


“This book by Schmidt & Staffell is sure to be a game-changer for professionals entering 
this space. It provides the groundwork to understanding technologies, applications, cost 
developments, revenue potentials and conducting own assessments and comparisons. 
This is essential for me as an investor to navigate this complex, fast-paced energy storage 
industry.”

Gerard Reid, Co-founder and Partner,
Alexa Capital

“An indispensable resource for anyone seeking to understand the rapidly changing land-
scape of energy storage, and the role it plays in complementing intermittent renewable 
power. While intermittency is often cited as the Achilles heel of non-dispatchable power, 
storage goes a long way in mitigating it. The exhibits are extremely helpful in visualizing 
what is often a topic mired in energy jargon, and I strongly recommend it to anyone focused 
on the speed and dynamics of the energy transition.”

Michael Cembalast, Chairman of Market and Investment Strategy,
JP Morgan

“This book is a great resource for anyone trying to get their head around the energy sys-
tem of the future. I particularly love some of Schmidt and Staffell’s charts – the collection of 
experience curves and the strategic gameboard by likely storage technology – they make 
complex trade-offs much easier to understand.”

Michael Liebreich, CEO and Principal,
Liebreich Associates

“Battery storage is an essential part of the path to Net Zero Emissions, helping to ensure 
electricity security as renewables form the foundation of tomorrow’s power systems.”

Brent Wanner, Head of Power Systems, International Energy Agency

“Now that Energy Storage is more competitive and the cost and revenue issue is getting 
more and more attention, this book sheds light in the jungle of stacking revenue streams 
and defining the right applications and the right technologies to make an Energy Storage 
project work. This book is a “must read” for anyone who wants to understand the Energy 
Storage business and a milestone to the Energy Storage sector.”

Patrick Clerens, Secretary General,
European Association for Storage of Energy (EASE)

“Energy storage is a key technology to improve energy access to millions in Africa by sup-
porting weak power grids and enabling remote microgrids. By skilfully navigating the com-
plexity of storage technologies and applications with their outstanding book, Oliver Schmidt 
and Iain Staffell have done a huge service towards making that vision a reality. The clarity 
and authority of their research will build much-needed confidence among governments, 
entrepreneurs, NGOs and investors.”

Chinnan Maclean Dikwal, Vice Chair Board of Directors,
African Energy Council



“This is a must-read for industry and policy professionals. It clearly outlines the diversity 
of energy storage technologies available and provides real world applications and critical 
information for decision makers. Most importantly, it highlights the essential role of long 
duration energy storage (LDES) to provide flexibility and reliability to the grid. Readers will 
walk away with the ability to understand and assess the wide range of LDES technologies 
that are available today.”

Julia Souder, Executive Director,
Long Duration Energy Storage Council

“This is a full, detailed and comprehensive resource on how to navigate the complex world 
of energy storage economics from two people who know what they're talking about. Full of 
clear insight, data and charts.”

Andrew Turner, Head of Modelling,
Bloomberg New Energy Finance

“This book is unique in spanning a broad field covering energy storage in the context of 
the energy transition, strategic high-level assessments, future cost estimate methodologies 
and project specific considerations. This coverage enables the reader to "connect the dots" 
between policies, strategy and implementation. Together with the practical examples that 
can be reproduced via the specifically created online platform the book connects theory 
and practice. Overall, I highly recommend it to policy makers, business leaders, project de-
velopers and engineers wanting to make informed decisions based on the delicate sensitiv-
ities in the economics of energy storage systems.”

Benjamin Sternkopf, Founder and Managing Director,
IFE Sternkopf

“A must-read for anyone who wants to understand the critical role that energy storage is 
starting to play in the global energy ecosystem. The clear and concise description of tech-
nical concepts backed up by solid research and data allows the reader to develop a holistic 
baseline for creating their own framework to assess energy storage projects. The authors 
provide an unbiased and insightful assessment of the potential of each technology, as well 
as the challenges that must be overcome to realize their full potential. I highly recommend 
the book on energy storage to anyone looking to deepen their understanding of this crit-
ical field. The author's technical expertise and engaging writing style make it an essential 
beginner’s resource for researchers, investors, policymakers, and anyone interested in the 
intersection of energy and sustainability.”

Anoop Poddar, Managing Director, Eversource

“A comprehensive text covering virtually everything useful there is to know on energy stor-
age, it’s benefits – and importantly the sensitivity to the evolution of the energy storage land-
scape over the next 20 years to technological improvements, discount rates and other fac-
tors. Not only do Schmidt and Staffell set this all out coherently, they also provide the reader 
the open-access tools to make their own analyses and to draw their own conclusions.”

Marek Kubik, Managing Director, Fluence



“Monetizing Energy Storage is what I would consider essential reading for anyone that is 
new to the energy storage industry, or simply for those of us that have been in the industry 
for a while and need a refresher. This comprehensive text captures the dynamics of a com-
plex market in a clearly laid out and easy to digest way. The book along with the associated 
website and worked examples, provides readers with all the tools they need to become an 
expert on energy storage and understand the merits of different energy storage technolo-
gies. Oliver and Iain have done a huge service to the storage industry in writing this book, I 
wish it had been available when I first started covering the sector.”

James Frith, Principal,
Volta Energy Technologies

“The grid storage Bible: Schmidt and Staffell provide a well-grounded, comprehensive, in-
sightful analysis of electricity storage across the entire value chain, full of real-world exam-
ples and complemented by a user-friendly theoretical framework with which to explore the 
growing role energy storage will play in systems and in markets.”

Jeffrey Douglass, Markets and Research Manager,
Invinity Energy Systems plc

“Monetizing Energy Storage is THE new must-read within the booming field of storage tech-
nologies. For us as project developers, it helps us to keep an eye on the big picture, while 
also providing an impressive amount of well-researched detail insights in technological and 
market aspects. The book is red-hot at the moment, but its clarity and structure will contin-
ue to enrich the storage industry for many years to come.”

Benedikt Deuchert, Head of Regulatory Affairs, Kyon Energy

“Whether you are an energy storage novice or expert, "Monetizing Energy Storage" is an 
indispensable toolkit. It has been brilliantly conceived and written to offer critical and timely 
insights into possibly the most interesting enabler of sustainable energy system transfor-
mation. Schmidt & Staffell bring years of experience and research to bear in such a deep, 
yet accessible and practical guide. I love that they break down complex, technical concepts 
into easily digestible ideas.”

Mervin Ekpen Azeta, Global Flexible Work & Culture Project Manager,
SLB

“In order to mitigate climate change, a rapid and deep transition to net-zero emission en-
ergy systems is needed. Renewable energy will play a critical role in this transition, and as 
a result, energy storage will be among the most critical factors that determine how easy 
or difficult our pathways to net zero will be. In this context, this book is extremely relevant, 
providing a valuable resource for practitioners, policymakers, and academics interested in 
the deployment potential and economic value of energy storage. The book discusses all 
relevant aspects and its interactive online tool enables easy reproduction of the presented 
analyses with custom data. It is a must-read for those interested in understanding how en-
ergy storage can play a role in accelerating the energy transition.”

Professor Detlef van Vuuren,
PBL Netherlands, Universiteit Utrecht



“Energy storage is the key to unlocking access to many low carbon energy technologies. 
For practitioners and academics alike, this book is the go-to resource for understanding 
the principles and practicalities of energy storage in its many forms. The clear coverage of 
economics and finance, at both the technology and system level, is exemplary in terms of 
academic rigour set in a real-world context.”

Professor Jim Skea,
Chair of the Intergovernmental Panel on Climate Change

“For more than a decade, I have been searching for a book that combines the science, tech-
nology, economics, and financial aspects of energy storage - and now I have found it. Oli-
ver and Iain’s book is perfect for readers interested in understanding how energy storage 
can capture value as the world accelerates into the clean energy transition. It is easy to di-
gest yet highly technical; it uses many examples, and has an accompanying website to play 
around with the numbers. This is a great resource for energy storage technology scientists 
transitioning into applied systems work, for industry practitioners who want to understand 
how the technology affects use cases and value, and for policymakers who want to encour-
age investments in storage. I will definitely use this book for my graduate course on energy 
storage.”

Professor Joey Ocon,
University of the Philippines Diliman

“This book is ground-breaking. Schmidt and Staffell bring structure to the complex set of 
metrics used to describe the finances of energy storage. They use latest data to bring these 
metrics to life and derive key insights for the industry. More importantly, they empower 
readers to perform their own analyses. This is an essential read for all professionals and 
academics who want to engage with the industry.”

Professor Dan Kammen, Lau Distinguished Professor of Sustainability,
University of California, Berkeley

“Some books were born “made Handbook”. Whatever you do when crossing their territory, 
you need them with you continuously for that journey: they are handy! Try to navigate the 
area of electricity storage, and you will come back over and again to learn from this won-
derful map and guide book. You will be introduced to all the relevant basics on alternative 
technologies of electricity storage. Plus all the robust methodologies for assessing cost and 
valuing the multiple revenues that these storage systems can earn, especially as they are 
“revenue stackers” by destiny and choice. Coming from two certified experts in their fields, 
this book is unique, remarkable and outstanding. It is both the ultimate Swiss Army knife of 
energy storage applied economics and the golden compass for storage investment. Incred-
ibly well written, conceived, documented and illustrated; a great volume contributing to the 
Energy Transition Encyclopedia of the 21 Century. In my 30 years of electricity economic re-
search I have not seen such a wonderful book: this will easily get the “Applied Book Decade 
2020” Award. So well-conceived, so comprehensive, so useful: really great!”

Professor Jean-Michel Glachant
Florence School of Regulation,  

President of the International Association  
of Energy Economics (IAEE)
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Preface

Motivation for this book
The energy sector is transforming rapidly as efforts to reduce carbon emissions intensi-
fy and renewables become the cheapest source of electricity. Energy storage can provide 
the required flexibility to balance variable and inflexible low-carbon power generation with 
demand. Recent years have also seen electric vehicles break through into the mainstream 
and stationary electricity storage deployment grow at more than 30% each year. In fact, this 
industry is projected to grow to hundreds of times its current size in the coming decades. 
We are therefore just at the beginning of a significant overhaul in how energy is produced, 
stored, and consumed worldwide.

In light of this transformation, businesses, policy-makers, and academics need to assess the 
future cost and value of energy storage. However, this is complicated by the rapidly falling 
investment cost, the wide range of technologies with different performance characteristics, 
the wide range of use cases with different performance requirements, and the vastly dif-
ferent market structures around the world. Together, these lead to significant uncertainty 
regarding the expected commercial viability of energy storage and its potential roles in the 
future that prevent policy and investment decisions.

Our hope is that this book will increase the transparency around the future commercial via-
bility and potential roles of energy storage and enable readers to assess these confidently.

