeq/kWh and
190 kgcozeq/kWh (with a median at about 180 kgco,eq/kWh), due to the energy-intense production of V,505
and low production volumes but should be compensated during normal operation by a high lifetime and cycle
number. This is considerably higher than the average environmental footprint of about 105 kgcpzeq/kWh for
LIB-BESS, but here the range spans between 80 kgcozeq/kWh and 230 kgcpzeq/kWh. The majority of the
components and materials used in a VRF-BESS can be recycled, including the electrolyte which is often
directly reused. [8]

Nevertheless, vanadium ions might pose environmental risks that are not fully determined yet [2] and
components of the cell stack might be highly acidic or alkaline at end of life, hence, to be treated as corrosive
material during recycling and disposal [2].

Research and development perspectives

The area of VRFB and RFB in general is under heavy development. This is due to the fact that electrical energy
storage becomes more important as the penetration with renewable energy supply like wind and solar
increases, requiring measures to integrate the fluctuating production of electricity into the grid.

The primary goal of research and development is currently to scale production of VRFBs to reduce LCOS by
economy of scale. Here, similar scaling effects like LiB are expected [5].

More specifically, research and development focusses on the following aspects:

Electrolytes that are less energy-intense (cheaper) to produce

Electrolytes that transfer more electron per molecule (higher energy density)
Electrolytes that operate stable in a wider temperature range

Non-agueous, organic, and/or metallic electrolytes

Alternative materials to Nafion for the proton exchange membrane (cheaper, PFAS-free)
Catalysts to increase exchange current density (higher efficiency)

BMS to optimize oxygen generation at the electrodes

No oMW =

Examples of market standard technology

Grid-scale VRF-BESS are commercially available from several companies and in operation in different
countries. A non-exhaustive list of VRFB manufacturers can be found in Table 4. The market for VRFBs is
different to that for LiB as large VRF-BESS are typically electrochemical process plants and therefore designed
and installed by different industries.
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Table 4 Exemplary manufacturers of VRFBs.

Name Origin Link

VFlow Tech Singapore www.vflowtech.com
VoltStorage Germany www.voltstorage.com

VRB Energy China www.vrbenergy.com
UniEnergy Technologies USA www.uetechnologies.com
Ashlam Energy USA www.ashlamenergyllc.vom
NEXTracker USA www.nextracker.com
CellCube Energy Storage Canada www.cellcube.com

Delectrik Systems India www.delectrik.com

V Sun Energy Australia www.vsunenergy.com
Rongke Power China www.rongkepower.com
VisBlue Denmark www.visblue.com

H2 Inc. South Korea www.h2aec.com

Green Energy Storage Italy www.greenenergystorage.com
meeco (sun2live) Switzerland www.meeco.net

Sumitomo Electric Japan www.globa-sei.com

redT energy Ireland www.redtenergy.com

Solibra energy Storage Germany www.vanadiumredoxflow.com

Prediction of performance and costs
Data for 2024

Available data for 2024 states VRF-BESS costs between 450 k€/MWh and 960 k€/MW h (with a median
around 600 k€/MWh) for CapEx and OpEx together for a system with energy/power ratio of about 2:1[2,6 — 7,
11 -12].

Assumptions for the period 2030 to 2050

Depending on the actual economy of scale and the deployment of VRF-BESS, a cost reduction towards
between 320 k€/MWh and 560 k€/MWh (with a median around 470 k€/MWh) for CapEx and OpEx together
for a system with energy/power ratio of about 2:1 is expected for 2030 [5].

For price estimation in 2050, data is hardly available as it is expected that RFBs will then be based on
alternative (unknown) electrolytes. Nevertheless, a target LCOS below 0.05 €/kWh is expected both from the


http://www.vflowtech.com/
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http://www.vrbenergy.com/
http://www.uetechnologies.com/
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http://www.cellcube.com/
http://www.delectrik.com/
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http://www.visblue.com/
http://www.h2aec.com/
http://www.greenenergystorage.com/
http://www.meeco.net/
http://www.globa-sei.com/
http://www.redtenergy.com/
http://www.vanadiumredoxflow.com/
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DOE and the EU [7]. This would result into VRF-BESS cost as low as 320 k€/MWh for CapEx and OpEx
together for a system with energy/power ratio of about 2:1.

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 [6]. The reported uncertainties are,
however, of a magnitude making the predicted price range 120 $/kWh to 1,160 $/kWh by 2040. The approach
of IRENA [5], illustrated in Figure 10, is thus preferred for predictions.

Figure 10 lllustration of technology and application dependencies in the IRENA cost-of-service tool approach.

Technology

Cell prices Balance of system
m

Application

E/P ratio

Uncertainty

Uncertainty in relation to VRFB, both current and for the future, is primarily in the financial data. For
energy/power ratios higher than 4:1 and energy storage durations longer than about 8 hours, VRF-BESS should
generally lead to lower LCOS compared to LI-BESS. This is due to the fact that adding extra capacity requires
only extra electrolyte and power capacity is not automatically scaled accordingly. [2] In practice, however, VRF-
BESS today have higher CapEx (sometimes even OpEXx) and also demonstrate larger ecological footprints. This
situation could be completely different if both technologies, VRF-BESS and LI-BESS, were at comparable levels
of industrial commercialization and production. Since many aspects of industrial scaling are non-linear (e.g.,
exponential), predicting financial data for VRF-BESS beyond 2030 is therefore fairly uncertain (cp. Figure 11).



181 Vanadium Redox Flow Battery

Figure 11 Possible development of demand for vanadium in relation to implementation of VRFBs [8].
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Predicting technology-specific data for VRF-BESS does not involve the same uncertainty. Vanadium
compounds are well-understood chemicals in terms of both their behavior and handling. Hence, the energy
density or specific energy of VRF-BESS can only be improved in moderate ranges by certain additives to the
electrolyte, optimized conditioning of the electrolyte, and improved tank structures. The power density or
specific power of VRF-BESS is primarily dependent on the power density/specific power of the cell stacks.
Since these stacks are relying on similar materials and technologies that is applied to fuel cells and
electrolyzes with polymer-electrolyte-membrane assemblies, similar improvements can be expected for VRF-
BESS.

Cost examples

Cost examples for VRF-BESS are in the majority of cases customer-specific since no standardized products
are being produced in significant volumes today. Research estimates cost for full VRF-BESS between

172 €/kWh and 339 €/kWh for application varying from kilowatts to megawatts [10]. Reverse engineering of
shared expenditures for real grid-scale VRFB projects, however, suggest costs about between 450 k€/MWh
and 560 k€/MWHh.

Additional remarks

Even though VRFBs and other RFBs have high commercial potential, rapid cost reduction of alternative
storage solutions (e.g., LiB) might halter their commercial deployment and technological development. This
can prevent VRB and other flow batteries from reaching full commercial potential.

On the other hand, the modularity and scalability of RFBs make them a promising candidate for stationary
EESS for storage periods above 6 hours, especially with an electrolyte with low environmental impact over the
whole value chain.
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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 3-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.

Figure 1: Schematic of a Na-S battery cell [4]
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The reactions taking place during discharge on the cathode and anode sides of the battery are [5], [6]
2 Na-—2e > 2Na" (Anode)
xS+2Na"+2e > NaySi (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]
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During continued discharge the value of x in Na;Sx 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
Na,Sx 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.

Figure 3: lllustration of Na-S battery module [4]
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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 T MW Na-S battery installation can be seen in Figure 4.



182 Na-S Battery

Figure 4: Schematic and picture of a 1 MW Na-S battery installation. [4]
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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.

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.
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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 1. 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].

Table 1: Larger Na-S battery installations [1], [9], [12]. *Value for individual battery assembly units. ** Value for individual
battery modules

Rokkasho village, Aomori,  Campania Region (3 sites),
Japan ltaly

Buzen City, Fukuoka, Japan

Location

Commissioned 2008 2015 2016
Storage capacity 245 MWh 250 MWh 300 MWh
Power capacity 34 MW 34.8 MW 50 MW
Energy density <41.6 KWh/m?* 26 kWh/m?
Specific energy <76 Wh/kg** 56 Wh/kg
Total land use 17.5 m?/MWh 77 m?/MWh 47 m?/MWh

New installations will for economic reasons likely consist of the standard commercially available units. 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
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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 . The space requirements in Table 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 m?/MWh. The footprint is highly sensitive to the layout of the installation and the used
battery units and other equipment. The value of 47 m?/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.

Table 2: General advantages and disadvantages of batteries in comparison to other technologies for energy storage

Advantages Disadvantages

Short response time

Flexible installation size Relatively short lifetime
High energy efficiency
Versatile application Large investment cost

Relatively compact
Low maintenance
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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 intents 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].