The online version of this book is free. We did not write it to make money. We wrote it be-
cause the transition of the energy system needs to happen rapidly, and energy storage 
will play a crucial enabling role. We believe that helping as many people as possible to 
understand the economic case for energy storage is our best route to driving its deploy-
ment and helping to accelerate the energy transition. A free digital copy of the book will 
be available to download from: https://global.oup.com/academic/product/monetizing- 
energy-storage-9780192888174

What this book covers
This book is targeted explicitly at practitioners from industry like strategists, investors, con-
sultants; at policy-makers like policy analysts, regulators; and at academics like graduate 
students and researchers. It aims to help these stakeholders understand the cost reduction 
and deployment potential of energy storage as well as assess its economic value by:

 ● Introducing key cost and performance parameters, and energy storage technologies 
and applications

 ● Developing and explaining quantitative methods for assessing the future investment 
and lifetime cost, along with the economic and system value of energy storage

https://global.oup.com/academic/product/monetizing-energy-storage-9780192888174
https://global.oup.com/academic/product/monetizing-energy-storage-9780192888174
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 ● Presenting cutting-edge research insights to exemplify these methods with current data
 ● Introducing an interactive online tool that enables the presented analyses to be easily 

reproduced with custom data

There are many topics this book does not cover. It is not an engineering textbook with de-
tailed technical analyses of energy storage technologies. Nor is it a market research report 
with in-depth discussions on the future size and requirements of specific applications with-
in different world markets. While this book covers many topics relating to the economic per-
formance of energy storage (costs, revenues, financial appraisal, revenue stacking), it is not 
an economics textbook. It does not cover the wider topics of market structures, regulation, 
taxation, or competition. Many of these topics are market-specific and readers can incorpo-
rate their own insights using the practical methods and interactive tools we introduce.

This book focuses on electricity storage technologies: technologies which consume electri-
cal energy and then provide electrical energy again at a later time. The rapid expansion of 
low-cost, low-carbon electricity is driving the electrification of the wider energy system (es-
pecially heat and transport), which is positioning electricity storage technologies centrally 
within the whole energy sector transformation. Complete decarbonization of the energy 
system will also require other forms of energy storage technologies, for example technol-
ogies that consume and provide thermal energy. The concepts introduced in this book can 
also be applied to these other energy storage technologies, even though they are intro-
duced here with data and examples referring to electricity storage.

How to use this book
Transforming the global energy system is no easy task, so you may not have a lot of time 
available for reading books. That is why we have collected together ‘Key insights’ at the be-
ginning of each chapter. If you have only an hour to spare, you will get the most out of this 
book by reading through the key insights from all the chapters. Not only will this give you a 
broad overview of the future cost and value of energy storage but you will also understand 
the overall structure of the book so that when you want to come back for more detail, you 
will know where to go.

This book is split into three parts. The first part (Chapters 1–3) introduces the role of energy 
storage in energy system transformation, its key parameters and components, the main 
technologies and applications. The second part (Chapters 4–7) provides methods to assess 
the future investment cost, lifetime cost, market value, and the system value of energy stor-
age, and key insights derived from these. The third part, Chapter 8, provides a detailed doc-
umentation of the methods behind the presented analyses.

The first part is relevant for everyone without prior knowledge of energy storage. The sec-
ond part is aimed at practitioners from industry, policy-makers, and academics that already 
work with or are planning to work with the energy storage industry. It provides a broad 
overview of current and future economics of energy storage applications and enables you 
to perform initial analyses to scope out business cases, the impact of distinct policies, or 
the roles that storage may play. The third part is relevant for academics and analysts work-
ing across the realm of techno-economics, including technology costs, sector trends, and 
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market size. It transparently describes the methods used throughout the book to enable 
you to build your own models, explains the relative advantages and disadvantages of these 
methods, and explores the quality of economic forecasts.

A range of features are also designed to help you navigate the content of this book and 
identify the most relevant information. These are:

 ● A summary of the key insights at the beginning of each chapter
 ● Key messages and warnings highlighted throughout the chapters to spotlight the most 

relevant insights and complexities for you to be aware of
 ● Frequently asked questions in the chapters to provide real-world examples and to 

resolve industry myths
 ● Worked examples at the end of Chapters 4–7 which guide you step-by-step through 

how to perform your own analysis of energy storage costs, value, and financial viability, 
using the interactive tools that we provide alongside the book

A special feature of this book is that it comes with the companion website <www.EnergyStor-
age.ninja>. This allows you to reproduce the analyses conducted in this book with different 
input parameters or assumptions easily. You can apply the knowledge you gain from the 
book directly to assess new technological developments, new markets, or new applications 
for storage. Technology costs are notorious for changing quickly, for wrong-footing ana-
lysts, and going quickly out of date, so this website also provides latest cost, performance, 
and deployment data for energy storage technologies as they come in.

Nobody is perfect. We have conducted the analyses with the highest level of diligence, how-
ever there may be errors and we welcome any suggestions for corrections or improve-
ments. Likewise, we are happy to engage in any discussion regarding the derived insights.

This book is made available under a Creative Commons Non-Commercial no Derivatives 
licence; so you are free to copy, redistribute, and adapt the content on the condition that it is 
attributed it to this book and not used for commercial purposes.

If you would like to cite the book, please refer to it as: Schmidt O and Staffell I. Monetizing 
Energy Storage: A Toolkit to Assess Future Cost and Value (Oxford: Oxford University Press, 
2023).

www.EnergyStorage.ninja
www.EnergyStorage.ninja
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1  Introduction 
Looking at the big picture

K E Y  I N S I G H T S W H AT  I T  M E A N S

The global energy sector must transform rapidly, 
reducing net annual carbon emissions from  
20 billion tonnes of CO2 in 2020 to zero by 2050 to  
keep global warming to below 2 °C.

Fossil-fuel power plants must 
be replaced with low-carbon 
renewables, nuclear, or fossil with 
carbon capture and storage.

Global wind and solar power generation capacity  
has grown from under 20 GW in 2000 to ~700 GW  
each in 2020, increasing the overall share of renewable 
energy in the electricity sector from 21% to 29%.

Wind and solar farms are already 
being deployed at scale, driving the 
low-carbon transformation of the 
energy sector.

Electric vehicles (EV) are entering the mainstream  
with global stock nearly doubling each year. EV sales  
make up more than 15% in core markets like Europe  
and China and need to reach 100% globally by 2035  
to limit global warming to below 2 °C.

Electric vehicles are also being 
deployed at scale, meaning battery 
storage is directly driving the 
low-carbon transformation of the 
transport sector.

On the supply side, wind and solar power  
generation is variable and nuclear generation is 
inflexible. On the demand side, electricity demand  
will become less predictable and more variable due  
to the electrification of transport and heat.

Technologies that provide flexibility 
to match energy supply and 
demand are essential in low-carbon 
power systems, and demand for 
them will grow substantially.

The four key options to provide flexibility to the  
electricity system are flexible power generation  
(~3,400 GW as of 2020), electricity network 
interconnection (~180 GW), demand-side response  
(~40 GW), and electricity storage (~180 GW).

Besides electricity storage, there 
are alternatives that can provide 
flexibility to the electricity system, 
potentially at lower cost.

Flexible power generation is retiring due to the  
phase-out of fossil fuels. Increases in network 
interconnection and demand-side response are 
uncertain. Electricity storage capacity is projected 
to more than triple to > 600 GW by 2030.

The role of electricity storage is 
increasing rapidly, and it is set to 
become the second most widely 
deployed flexibility technology after 
flexible power generation.

In terms of energy capacity, countries require  
terawatt-hours (TWhs) of electricity storage to replace  
at least part of the storage capacity that fossil fuel 
reserves currently provide and enable future  
time-shifting of energy use.

Substantial amounts of low-cost, 
low-carbon electricity storage 
energy capacity are required to 
enable cost-efficient, net-zero 
carbon energy systems.
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1.1 Energy system transformation
Pathways limiting global warming to 1.5 °C with no or limited overshoot would 
require rapid and far-reaching transitions in energy . . . and industrial systems.
                         —The IPCC.1

Human activities, primarily the burning of fossil fuels, have unequivocally caused the con-
centration of greenhouse gases in the atmosphere to increase since pre-industrial times.2 
Annual human-made emissions reached 40 gigatonnes of CO2-equivalent (GtCO2 or billion 
tonnes of CO2), its highest level in history.3 As a result, atmospheric CO2 concentration in-
creased by 50% since 1850, and global mean surface temperature was 1.1 °C above pre- 
industrial levels by 2020.2

In order to limit climate change, the international community agreed in December 2015 
to hold the increase in global mean surface temperature to well below 2 °C above pre- 
industrial levels and to pursue efforts to limit temperature increase even further to 1.5 °C.4 
This difference matters because an extra half a degree of warming makes the loss of al-
most all coral reefs likely, along with increasing intensity and frequency of extreme weather 
events like droughts, heatwaves, and heavy precipitation.5,6

Total cumulative CO2 emissions since 1850 must remain below 3,500 GtCO2 to limit temper-
ature increase to well below 2 °C (see Figure 1.1).2 Given that by 2020, total human-made 
carbon emissions amounted to ~2,400 GtCO2, the remaining carbon budget for a 67% 
chance of staying below 2 °C is 1,150 GtCO2 and only 400 GtCO2 for a 67% probability of 
staying below 1.5 °C.2 At current levels of annual emissions, this 1.5 °C budget would be 
fully used up by 2030. Therefore, to limit temperature increase to below 2 °C, annual carbon 
emissions should reach net zero by 2050 and become negative thereafter.

This requires a deep and rapid transformation of the energy sector. Annual emissions from 
energy supply need to reduce from 20 billion tonnes of CO2 to zero by 2050 in pathways like-
ly to limit global warming to 2 °C. For the electricity sector, this means that by 2030, 50–70%, 
and by 2050 > 90% of electricity must come from low-carbon sources like renewables or 
nuclear, compared to 39% in 2020 (see Figure 1.2).7

KEY INSIGHT

The global energy sector must transform rapidly, reducing net annual carbon 
emissions from 20 billion tonnes of CO2 in 2020 to zero by 2050 to keep global 
warming to below 2 °C.

This transformation is already taking place, and while climate change was an early moti-
vation for deploying renewable energy technologies, it is by no means the sole driver of 
the energy transition today. A range of policy instruments have combined with invest-
ment cost reductions for wind and solar photovoltaic (PV) technologies and favourable 
financing conditions to deliver a significant increase in installed renewable energy capaci-
ty. Wind turbines and solar panels have achieved cost reductions of around 60–90% since 
2010,9 and in many parts of the world they are now the cheapest source of new-built elec-
tricity generation, undercutting conventional coal and gas generation (see Figure 1.3).
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Figure 1.1 Global carbon emissions and expected temperature increase due to climate 
change. a) Emissions of carbon dioxide (CO2) in five Shared Socio-economic Pathways 
(SSP).2 b) Global mean surface temperature increase since 1850–1900 as a function of 
cumulative global CO2 emissions. Coloured ranges and timelines refer to the temperature 
ranges and timelines of respective cumulative CO2 emissions for the respective SSP 
scenarios. Figure reproduced with permission from the Intergovernmental Panel on 
Climate Change.2
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Wind and solar PV reached installed capacities of 740 and 720 GW by 2020 respectively, 
compared to < 20 GW in total in 2000. As a result, the share of renewable electricity (in-
cluding hydropower, geothermal, and biomass) increased from 21% to 29% of total global 
electricity production,8 and annual capacity additions of wind and solar PV are continuously 
increasing.

Figure 1.2 Global requirement for the share of low-carbon electricity from nuclear and 
renewables in pathways likely to limit global warming to 2 °C. Data source: IPCC.7
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Figure 1.3 World map showing the cheapest source of new-built electricity generation by 
country. Data source: BNEF.10,11
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KEY INSIGHT

Global wind and solar power generation capacity has grown from under 20 GW in 
2000 to ~700 GW each in 2020, increasing the overall share of renewable energy in 
the electricity sector from 21% to 29%.

KEY INSIGHT

Electric vehicles (EV) are entering the mainstream with global stock nearly doubling 
each year. EV sales make up more than 15% in core markets like Europe and China 
and need to reach 100% globally by 2035 to limit global warming to below 2 °C.

Figure 1.4 Global stock of electric light-duty passenger vehicles, including battery and 
plug-in hybrid electric vehicles.12 CAGR—Compound annual growth rate.
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In the transport sector, the global stock of electric vehicles (EVs) has grown by almost a 
factor of 1,000 between 2010 and 2021, driven by the near-90% reduction in the cost of 
lithium-ion batteries.12,13 Figure 1.4 shows that the number of EVs on the world’s roads has 
almost doubled each year for the last decade, to reach ~16 million globally by 2021. As 
with wind and solar PV farms, EVs are becoming competitive with conventional vehicles and 
are rapidly entering the mainstream. In selected markets like China and Europe, EVs now 
represent more than 15% of new car sales, and worldwide more than two-fifths of two- and 
three-wheeler sales are now electric.12 For context, limiting global temperature rise to 1.5 °C 
requires every car sold by 2035 to be electric.1,12
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1.2  The need for power system flexibility
The physical characteristics of electricity imply that supply and demand must be in balance 
at all times.14 Electricity demand varies (e.g., hourly, daily, weekly) and the potential electrifi-
cation of heating and transport with heat pumps and electric vehicles will further increase 
the variation between minimum and maximum demand. Currently, flexible fossil fuel-pow-
ered generators ensure that electricity supply precisely follows demand. But these must 
be replaced with low-carbon generators to reduce carbon emissions. The replacement ca-
pacity is likely to come from wind, solar PV, or nuclear power plants, based on resource 
availability, production cost, and public preferences. However, these generate electricity in a 
variable pattern (wind and solar PV are weather-dependent) or are inflexible (nuclear power 
is operated at near-constant output for economic and safety reasons in most countries).15

Figure 1.5 highlights the projected mismatch when scaling existing solar PV, wind, and nu-
clear capacity to meet the required demand in Great Britain’s power system for the first 
week of July 2020. The lack of flexibility in the system means there would be continuous 
overproduction for the first three days and near-continuous shortfall in the following four 
days. With no possibility of time-shifting energy supply or demand this power system would 
collapse, resulting in nationwide blackouts.

The temporal mismatch between the variation of electricity demand and low-carbon gener-
ation highlights the need for power system flexibility, which is ‘the extent to which a power 
system can modify electricity production or consumption in response to variability, expect-
ed or otherwise’.16 Power system flexibility is further categorized along relevant timescales 
in Table 1.1.

Very short-term flexibility at the sub-second to minute timescale is driven by technical pow-
er system characteristics. It is required to stabilize the power system voltage and frequency 
in case of an unexpected event leading to an immediate change in electricity supply or de-
mand. It is also used more generally to keep frequency within normal limits. Short- to very 
long-term flexibility is required to ensure the availability of sufficient generation capacity to 
meet electricity demand at hourly, daily, or up to seasonal timescales.

Figure 1.5 Time series of electricity demand with generation from nuclear, wind, and solar in 
Great Britain for the first week of July in 2020. Generation is scaled so that weekly production 
of all three generator types would meet weekly demand. Data Source: Electric Insights.17
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Table 1.1 Categorization of power system flexibility types and resources (adapted from 
IEA, 2018).18

KEY INSIGHT

On the supply side, wind and solar power generation is variable and nuclear 
generation is inflexible. On the demand side, electricity demand will become less 
predictable and more variable due to the electrification of transport and heat.

Flexibility 
timescale

Very short 
term
(sub-seconds 
to minutes)

Short term 
(minutes to 
hours)

Medium 
term (hours 
to days)

Long term
(days to 
months)

Very long 
term 
(months to 
years)

Challenges

Ensuring 
system stability 
by keeping 
voltage and 
frequency in 
required range

Meeting 
frequent, 
rapid, 
and non- 
predictable 
changes in 
electricity 
supply and/or 
demand

Determining 
operation 
schedule of 
generation 
capacity 
to balance 
electricity 
supply and 
demand

Addressing 
longer 
periods of 
surplus or 
deficit in 
electricity 
generation

Balancing 
seasonal and 
interannual 
availability of 
generation 
resources 
with 
electricity 
demand

System 
relevance

Dynamic 
system stability 
and frequency 
control

Real-time 
balancing

Hour-
ahead and 
day-ahead 
planning

Generation 
adequacy 
guarantee

Power 
system 
planning

Figure 1.6 The four technical flexibility options that can help to match variable or 
inflexible low-carbon electricity supply with demand.

Electricity demand

Electricity supply (low-carbon)

Flexible
generation

Network
interconnection

Demand-side
response

Electricity
storage

1.3  Options for power system flexibility
Figure 1.6 highlights the four key technical options to provide power system flexibility in 
low-carbon power systems to match largely variable or inflexible low-carbon electricity sup-
ply with variable electricity demand.
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Flexibility is the ability of power plants to deliberately adjust their out-
put. This is the main source of flexibility today with roughly 3,400 GW of 
the 7,300 GW installed generation capacity worldwide. Gas-fired power 
(29%) and hydropower plants (28%) provide most flexible generation 
capacity.19 Very short-term flexibility is provided passively by the me-
chanical inertia of the generators, where their physical spinning mass 
contributes to mitigating any change in power system frequency.18 

Short-term flexibility comes from the automated or manual change in power output. Longer 
term flexibility is ensured by the start-up of plants, improvements to operation criteria en-
abled through appropriate monitoring equipment, and the general availability of flexible 
generation capacity (e.g., new-build, retrofit, reserve). Variable renewable generators can 
contribute to power system flexibility requirements through:18

 ● Synthetic inertia: Programming inverters to emulate behaviour of generators
 ● Curtailment: Deliberate output reduction in times of oversupply
 ● Reserve operation: Deliberate operation below output potential to enable output 

increase in times of undersupply
 ● Strategic location: Reduction of flexibility requirements by locating renewable 

generators in areas with different weather patterns
 ● Output forecasting: Improved anticipation of renewable energy output

However, the majority of flexible generation capacity is based on fossil fuels, which must be 
phased out to mitigate severe climate change. Therefore, other flexibility options become 
more important.

The electricity network comprises all assets that connect electricity gen-
eration to demand locations. While it is foremost a means of overcoming 
the geographic mismatch between the two, the aggregation of diverse 
demand and variable generation smooths overall demand and gener-
ation patterns. It also expands the pool of available flexibility options, 
thereby reducing the need for active power system flexibility.19,20 There-
fore, network expansion with increased interconnection between re-

gions with different weather patterns is seen as a cost-effective option to decarbonize power 
systems.21 However, global interconnection between countries (a proxy for electricity network 
interconnection between regions with different weather patterns) is only 180 GW and the de-
ployment of further capacity is slow due to significant up-front investment and interregional 
coordination requirements, as well as possible resistance from local residents.19,20

KEY INSIGHT

The four key options to provide flexibility to the electricity system are flexible power 
generation (~3,400 GW as of 2020), electricity network interconnection (~180 GW), 
demand-side response (~40 GW), and electricity storage (~180 GW).

Flexible 
generation

Network
interconnection
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Demand-side response (DSR) affects the pattern and magnitude of 
end-use electricity consumption by reducing, increasing, or reschedul-
ing demand.20 It has the potential to be the most cost-effective option 
to provide flexibility due to limited requirements for new hardware in-
frastructure.22 However, there is only ~40 GW of demand-side response 
capacity installed globally, and further deployment is slow. The installed 
capacity is mostly restricted to large industrial or commercial consum-

ers and night-time tariffs for residential consumers.19,20 In addition to a lack of required 
information and communication technology, this option also faces multiple non-technical 
barriers, namely the implementation of incentive structures like price signals and reluctant 
behavioural change from domestic consumers.20,22

Electricity storage encompasses all technologies that can consume 
electricity (e.g., in times of oversupply) and return it later (e.g., in 
times of undersupply). Electricity storage technologies provide flex-
ibility by time-shifting both energy production and consumption. 
Most options can be deployed anywhere in the electricity network, 
for example at the generator or consumer site. Different technolo-
gies are suitable for different flexibility requirements, with superca-

pacitors and flywheels most suitable for very short-term, and pumped hydro or hydrogen 
storage best suited for longer-term flexibility. Various types of electrochemical batteries 
can be used for intermediate timescales. Following flexible generation and network in-
terconnection, electricity storage was the third most widely deployed flexibility option 
in 2020 with 158 GW of pumped hydro and around 20 GW of other technologies de-
ployed.23,24 Falling investment costs and the wide range of use cases drive increasing 
 annual deployment rates to cumulative projections of > 600 GW by 2030 (additional ~65 
GW for pumped hydro and > 400 GW for other stationary storage technologies).25,26 How-
ever, electricity storage is rated by  energy professionals to be one of the most essential, 
yet most poorly understood technologies for the transformation of the energy industry.27

Demand-side
response

Electricity
storage

KEY INSIGHT

Flexible power generation is retiring due to the phase-out of fossil fuels. Increases 
in electricity network interconnection and demand-side response are uncertain. 
Electricity storage capacity is projected to more than triple to > 600 GW by 2030.