An alternative research route is to use the Na-S chemistry in a flow battery [20], [21].
Due to the similarity with Na-NiClI2 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]
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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 over the use of estimates. However, it should be noted, that the cost might be relatively large
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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 hto 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
“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 0&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-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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Brief technology description

Na-NiCly, 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-NiCl, batteries are similar to the more mature Na-S batteries. The key components of a Na-NiCl, battery
cell are the molten sodium anode, a ceramic B-alumina oxide solid state electrolyte (BASE), and a porous
cathode, where the reactant is NiCl,. The cathode also contains liquid NaAICl,4 to obtain sufficient ionic
conductivity [2], [3]. A schematic of a cell can be seen in Figure 1.

Figure 1: Schematic of Na-NiCl; battery cell. The “Ceramic electrolyte” is BASE [1].
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A picture of five connected cells and the components used to manufacture a cell can be seen in Figure 2.
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Figure 2: Na-NiCl, battery cell components [1].
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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:

2Na-2¢ 2> 2Na' (Anode)
NiCl, +2 Na"+2¢= > 2 NaCl + Ni (Cathode)
2 Na+ NiCl, = 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 NaAICl4[1]. An illustration of the
charging reaction can be seen in Figure 3.

Figure 3: lllustration of Na-NiCl, charging process [2].

Anode
compartment

NaAICl,

Current
collector

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



183 Na-NiCl2 batteries

scale Na-NiCl, 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
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-NiCl, 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-NiCl, batteries should remain heated
during shorter idle periods.

At grid scale battery operation, the DC efficiency of a Na-NiCl, module has been measured to 90 % [7]. A 0.5
MW Na-NiCl, 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-NiCl, 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.
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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-NiCl; 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
[8l.

Typical characteristics and capacities
Some noteworthy European stationary installations of Na-NiCl, batteries are listed in Table 1.

Table 1: Selected Na-NiCl installations in Europe [4], [11], [12]

Location Year of Storage capacity Rated power output

commissioning capacity

FIAMM Green Almisano, Italy 2010 230 kWh 180 kW
Energy Island
EDF EN Gabardone Colombiers, 2013 70 kWh 20 kW
Project France
Terna Storage Lab  Codrongianos 2014 and 2015 4750 kWh 1200 kW
142 (Sardinia) and

Ciminna (Sicily), 2000 kWh 1000 kW
(8 installations) Italy

4150 kWh 1200 kW

The energy density and specific energy calculated for the Energy Spring 164 system from FZSoNick [8] (See
Figure 5) is 32.8 kWh/m? and 56 Wh/kg, respectively.

Typical storage period
The storage period for Na-NiCl, 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
m?/MWh. Data is not available for footprint of full installations of Na-NiCl, batteries. Assuming Na-NiCl,
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 m?/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-NiCl, 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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Table 3: General advantages and disadvantages of batteries in comparison to other technologies for energy storage

Advantages Disadvantages

Short response time

Flexible installation size Relatively short lifetime
High energy efficiency

Versatile application Large investment cost
Relatively compact

Low maintenance

Even compared to other batteries, Na-NiCl, batteries are considered reliable and low maintenance [8], [17]. Na-
NiCl, 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 S/kWh at a price of 11.6 S/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-NiCl, 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].

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.
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Examples of market standard technology

FZSoNick, a subsidiary of FIAMM, is the only currently trading commercial manufacturer of Na-NiCl, batteries
[8]. lllustration 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]

Figure 5: Specifications for Energy Spring 164 system from FZSoNick [8]

Energy Spring 164 Technical Specification for configuration of 64 ST523

Battery / Chemistry Type NaNiCl,
Constant Power Discharge (Rated) 400 kW for 3 hours
Nominal Energy Capacity 1.4 MWh (100% DOD)

Nom. 620 VDC, Nom. 2432 Ah
8 hours of charge, 3 hours of discharge
Up to 64 battery modules connected in parallel

Enclosure Dimensions L: 6058 mm /238.5in
H: 2896 mm /114 in
W: 2438 mm / 96 in

25 t (with battery modules), 10 t (without battery modules)

<tok

Not need Air Conditioning, only forced-air ventilation for power electronics
4500 Cycles at 80% DOD

Please refer to ST523 battery specifications

Please refer to ST523 battery specifications
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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”, his 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 0&M costs will change in
the future with deployment of highly standardized container type units.

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-NiCl, 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-NiCl, 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-NiCl, 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].
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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 0&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-NiCl; 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-NiCl,
batteries. This can prevent Na-NiCl, batteries from reaching full commercial potential.
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