1.4 The scale of the required transformation
The scale of the transformation becomes evident when shifting perspective from power 
capacities (GW and TW) to energy capacities (GWh and TWh). Two key advantages of fossil 
fuels are that they are relatively easy to store and have very high energy densities, meaning 
that countries can store weeks or even months of supply to account for supply and demand 
imbalances in the energy system. Taking the UK for example, fossil fuel reserves at the sys-
tem level amount to ~250 TWh of calorific energy (i.e. the amount of heat released when 
combusted) (see Table 1.2).28,29
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Figure 1.7 Energy storage capacity in the UK as of 2020. a) System-level reserves of fossil 
fuel storage includes coal, crude oil, petroleum product, and natural gas stocks. Equivalent 
electrical energy capacity is derived by applying a conversion efficiency of 40% to their 
calorific energy content. Electricity storage energy capacity includes operational pumped 
hydro and battery storage systems. b) In-vehicle reserves of fossil fuels refers to capacity 
of petrol tanks in conventional cars. Equivalent electrical energy capacity is derived by 
applying a conversion efficiency of 30% to the calorific energy content of petrol. Electricity 
storage energy capacity refers to battery capacity of all electric vehicles, including hybrids.
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Fuel TWhcalorific

Coal 30

Crude oil 75

Petroleum products 130

Natural gas 15

Total 250

Table 1.2 Energy content of UK fossil fuel reserves on system level in calorific terms in 
2020 for coal, crude oil, petroleum product, and natural gas stocks.28,29

The energy stored in these fossil fuels could produce approximately 100 TWh of electrical 
energy, assuming 40% conversion efficiency. For comparison, the electrical energy storage 
capacity of the UK in 2020 was approximately 30 GWh in pumped hydro and 2 GWh in bat-
tery storage systems.28 The UK therefore stores around 3,000 times more energy in fossil 
fuels than it does in the form of electrical energy storage (Figure 1.7).

Similarly, the fuel tanks of the 32 million cars in the UK can store around 17 TWh of calorific 
energy in the form of petrol and diesel. This equates to approximately 6 TWh of electrical 
energy, assuming 30% conversion efficiency. In contrast, the ~400,000 electric vehicles in 
2020 could just 20 GWh.30
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In a future with net-zero carbon emissions these fossil fuel reserves must be replaced by 
low-carbon alternatives. The UK is required by law to achieve net-zero carbon emissions by 
2050.31

This simple, high-level analysis suggests upper bounds for the amount of electricity stor-
age the UK might need for a net-zero energy system with complete electrification of oth-
er sectors: 100 TWh at the system level and 6 TWh within personal transport, which are 
two to three orders of magnitude greater than current levels. There are several flexibility 
options that can balance mismatches in energy supply and demand on the system-level, 
as discussed in section 1.3. These will reduce the overall storage capacity required. Also, 
sustainable fuels such as biomass or synthetic fuels derived from electricity can be stored 
directly, and not all energy sectors will be electrified. Alternative forms of energy storage, 
such as hot water tanks for heat, will further reduce the amount of electricity storage capac-
ity needed.32

Still, this cursory analysis provides an initial, high-level understanding of the orders-of- 
magnitude growth of electricity storage that will be required in future low-carbon energy 
systems with little or no reliance on fossil fuels for matching supply with demand. Chapter 7 
revisits this topic with a more detailed analysis.

KEY INSIGHT

In terms of energy capacity, countries require terawatt-hours (TWhs) of electricity 
storage to replace at least part of the storage capacity that fossil fuel reserves 
currently provide and enable future time-shifting of energy use.
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2  Energy storage toolkit 
Separating the wheat from 
the chaff

K E Y  I N S I G H T W H AT  I T  M E A N S

Energy storage technologies are unique assets in  
the energy system because they consume, store, 
and deliver energy.

This versatility leads to a wide range 
of performance parameters that must 
be considered when assessing energy 
storage technologies.

The cost of energy storage technologies is  
assessed with the metrics of investment cost and 
lifetime cost. Investment cost usually makes up a  
major share of lifetime cost.

These metrics differ as lifetime cost 
considers all costs incurred and the 
amount of energy or power provided 
over the technology’s lifetime.

Quotations for investment cost may refer to  
different system scopes (e.g. single cell vs fully  
installed system).

Stakeholders should ensure quotations 
refer to the appropriate system scope 
to avoid comparing apples to oranges.

Specific investment cost gives the cost of adding  
an additional unit of power capacity or energy  
capacity. Total investment cost includes the cost for  
both power capacity and energy capacity.

Quotations should always mention 
which cost components are included 
since both metrics can be given in 
USD/kW or USD/kWh, i.e. when total 
investment cost is given relative to total 
power capacity or energy capacity.

For long discharge durations, technologies with low 
specific energy cost have lowest total cost (even with 
high specific power cost). For short discharge durations, 
low specific power cost (even with high specific energy 
cost) will give lowest total cost.

The ratio of specific power and specific 
energy investment cost provides 
initial insights on the suitability of 
energy storage technologies to certain 
applications.

Application-specific lifetime cost accounts for all  
cost and performance parameters relevant  
throughout the lifetime of the technology.

Lifetime cost should be used to 
assess storage projects with a specific 
technology and application.

The key metrics for lifetime cost are levelized cost  
of storage (LCOS) for applications that value the 
provision of energy, and annuitized capacity cost  
(ACC) for applications that value the provision of  
power.

The first step in determining lifetime 
cost is to choose the relevant metric. 
This requires identifying the desired 
output for the given application  
(i.e. what it is paid for)
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2.1 Performance parameters
Performance parameters characterize energy storage technologies from a technical per-
spective and quantify their performance (Table 2.1). The ability to consume, store, and deliv-
er energy makes storage technologies more complex than other energy technologies and 
so a wider range of performance parameters need to be considered.

KEY INSIGHT

Energy storage technologies are unique assets in the energy system because they 
consume, store, and deliver energy.

Table 2.1 Technical parameters of energy storage technologies with example values for 
lithium-ion energy storage systems.

Parameter Symbol Description Unit Example

Design parameters

Nominal 
power 
capacity

Capp, nom

Rated amount of power 
that can be charged and 
discharged.

kW 1,000

Power 
density—
gravimetric

ρp, gra
Nominal power capacity 
divided by system mass. kW/kg 0.3

Power 
density—
volumetric

ρp, vol
Nominal power capacity 
divided by system volume. kW/m3 6,000

Nominal 
energy 
capacity

Cape, nom
Rated amount of energy 
that can be discharged. kWh 4,000

Energy 
density—
gravimetric

ρe, gra
Nominal energy capacity 
divided by system mass kWh/kg 0.2

Energy 
density—
volumetric

ρe, vol
Nominal energy capacity 
divided by system volume kWh/m3 450

Depth-of-
discharge DoD

Energy capacity that 
can be charged/
discharged without 
severely degrading 
nominal energy capacity, 
measured relative to full 
capacity

%cap 100%

(Continued)
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Parameter Symbol Description Unit Example

Usable 
energy 
capacity

Cape, use

Energy capacity that can 
be discharged accounting 
for depth of discharge

kWh 4,000

Energy-to-
power ratio E/P

Usable energy capacity 
divided by nominal power 
capacity

hours 4

Discharge 
duration DD

Time to discharge usable 
energy capacity at 
nominal power. Same as 
E/P ratio

hours 4

Max. C-rate C

Maximum rate to 
discharge storage system 
relative to its usable 
energy capacity. Inverse of 
E/P ratio or minimum DD

1/hours 0.25

Response 
time Tres

Time between idle state 
and maximum power seconds < 1

Operational parameters

State of 
charge SoC

Fraction of energy stored 
at any moment in time, 
measured relative to full 
capacity

%cap 80%

Round-trip 
efficiency ηRT

Proportion of energy 
discharged over energy 
required to charge for 
a full charge–discharge 
cycle

% 80%

Self-
discharge ηself

Unavoidable loss of state 
of charge when a storage 
system is idle (highly 
dependent on usage 
profile - can be measured 
per cycle or averaged 
across all cycles per year)

%cap 1%

Degradation Degt  
Degc

Rate of loss in usable 
energy capacity incurred 
by cycles and/or time 
lapse due to e.g. changes 
in state of charge or 
operating temperature

%cap per year;  
%cap per cycle

1%
0.01%

Cycle life Lifecyc

Number of full charge–
discharge cycles before 
end of usable life

# 4,000

Table 2.1 (Continued)

(Continued)
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Parameter Symbol Description Unit Example

Calendar life Lifecal

Number of years before 
end of usable life with no 
operation

years 20

State-of-
health SoH

Actual energy capacity 
relative to nominal energy 
capacity

% 90%

End-of-life 
threshold EoL

Actual energy capacity 
relative to nominal energy 
capacity at which the 
storage system is taken 
out of service

% 80%

2.1.1 Design parameters

The first group of parameters in Table 2.1 can be labelled design parameters because they 
describe the energy storage system design in terms of energy and power metrics, and the 
interplay between the two.

Nominal energy capacity and power capacity describe the size of a storage system in 
terms of the energy that can be discharged, and the rate at which it can be discharged (or 
charged) respectively. They can both be normalized by system mass or volume. The result-
ing energy density and power density are common metrics to compare technologies. 
For example, in transport applications like electric vehicles, a high gravimetric energy den-
sity is desired, because the weight of the storage system has a direct impact on the energy 
consumption per kilometre (km) driven. High volumetric energy density is desired because 
the volume of the storage system has a direct impact on vehicle design and passenger 
comfort.

Depth-of-discharge (DoD) is the energy discharged during a cycle relative to the nom-
inal energy capacity. Some technologies degrade faster at high depth-of-discharge and 
operators may decide to not charge/discharge the full nominal energy capacity. If DoD is 
pre-defined to be < 100%, the energy capacity that is charged and discharged in each cycle 
is called usable energy capacity. If DoD is 100%, then usable energy capacity equals nom-
inal energy capacity.

The energy-to-power (E/P) ratio is obtained by dividing usable energy capacity by nom-
inal power capacity. This is equal to the discharge duration: how long a storage system 
can discharge energy in one discharge cycle at nominal power output. Minimum discharge 
duration would be a more accurate term since storage systems can also be discharged at 
less than nominal power. However, the word minimum is omitted here for simplicity. The 
inverse of discharge duration is the maximum C-rate, that is, the maximum rate at which 
a storage system can be discharged relative to its usable energy capacity. Response time 
describes the time between requesting and delivering nominal power output. It is a key 

Table 2.1 (Continued)
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parameter for storage systems providing short-term power system flexibility to immediate-
ly correct for diversions in crucial electrical system parameters.

Care must be taken when considering the energy capacity and power capacity of a storage 
system. Energy capacity can refer to the total physical capacity, or to the available capacity 
(also called usable or accessible capacity) which will be lower in systems which restrict depth 
of discharge to preserve lifetime. A ‘10 kWh system’ with 80% DoD could refer to 10 kWh 
total capacity and thus 8 kWh available, or to 10 kWh available and thus 12.5 kWh total. The 
latter system would be more expensive with all else held equal but would offer greater utili-
ty as it should be modelled as 10 kWh at 100% DoD, rather than 10 kWh at 80% DoD.

The power capacity of a storage system can be measured in terms of the power limit for 
charging or for discharging, and in terms of nominal or peak power throughput. This 
is not an issue for many systems, as they are sized with symmetrical input/output ca-
pacity and designed for steady-state operation. This adds complexity for electric vehicles 
though, as several definitions for their power capacity are possible, with no widely-held 
convention.

Taking the 2022 Nissan Leaf as an example,1 the battery can be charged at a maximum of 
46 kW but can supply the motors with a peak power of 110 kW. Given the battery’s  energy 
capacity is 40 kWh (39 kWh usable), this gives an energy/power ratio of either 0.85:1 or 
0.35:1. The car’s battery would be fully discharged within just 21 minutes if supplying the 
motor’s peak power constantly, but this does not reflect real-world usage. Real-world driv-
ing is intermittent and highly dependent on road conditions and driver behaviour. An es-
timate of the nominal power capacity comes from energy consumption statistics: driving 
constantly at highway speeds in cold weather (at –10°C) consumes an estimated 325 Wh 
per mile (20.2 kWh per 100 km), which equates to 23 kWh per hour (at 70 mph / 110 km/h). 
This is the most energy-intensive steady-state driving mode, and implies a 1.7:1 energy 
to power ratio (the battery would be fully discharged after 1.7 hours). Whether the ener-
gy-to-power ratio is modelled as 1.7, 0.85 or 0.35:1 has major implications for the  economic 
assessment of the storage system. A simplified ratio of 1:1 is chosen for further analysis of 
electric vehicles in this book.

2.1.2 Operational parameters

The second group can be labelled operational parameters because they describe the state 
of or define the efficiency of the storage system operation, or quantify the degradation pro-
cess and resulting lifetime metrics.

State of charge describes how ‘full’ the battery is relative to its usable energy capacity at 
any point in time. This is shown by our phones when we check how much charge is left. 
Round-trip efficiency describes the proportion of energy discharged relative to the en-
ergy required to charge. This metric may differ significantly across storage technologies. 
Self-discharge quantifies the spontaneous loss in usable energy of a storage system. It 
happens through unwanted electrochemical reactions (e.g. batteries) or mechanical re-
sistance (e.g. flywheels) and reduces the state of charge without any productive use of the 
discharged energy. In contrast to degradation, it does not affect energy capacity and is 
not permanent.
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2.2.1 Scope of costs

The energy storage product value chain consists of multiple upstream and downstream 
steps, each of which adds to the final product cost. Figure 2.1 and Table 2.2 describe this 
value chain for stationary energy storage systems. The upstream section lists the key com-
ponents required for a complete stationary storage system. The downstream section lists 
the steps required to fully install and operate the system.

KEY INSIGHT

The cost of energy storage technologies is assessed with the metrics of investment cost 
and lifetime cost. Investment cost usually makes up a major share of lifetime cost.

ATTENTION  Cycle life refers to full equivalent charge–discharge cycles. The energy 
discharged in these cycles is set by the usable energy capacity. In practice, storage 
systems operate flexibly and may not discharge the full amount in each cycle. However, 
cycle degradation can be approximated by the amount of energy that passes through a 
storage system. Thus, full equivalent charge–discharge cycles represent a common proxy 
for this energy throughput and form a common basis to determine/compare cycle life.

Degradation quantifies the rate of loss in usable energy capacity, which some storage 
technologies suffer from. It can be further specified into cycle degradation, that is, loss 
incurred through each charge–discharge cycle, or temporal degradation, that is, loss in-
curred by time lapse. Cycle life (see Attention box) and calendar life are determined by 
cycle and temporal degradation respectively and quantify lifetime of a storage technology 
in charge–discharge cycles or years. Both degradation effects can be additive. The end-of-
life threshold is reached when energy capacity has degraded to a pre-defined value and 
the storage system is taken out of service, for example 80%. Such a point-in-time value of 
nominal energy capacity is also called state of health.

2.2 Cost parameters
Cost parameters are essential for determining the financial attractiveness of energy stor-
age systems. The key metrics are investment cost and lifetime cost. Investment cost is an 
input to lifetime cost and usually makes up the major share of it. For investment cost, it is 
important to clearly define the scope and not mix up specific and total cost.

KEY INSIGHT

Quotations for investment cost may refer to different system scopes (e.g. single cell 
vs fully installed system).
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Figure 2.1 Product value chain for stationary energy storage systems. Shades of grey 
indicate upstream and downstream sections. Colours highlight the physical components 
that form part of a stationary storage system.

Materials
Cell / 
Single 
unit 

Pack / 
Many 
units

Upstream Downstream

Balance-of-system components

Power conversion system

Storage 
system 

integration

Project 
development

System 
operation & 

maintenance

System 
recycling/ 
disposal

System 
distribution & 

installation

Compo-
nents

Table 2.2 Description of energy storage product value chain steps with examples for 
stationary lithium-ion battery system.

Value chain step Description Examples

Materials Mining of raw materials and processing to 
manufacturing-grade materials

Spodumene ore
Lithium hydroxide

Components Manufacturing of subcomponents and 
assembly to components

Electrode powder
Coated electrodes

Storage unit(s)

Manufacturing/assembly of single and 
multiple units of energy storage technology; 
(can be characterized by energy capacity and/
or nominal power capacity)

Battery cell
Battery pack

Power conversion 
system

Manufacturing of products which ensure 
that the electricity delivered by the storage 
technology fulfils the requirements of the 
target application

Inverter/converter
Data management

Balance-of-system 
components

Manufacturing of products that are required 
for the operation of the storage technology

Container
Thermal control

Storage system 
integration

Integration of storage unit(s), power 
conversion system and balance-of-system 
components into a full storage system and 
tailoring to the target application

Turnkey stationary 
storage system

Project 
development

Identification and financial, technical, and 
regulatory assessment of opportunities for 
energy storage technology deployment

Land acquisition
Regulatory permits 
Financial studies

System distribution 
& installation

Technology distribution (e.g. through 
wholesalers for small systems), detailed 
engineering planning and installation at 
customer site

Engineering studies
Procurement
Installation

System operation & 
maintenance

Day-to-day operation, regular maintenance, 
and asset management for the storage system

Dispatch schedule
Financial statements

System recycling & 
disposal

Collection and disassembly of storage systems
Recycling or disposal of used materials

Recycled metals for 
electrode powder
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Figure 2.2 Exemplary lithium-ion stationary storage system split into system scope, 
components, and indicative cost contributions. Energy storage material costs are included 
in the cell and pack components (see Figure 2.1).

System scope Component Cs ost 

share

CE Cell • Electrodes

• Electrolyte

• Electrical contacts ~35%

PA Pack • Cell connectors

• Housing

• Battery mgmt. 
system (“BMS”)

~15%

BOS Balance-of-
system

• Container

• Monitors, controls

• Thermal control

• Fire suppression

~10%

PCS Power 
conversion

• Inverter/converter

• Data management

• Energy mgmt. 
system (“EMS”)

~10%

SI System 
integration

• Assembly of 
components

• Tailoring to 
application

~5%

PD Project 
development

• Land acquisition

• Permits

• Financial and 
technical studies

~10%

D&I Distribution & 
Installation

• Engineering

• Procurement

• Construction

• Commissioning

~15%

PCSBOSPACE

(Physical) Storage system

The upstream value chain shows that the physical energy storage system consists of mul-
tiple system scopes. Figure 2.2 visualizes the key scopes and lists the respective compo-
nents and cost shares for stationary lithium-ion systems as an example. This highlights how 
quotations for investment cost may differ in terms of components included. For lithium-ion 
systems the cost of the cell could be quoted (~35% of total cost) or the cost of the fully 
installed stationary system (100% of total cost). Stakeholders should be aware of the dif-
ferent components to avoid comparing apples to oranges. For example,  lithium-ion pack 
prices recently crossed the 150 USD/kWh threshold.3 However, that does not mean that 
solar-plus-storage systems can already provide cost-effective baseload power as suggested 
at this price point.2 This is because the pack level only makes up ~50% of the cost of fully 
installed stationary lithium-ion systems, which still cost over 300 USD/kWh in 2020.4 It is also 
important to note that distribution and installation cost and project development cost are 
both highly location dependent and may vary significantly between projects.

2.2.2 Specific vs total cost

Another misconception associated with energy storage cost parameters is the difference 
between specific and total investment costs. Specific investment cost describes either:

 ●  Specific power cost: the cost of components that enable the charging and discharging 
of energy (e.g. inverters, turbines), or

 ●  Specific energy cost: the cost of components that enable the storage of energy (e.g. 
battery cells, water reservoirs).

These costs can also be called marginal power or energy costs because they describe the 
cost required to add an additional unit of power capacity or energy capacity.

Total investment cost refers to the cost of the entire storage system, including all compo-
nents. This is obtained by multiplying the specific power cost by the nominal power capacity 
and adding the specific energy cost multiplied by the energy capacity.
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While total investment cost is used to describe the all-in cost of an energy storage system, 
specific investment cost may be used to highlight the cost-effectiveness of adding addition-
al power capacity or energy capacity. In fact, the ratio between specific power and specific 
energy investment cost indicates whether storage technologies are more cost effective in 
short-duration or long-duration applications. This is because total cost will scale differently 
with increasing discharge duration due to this ratio.

Figure 2.4 compares four energy storage technologies with different ratios of specific pow-
er and energy cost. While the specific power cost for pumped hydro is highest, its specific 

To complicate matters further, the total investment cost can be specified relative to the total 
power capacity or energy capacity of an energy storage system (dividing by those capaci-
ties). This is where confusion can occur because then the units for total and specific cost are 
the same (USD/kW or USD/kWh).

Figure 2.3 shows the difference between specific and total investment costs with a simple 
example. Stakeholders may advertise the cost of the displayed energy storage system at 
1 USD/kWh, but this only refers to the specific cost of adding an additional unit of energy 
capacity. In reality, the average cost of the total system is 10 USD/kWh.

KEY INSIGHT

Specific investment cost gives the cost of adding an additional unit of power capacity 
or energy capacity. Total investment cost includes the cost for both power capacity 
and energy capacity.

Figure 2.3 Schematic with sample values for (a) specific investment cost and (b) total 
investment cost for the same energy storage system consisting of components to deliver/
consume power (water turbine) and to store energy (water reservoir).

Total cost: Investment cost for power capacity 

and energy capacity
Specific power cost: 

Investment cost for 
power capacity

USD

kW
= 90

Specific energy cost: 

Investment cost for 
energy capacity

Power: 1 kW

Specific investment cost Total investment cost

Water turbine Water reservoir Water turbine Water reservoir

Energy: 10 kWh Power: 1 kW Energy: 10 kWh

= 

Average power cost

USD

kWh
= 1

= 1 kW · 90

= 100

= 10

=

= 100 USD
USD

100 USD

1 kW

100 USD

10 kWh

USD
kW

USD
kWh

kW
+ 10 kWh · 1

USD

kWh

Average energy cost

(b)(a)
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2.2.3 Lifetime cost

Investment cost alone cannot determine the commercial viability of energy storage tech-
nologies or their competitiveness against each other. A comprehensive assessment must 
consider lifetime cost. This accounts for all costs incurred during the lifetime of a technology 

KEY INSIGHT

For long discharge durations, technologies with low specific energy cost have lowest 
total cost (even with high specific power cost). For short discharge durations, low 
specific power cost (even with high specific energy cost) will give lowest total cost.

energy cost is lowest. For supercapacitors it is the opposite. As a result of the illustrative 
input values, supercapacitors are cheapest at discharge durations below ~0.25 hours (15 
minutes). Pumped hydro plants are cheapest above 10 hours. The more balanced ratio of 
specific power and energy investment cost of lithium-ion and flow batteries make those 
technologies most cost efficient at 0.25–2 and 2–10 hours respectively.

Figure 2.4 Comparison of (a) specific cost to (b) total cost in terms of power capacity and 
(c) energy capacity for four exemplary energy storage technologies. Cost assumptions are 
for illustrative purposes only.
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Levelized cost of storage (LCOS) quantifies the overall cost per unit of discharged electricity 
for a storage technology serving a specific application. It takes all costs incurred during 
the lifetime and divides them by the cumulative delivered electricity.5–7 This metric could be 
used when assessing which technology is more competitive in wholesale energy market 
arbitrage, for example.

Annuitized capacity cost (ACC) divides all costs incurred during the lifetime of a storage sys-
tem by its power capacity and lifetime (USD/kW-year). This is useful for applications that 
value the provision of power instead of energy like frequency regulation.

as well as the technology’s performance parameters. A comparative example is car owner-
ship. While purchase costs (or investment costs) make up a large proportion of the overall 
economics, repair costs and refuelling costs (or operational costs) are decisive as well. Thus, 
comparison should not be based on purchase price alone but the cost per km driven over 
the lifetime of the car.

Lifetime cost assessment is particularly relevant for energy storage due to the diversity of 
technologies, all with different cost and performance characteristics, and the wide range of 
applications, all with different requirements. Using the car example again, different models 
will be cost optimal for city, long-distance, or off-road usage.

KEY INSIGHT

Application-specific lifetime cost accounts for all cost and performance parameters 
relevant throughout the lifetime of the technology.

LCOS   USD
MWh

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥ ACC   USD

kWyear

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

=
Lifetime cost  incurred

Lifetime energy  discharged
=

Lifetime cost  incurred
Lifetime power

=
Investment+O&M+Charging+End  of  life

Energy  capacity × Cycles p.a. × Lifetime
=

Investment+O&M+Charging+End  of  life
Power  capacity ⋅ Lifetime

KEY INSIGHT

The key metrics for lifetime cost are levelized cost of storage (LCOS) for applications 
that value the provision of energy, and annuitized capacity cost (ACC) for 
applications that value the provision of power.

Table 2.3 describes the key cost parameters of energy storage technologies, all of which are 
considered in lifetime cost assessments.
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Lifetime energy discharged accounts for the key performance parameters like nominal en-
ergy storage capacity, depth of discharge, self-discharge, degradation, and lifetime in years. 
In addition it accounts for the number of annual charge–discharge cycles, which is given by 
the respective application.

Table 2.3 Cost parameters of energy storage technologies with example values 
for lithium-ion battery systems.

Parameter Symbol Description Unit Example

Investment 
cost (specific)

Ce, inv  
Cp, inv

Cost to add energy capacity and 
power capacity respectively. This 
should cover all cost components 
required to set up the storage 
system for a specific application.

USD/kWh
USD/kW

300
250

Construction 
time Tcon

Time to construct a storage 
system from breaking ground to 
completion.

years 1

Replacement 
cost

Ce, rep  
Cp, rep

Cost to replace major technology 
components not accounted for 
in O&M (e.g. inverter). Also called 
augmentation cost.

USD/kWh
USD/kW n/a

Replacement 
interval Cycrep

Time interval for replacement of 
major technology components. cycles n/a

O&M cost Ce, om  
Cp, om

Cost to operate (e.g. on-site staff), 
insure (e.g. fire, damage, theft), 
and periodically service technology 
components (e.g. servicing 
mechanical parts, scheduled 
inspections, minor replacements). 
These costs can be incurred per 
unit of electricity discharged (USD/
MWh) or scale with the power 
capacity (USD/kW-year).

USD/MWhel
USD/kW-year

0.4
5

Charging cost Pel

Cost to charge a storage system 
with energy. It accounts for the 
amount of electricity charged and 
its price. It is a type of operating 
cost but treated separately due to 
its quantitative significance, like 
fuel costs are for vehicles.

USD/MWhel 50

End-of-life 
cost

Ce, eol  
Cp, eol

Cost to dispose technology at 
its end of life. Can be negative if 
technology still has value (e.g. raw 
materials like copper, individual 
components like inverters, or 
repurposing the system for a 
‘second life’ application).

USD/kWh
USD/kW

0
20

(Continued)
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Parameter Symbol Description Unit Example

Discount rate r

Rate to discount future cost or 
revenues. It can be based on the 
weighted cost of capital (debt and 
equity) and thereby reflect the 
return requirement or ‘hurdle rate’ 
of companies. Nominal discount 
rates also account for inflation.

% 8%

FREQUENTLY ASKED QUESTION

Why do you account for replacement or augmentation cost separately and 
not include them in Operation and Maintenance (O&M) cost?
Replacement cost can be quite significant and occur at a specific point in time (e.g. 
40% of original investment after 10 years). In that case, it may be more accurate to 
model these costs explicitly rather than within time-averaged O&M cost.

Lifetime power is the product of power capacity and lifetime of the system. Depending on 
whether lifetime is given in years, weeks, or hours, the result for capacity cost is USD/kW-
year, USD/kW-week, or USD/kW-hour. When given in years, it is defined as annuitized capac-
ity cost (ACC).

ATTENTION  Investment cost should include all energy-related (e.g. battery pack) 
and power-related (e.g. inverter) components and EPC costs (e.g. installation). A 
common system boundary for stationary storage is all components ‘up  
to the transformer’. This ensures comparability of energy storage system cost quotes.

The key issues to consider when including the relevant cost and performance parameters in 
lifetime cost assessments are outlined in Figure 2.5 (for LCOS calculation). These considera-
tions highlight how the respective application affects storage lifetime cost. Required power 
capacity and energy capacity as well as response time influence investment cost. Annual 
cycle requirements determine degradation speed and lifetime. Applicable power prices de-
termine the charging cost.

ATTENTION  When considering a project with a specific remuneration period, for 
example a Power Purchase Agreement, often the duration of that period is considered 
as lifetime. That is because any revenues following that period are uncertain.

Table 2.3 (Continued)
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The concept of levelized cost of storage is analogous to levelized cost of energy (LCOE) for 
energy generation technologies. For LCOE, the denominator would be the energy generat-
ed during the lifetime of the technology. The numerator would include fuel and carbon cost 
instead of charging cost. Similarly, annuitized capacity cost can be determined for energy 
storage and energy generation technologies.

However, the lifetime cost methodology is more complex for energy storage than for energy 
generation technologies. While generation technologies ‘only’ deliver energy, storage technol-
ogies consume and store energy, in addition to delivering it. This adds complexity to consider 
parameters like round-trip efficiency, self-discharge, or usable energy storage capacity.

As with LCOE, the incurred lifetime cost as well as the lifetime energy discharged (or pow-
er provided for ACC) are discounted over time. While intuitive for the cost components, it 
may seem counterintuitive to discount energy discharged or power provided. However, it 
is required so that LCOS and ACC correctly identify the minimum revenue requirement for 
a profitable project. The lifetime cost represents a net present value (NPV) of zero, so LCOS 
and ACC represent the minimum revenue requirement for a project to be economically via-
ble. As such, the energy discharged/power provided are representative for any future reve-
nues and must be discounted.

Figure 2.5 Key considerations when including parameters in lifetime cost assessments 
using the example of levelized cost of storage (LCOS).
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ATTENTION  Because lifetime cost represents the revenue requirement for a project 
to have a net present value of zero, both the incurred costs and the discharged energy/
power capacity must be discounted over the lifetime. This is because energy/power 
provide revenues in the future, which are worth less in today's money.



Chapter 2  Energy storage toolkit: Separating the wheat from the chaff30

FREQUENTLY ASKED QUESTION

Why do you need to discount energy discharged or power provided?
It might at first seem counterintuitive to discount a physical metric like energy 
or power. This is not suggesting that a MWh of stored energy will degrade to 0.9 
MWh after a year, as it is not the physical energy which matters, but rather the 
financial value of that energy when it is sold. The revenue from selling a MWh of 
stored energy next year may only be worth the revenue from selling 0.9 MWh 
today. These revenues from energy sales should be discounted just as the costs of 
operating the system, so that the resulting levelized cost represents the revenue 
requirement for achieving a project NPV of zero.

Please find below the derivation of the LCOS formula, which highlights this point:

NPV = 0 NPV: Net present value

NPV  of  cost = NPV  of  remuneration

cost n( )
1+ r( )

n
n

N

å =
remuneration n( )

1+ r( )
n

n

N

å n: year, r: discount rate, N: lifetime in years
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n
n

N
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E
out
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n
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taken out of the sum
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cost n( )
1+ r( )
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Cost and Eout need to be discounted

Inflation should also be accounted for by determining a nominal discount rate. In case only 
a real discount rate is given (i.e. not including inflation), it can be converted into a nominal 
discount rate with the following formula:8

 
r
nominal

= 1+ r
real( )⋅ 1+ inflation rate( )⎡

⎣⎢
⎤
⎦⎥ −1
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3  Technologies and 
applications  
Entering the maze

K E Y  I N S I G H T W H AT  I T  M E A N S

Energy storage technologies are categorized by  
the form in which energy is stored: chemical, thermal, 
mechanical, electrical, or the type of conversion 
reaction that takes place: electrochemical.

These categories shape the technical 
characteristics of energy storage 
technologies. Those from the same 
category often have common features 
and suitability for use cases.

Chemical storage is suited to large energy  
capacities and long discharge durations. Thermal, 
mechanical, and electrochemical storage are 
suitable for medium energy capacities and short to 
long durations. Electrical storage is best suited to 
small energy capacities and short durations.

The category of an electricity storage 
technology can already indiciate its 
suitability to specific use cases. A key 
driver is specific energy investment 
cost, which depends on the materials 
required for storing energy.

Almost all stationary electricity storage is either 
pumped hydro or lithium ion. These made up 89% 
and 10% of global capacity in 2020. Both are also 
growing rapidly, by at least 5 GW per year.

Both technologies dominate stationary 
electricity storage applications in the 
2020s. The market share of lithium ion 
will further increase in future.

Energy storage is a competitive industry with no 
structural drivers for monopolies to form. The 
number of active players in each step of the value 
chain depends on the technology's market size.

The energy storage industry is 
structurally similar to the wider energy 
industry. Many new players  
will enter the market as it grows.

There are 23 unique electricity storage  
applications that create economic value through 
increasing power quality, power reliability, asset 
utilization, or arbitrage at different locations in the 
power system. When focusing on discharge duration 
and annual cycle frequency requirements alone, 
these can be reduced to 13 archetype applications.

A wide range of electricity storage 
applications can be monetized. 
Lifetime cost must be determined 
specifically for each, since this 
depends on the suitability of a 
technology’s cost and performance to 
the application’s requirements.

Electricity storage deployment can be clustered into 
four phases. These are characterized by the share of 
low-carbon power generation in a given market, and 
influence the required storage discharge duration. 
Archetype applications are frequency regulation 
in phase 1, peaking capacity in 2, renewables 
integration in 3, and seasonal storage in 4.

This conceptual categorization can 
help to assess which applications 
become relevant in different markets 
over time. It also allows market size to 
be quantified from decarbonization 
progress. Phase 3 is the ‘holy grail’ for 
storage deployment potential.
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3.1 Energy storage categories
Energy storage is commonly classified into five categories: chemical, thermal, mechanical, 
electrical, and electrochemical (see Figure 3.1). The first four categories refer to the form 
in which energy is stored. Electrochemical is a separate category that is used to classify the 
wide range of battery technologies and refers to the type of reaction on which they are 
based. Within each of those categories there is a range of concepts that utilize the respec-
tive energy forms or reactions to store energy. Almost all energy storage technologies are 
based on one of these concepts.

KEY INSIGHT

Energy storage technologies are categorized by the form in which energy is stored: 
chemical, thermal, mechanical, electrical; or the type of conversion reaction that takes 
place: electrochemical.

Technologies within the chemical category store energy in the form of chemical bonds. 
These chemical bonds are multi-purpose energy carriers that can be converted to electricity 
or used in other energy sectors, such as transport, heating, or as feedstock in  industry.1 They 
can occur naturally as fossil fuels or be produced synthetically with electricity. The concepts 
refer to the chemical that is produced. The production of hydrogen gas from electricity and 

Figure 3.1 The five categories of energy storage with respective energy storage concepts. 
Coloured shapes show categories. Bullet points name concepts that utilize each energy 
form or reaction. Chemical, Thermal, Mechanical, and Electrical refer to the form of energy 
that is stored. Electrochemical refers to the type of reaction that takes place in battery 
technologies.
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water through electrolysis is the key enabler of all electricity storage concepts that convert 
the electrical input energy into chemical energy, as can be seen in Figure 3.2.  Hydrogen can 
be processed to ammonia by the addition of nitrogen, hydrocarbons by adding carbon diox-
ide (e.g. methane, kerosene) or alcohols, also with carbon dioxide (e.g. methanol, ethanol). 
These chemical compounds have higher volumetric energy density than hydrogen, making 
them easier to store and transport. The amount of chemical energy stored is given by the 
heating value of the respective chemical compounds.

Technologies within the thermal category store energy as heat. Electricity may be used 
to generate the heat that is stored. The heat can be removed later and used directly or 
re-converted to electricity. There are three concepts to store thermal energy: sensible 
heat, latent heat, and thermochemical heat.2 Sensible heat is the thermal energy asso-
ciated with heating or cooling of a material without changing its physical state. Latent 
heat is the energy associated with the phase change of a material between the solid, 
liquid, and gaseous states. Thermochemical heat is associated with a reversible chemical 
reaction or sorption process that releases or consumes large amounts of thermal ener-
gy.2,3 Figure 3.3 depicts the concepts and shows the formulas to quantify the amount of 
thermal energy stored.

Mechanical energy is a collective term for gravitational, elastic, and motion energy. The 
respective concepts that utilize these forms of energy storage are gravitation, compres-
sion, and linear or rotational motion. Figure 3.4 depicts them graphically and displays the 
formulas to quantify the mechanical energy stored. Pumps, turbines, and electric motors/ 
generators are the machines that convert electrical into mechanical energy and vice versa 
for the respective electricity storage technologies.

Electric energy can also be stored directly using the concepts of capacitance or inductance. 
Capacitance separates positive and negative charges on two conductive plates. The energy 
is stored in the electric field between them. Inductance uses the magnetic field generated 

Figure 3.2 Schematic of electricity storage through conversion of electricity into chemical 
energy. The amount of energy stored is given by the heating value of the respective 
chemical compounds.
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Figure 3.3 Schematics of three concepts of thermal energy storage: (a) sensible heat,  
(b) latent heat, and (c) thermochemical heat, including formulas to calculate the amount of 
thermal energy stored.
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Figure 3.4 Schematics of the different mechanical energy storage concepts:  
(a) gravitation, (b) compression, (c) linear motion, and (d) rotational motion, including 
formulas to calculate the amount of mechanical energy stored.
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Figure 3.5 Schematics of electrical energy storage through (a) capacitance and (b) 
inductance, including formulas to calculate the amount of electrical energy stored.
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by an electric current flowing through a superconducting coil to keep it flowing until need-
ed.2 Figure 3.5 shows sketches of both concepts and the respective formulas to calculate 
the amount of electrical energy stored.

The final category classifies battery technologies based on the electrochemical reactions 
that take place within them. Energy is stored as the electrochemical potential between two 
materials that could react to form a new one. The net chemical energy of forming the new 
material (Gibbs free energy) is balanced by the electrostatic energy between the two sep-
arated materials.2 The dominant concepts are sealed and flow batteries. In sealed batter-
ies, electrodes constitute the active material separated by an ion-conducting electrolyte. All 
components are in a confined battery cell. In flow batteries, the active material is not the 
electrode itself but two liquid electrolytes that can be circulated and stored outside of the 
system.4 Figure 3.6 shows both concepts with the examples of lithium-iodine (sealed) and 
vanadium flow batteries.

In panel a), lithium (Li) and iodine (I2) electrodes are separated by an electrolyte. Both mate-
rials naturally want to react to form lithium iodine (LiI). The net chemical energy of that re-
action is directly converted into electrical energy during discharge in the form of electrons 
that travel through the closed connector from the lithium anode (i.e. releasing electrons 
during discharge) to the iodine cathode (i.e. consuming electrons during discharge). This 
enables iodine ions to move to the lithium anode through the electrolyte where lithium 
iodine is formed.

In panel b), a similar electrochemical process takes place with ions of vanadium pentox-
ide. The difference is that the vanadium pentoxide electrolyte is the active material. It is 
liquid and can be pumped to the electrodes for the electrochemical reactions to take place, 
thus the system is not confined. Electrolyte tanks and electrode cell can be scaled fully 
independently.
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Electrochemical technologies are further classified as primary or secondary batteries. In 
primary batteries, the electrochemical reaction cannot be reversed, so they are not re-
chargeable. In secondary batteries, applying an external potential that is higher than the 
battery’s potential reverses the electron flow. This restores the battery’s initial electrochem-
ical potential, enabling it to be fully recharged.

3.2 Energy storage technologies
This section introduces the most widely deployed stationary electricity storage technolo-
gies. These technologies have a fixed location to support power system flexibility by con-
suming electricity and discharging it at a later point in time. All these technologies rely on 
the energy storage categories and concepts outlined in the previous section. The technol-
ogies covered are:

 ●  Pumped hydro
 ●  Adiabatic compressed air
 ●  Flywheel
 ●  Lead-acid battery
 ●  Lithium-ion battery
 ●  Sodium-sulphur battery

 ●  Vanadium redox-flow battery
 ●  Supercapacitor
 ●  Hydrogen

Figure 3.6 Schematics of (a) a primary lithium-iodine battery cell and (b) a secondary 
vanadium redox-flow battery, including formulas to calculate the amount of electrical 
energy stored.
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3.2.1 Pumped hydro

A pumped hydro energy storage system (PHES) relies on gravitational energy using the 
difference in height between two water reservoirs to store energy (Figure 3.7). During pe-
riods when electricity demand is low, electricity is used to pump water from the lower res-
ervoir to the higher one. During periods of high demand this water is released through the 
pumps now acting as turbines to generate electricity. Systems can operate using reversible 
pump turbines or separate turbines and pumps.5–7 The size of the reservoirs determines the 
charge/discharge duration.

Pumped hydro is the most widely deployed stationary storage technology with 158 GW 
installed in 20208. This is ~90% of the installed stationary storage capacity globally. The first 
PHES plant was built in Switzerland in 1907. Significant deployment started in the 1960s in 
line with nuclear power plant deployment to charge with low-cost nuclear electricity over-
night and discharge during peak demand mid-day. With deployments of ~5 GW each year, 
pumped hydro is still one of the fastest growing stationary storage technologies.9

Figure 3.7 Schematic of a pumped hydro energy storage plant.
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Category Mechanical energy storage—Gravitation

Status Commercial stage—most widely deployed stationary storage technology 
with 158 GW installed by 2020

Application

PHES is used for various stationary storage applications. Two prominent 
examples are
• Peak capacity: Deliver electricity during peak demand periods
• Energy arbitrage: Consume electricity during low-price periods and 

provide during high-price periods

Variations

Variations of this technology are based on the type of turbines used (e.g. 
Francis, Kaplan, Pelton), and whether they operate at fixed or variable 
rotational speeds. Pumped hydro storage can be realized through 
dedicated plants with two reservoirs using fresh or sea water, or a pump-
back functionality in traditional hydropower plants.

Formula

E
PHES
=VρgHη

E: Nominal energy capacity* [ J] V: Reservoir volume [m3]
ρ: Fluid density [kg/m3] g: Gravity acceleration [m/s2]
H: Head height in metres [m] η: Component efficiency [%]

Advantages

+ Technical maturity (~160 GW deployed)
+ Low specific energy capacity cost (< 50 USD/kWh)
+ Independent sizing of energy capacity and power capacity
+ High round-trip efficiency (> 80%)
+ Long lifetime (> 30,000 cycles)

Disadvantages

- Need for suitable geographical conditions
- Long lead-time to build (multiple years)
- Low energy density, thus large footprint (< 2 kWh/m3)
-  Potential negative environmental and social impacts through creation 

of water reservoirs
-  Economical only at large scale (> multiple hundred MW) and long 

discharge duration (> 4 hours)

Sample players 
(turbine supplier)

• VOITH (Germany)
• Andritz (Austria)

• General Electric (US)
• Hinac (China)

Innovation focus • Reservoir selection: Underground structures or open sea
• Fluids: Higher density fluids

* To convert from joules ( J) to kilowatt hours (kWh), divide by 3,600,000.
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3.2.2 Adiabatic compressed air

Adiabatic compressed air energy storage plants (A-CAES) compress and store air either 
using geological underground voids or purpose-made tanks (Figure 3.8). They rely on the 
internal kinetic energy within a compressed gas relative to ambient conditions. When elec-
tricity is available, air is compressed and stored underground or in a tank. When electricity 
is needed, the air is expanded to ambient pressure, driving a turbine. Since gases heat up 
during compression and cool down during expansion, adiabatic A-CAES plants store the 
generated heat from the compressor and provide it later to the turbine in the expansion 
stage.10 This additional thermal storage is needed for round-trip efficiencies > 70%. In dia-
batic CAES plants, the generated heat is lost and natural gas is burned to generate heat at 
the expansion stage, resulting in round-trip efficiencies < 50%.

The only two large-scale CAES plants are diabatic, one in Germany from 1978 and one in the 
US from 1991, with a total of 400 MW power capacity. Therefore, the cost and performance 
data used in the analyses in this book refer to diabatic CAES plants. A 2 MW commercial 
adiabatic CAES plant has been operational in Canada since 2019 with larger ones at devel-
opment stage.11 However, many recently announced large-scale CAES projects have been 
cancelled.12

Figure 3.8 Schematic of an adiabatic CAES plant.
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Category Mechanical energy storage—Compression

Status Commercial stage—400 MW deployed

Application

Low specific energy investment cost make CAES suited for long-duration 
energy storage applications, for example:
• Renewable integration: Storing large amounts of excess renewable 

electricity supply to be used at a later time
• Seasonal storage: Balancing longer-term supply disruption or seasonal 

variability in supply and demand

Variations

Technology variations are diabatic and isothermal CAES plants. Diabatic 
plants require fuel to heat the gas during expansion, which significantly 
decreases round-trip efficiency.5 Isothermal CAES plants compress 
and expand the gas at constant temperature, for example through the 
parallel injection of a liquid.13

Formula

E
CAES
= p

2
V
2
ln

p
1

p
2

⎛

⎝

⎜⎜⎜⎜⎜

⎞

⎠

⎟⎟⎟⎟⎟⎟
+ p

2
−p

1( )V2η

E: Nominal energy capacity* [ J] p1: Ambient pressure [N/m2]
p2: Pressure of compressed gas [N/m2] V1: Volume at ambient state [m3]
V2: Volume of compressed gas [m3] η: Component efficiency [%]

Advantages

+ Low specific energy capacity cost (< 50 USD/kWh)
+ Independent sizing of energy capacity and power capacity
+ Long lifetime (> 15,000 cycles)
+ Modular and location independent when using storage tanks

Disadvantages

-  Cost-efficient underground CAES plants are geographically limited by 
the availability of caverns

-  Diabatic plants have low round-trip efficiency (< 50%) and require fuel 
for discharge

- Low energy density (~4 kWh/m3)
-  Only economic at large scale (> multiple hundred MW) and long 

discharge duration (> 4 hours)

Sample players  
(project 
developer)

• Hydrostor (Canada)
• RWE (Germany)
• APEX CAES (US)

Innovation focus
• Adiabatic: Efficient heat store and process integration
• Isothermal: Process implementation
• Storage reservoir: Carbon fibre cylinders for overground storage

* To convert from joules ( J) to kilowatt hours (kWh), divide by 3,600,000.
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3.2.3 Flywheel

Flywheel energy storage makes use of the mechanical inertia contained within a rotating 
mass. To charge, electricity is used in an electric motor to spin the flywheel (Figure 3.9). The 
process is reversed when electricity is needed, with the motor that accelerated the flywheel 
acting as a generator extracting energy from the rotating flywheel to discharge. To reduce 
friction losses, it is common to place flywheels inside a vacuum with magnetic levitation.5-7

Flywheels are widely deployed in transport applications (e.g. regenerative braking and ac-
celeration for trains). For stationary applications they are still relatively niche with < 100 MW 
deployed. Nonetheless, the technology is mature with multiple companies offering station-
ary systems for short-term power flexibility services. Deployment is still hindered by the 
relatively high cost compared to other energy storage technologies.

Figure 3.9 Schematic of a flywheel for stationary energy storage.
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Category Mechanical energy storage—Rotational motion

Status Commercial stage—widely deployed in transport, but less than 100 MW 
for stationary applications

Application

Fast response and long cycle life make flywheels suitable for 
regenerative braking and acceleration in the transport sector (e.g. trains) 
and high frequency applications in the stationary sector, such as
• Frequency regulation: Automatically correct the continuous changes in 

supply or demand that distort the grid frequency

Variations
Variations of the technology refer to the material used as the spinning 
mass (e.g. steel, aluminium, carbon fibre) and whether it rotates at high 
(> 10,000 rpm) or low speed (< 10,000 rpm).

Formula

E
Flywheel

=
1
2
Iω2η= 1

2
K
m
mr2( ) 2πRPS( )

2
 η= K

m
m
σ
max

ρ
η

E: Nominal energy capacity* [ J]  I: Moment of inertia [kg m2]
ω: Angular velocity [1/s]  η: Component efficiency [%]
m: Rotor mass [kg]  Km: Shape factor of rotating mass [-]
r: Radius of mass [m]  RPS: Rotations per second [1/s]
σmax: Maximum stress [N/m2]  ρ: Mass density [kg/m3]

Advantages

+ High round-trip efficiency (~90%)
+ Rapid response time (< 1 second)
+ Very long lifetime (> 100,000 cycles)
+ High power density (1,000–5,000 kW/m3)
+ Modular capacity sizing (kW–MW size)

Disadvantages

- Low energy density (~50 kWh/m3)
- High specific energy capacity cost (> 1,000 USD/kWh)
- High self-discharge (up to 20% per idle hour)
-  Complex engineering to minimize losses and contain the spinning 

mass in case of a failure

Sample players 
(flywheel supplier)

• Beacon Power (US) 
• Amber Kinetics (US) 

• Stornetic (Germany)
• Piller (UK)

Innovation focus

• Materials: High stress resistance for higher rotational speeds
• Bearings: More robust bearings for lower operation and maintenance 

(O&M) cost
• Mass: Higher rotor mass for higher energy-to-power ratio

* To convert from joules ( J) to kilowatt hours (kWh), divide by 3,600,000.
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3.2.4 Lead-acid battery

Lead-acid battery cells have an anode of elemental lead (Pb) in sponge-like form and a cath-
ode of powdered lead dioxide (PbO2) in a grid (Figure 3.10). During discharge, the aqueous 
sulphuric acid electrolyte (H2SO4) is converted to water (H2O), while each electrode turns to 
lead sulphate (PbSO4). When recharging by applying an external voltage, lead sulphate is 
converted back to sulphuric acid, leaving the layers of lead dioxide on the cathode and pure 
lead on the anode.2

Lead-acid batteries are the oldest and most widely deployed electricity storage technology. 
First commercialized around 1880, they are widespread as engine starter batteries for cars. 
In stationary applications, they are used for back-up power (e.g. hospitals) and power sup-
ply in remote locations (e.g. telecom towers).

Figure 3.10 Schematic of a lead-acid battery module.
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Category Electrochemical energy storage—Sealed battery

Status
Commercial stage—widely deployed with overall annual demand at ~415 
GWh per year14 (corresponds to ~3,300 GW assuming typical 1:8 energy-
to-power ratio for car engine starter batteries)

Application

In transport applications, lead-acid batteries are mostly used as engine 
starter batteries for internal combustion engine vehicles. In stationary 
applications, relatively low cost and limited cycle life make lead-acid 
batteries well suited for
• Backup power: Fill rare, unexpected, sustained gap between supply 

and demand (e.g. hospitals or data centres)

Variations

Variations of the technology refer to the electrolyte, which can be a 
liquid mixture of water and sulphuric acid (i.e. flooded), a gel, or an 
acid-saturated fibreglass mat (i.e. sealed). While some systems are 
designed for shallow depth-of-discharge operation, others tolerate deep 
discharge cycles.

Formula

Half cell reactions (discharge):
Anode: Pb + HSO4

– → PbSO4 + H+ + 2e–

Cathode: PbO2 + 3H+ + HSO4
– + 2e–→PbSO4 + 2 H2O

Overall reaction (discharge):
Pb + PbO2 + 2 H2SO4 → 2 PbSO4 + 2 H2O (Voltage: 2.1 V)

Advantages

+ High technical maturity (commercial since ~1880)
+ Relatively low cost for battery pack (< 200 USD/kWh)
+ Capable of high discharge rates
+ Wide range of sizes and specifications available

Disadvantages
 
 

- Low energy density vs other batteries (~70 kWh/m3)
- Low depth of discharge for standard systems (30–50%)
- Contain toxic materials (lead)
- Limited lifetime (< 1,000 cycles)

Sample players 
(battery supplier)

• Trojan (Germany)
• EnerSys (US)

• Exide (US)
• GS Yuasa ( Japan)

Innovation focus

• Electrodes: Addition of carbon for deeper discharge and longer cycle 
life

• System set-up: Pairing with supercapacitors to enable longer cycle life 
at high discharge rates
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3.2.5 Lithium-ion battery

In state-of-the-art lithium-ion batteries, the cathode is made of a lithium metal oxide (e.g. 
LiMO2) and the anode is made of graphitic carbon (C6). Lithium ions (Li+) move from anode to 
cathode when discharging and back when charging (Figure 3.11). In its charged state, the 
carbon anode has lithium intercalated between the carbon layers (LiC6). The electrolyte is a 
non-aqueous organic liquid containing dissolved lithium salts, such as lithium hexafluoro-
phosphate (LiPF6) in ethylene carbonate.15,16 Lithium ion is a family of technologies with mul-
tiple chemistry variations.

Lithium-ion batteries were developed in the 1990s for consumer electronics. Resulting cost 
reductions and modular sizing made them suitable for electric vehicles (EVs), which led to 
further cost reductions. As a result, they became attractive for stationary use for short-term 
power flexibility as well. Further cost reduction potential makes them a promising technolo-
gy to integrate renewable electricity.

Figure 3.11 Schematic of a lithium-ion battery cell with lithium manganese oxide (LMO or 
LiMO2) cathode and pure graphite anode.
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Category Electrochemical energy storage—Sealed battery

Status Commercial stage—widely deployed with annual demand of ~500 GWh 
in 2020 and projection to increase to > 3,000 GWh by 2030.

Application

Widespread in consumer electronics, EVs, and stationary storage. In 
stationary storage, they are used for (among others)
• Frequency response: Automatically stabilize frequency after 

unexpected, rare change in supply or demand
• Self-consumption: Increase self-consumption of energy produced by 

non-dispatchable distributed generation

Variations

• Variations are based on electrode chemistry/structure and design
• Cathode chemistry: lithium cobalt oxide (LCO), lithium manganese 

oxide (LMO), nickel manganese cobalt (NMC), nickel cobalt aluminium 
(NCA), lithium iron phosphate (LFP)

• Anode chemistry: pure Graphite, Graphite-silicon mix, lithium titanite 
oxide (LTO)

• Electrode structure: layered, olivine, spinel
• Cell design: cylindrical, prismatic, laminate/ pouch

Formula

Half-cell reactions (example for LMO cathode, discharge):
Anode: LiC6 → C6 + Li+ + e–

Cathode: MO2 + Li+ + e– → LiMO2
Overall reaction (discharge):
LiC6 + MO2 → C6 + LiMO2 (Voltage: 3.2–3.8 V)

Advantages

+ High energy/power densities (6,000 kW/m3, 450 kWh/m3)
+ High round-trip efficiency (~85%)
+ Modular sizing
+ Fast response time (< 1 second)
+ Strong cost-reduction potential due to several large markets

Disadvantages

- Limited cycle life (~3,500 at 80% depth of discharge)
- Degradation throughout operational lifetime
- Safety risks through thermal runaway
- Potential resource scarcity (e.g. Lithium, Nickel, Cobalt)

Sample players 
(battery cell/pack 
supplier)

• LG Chem (South Korea)
• Panasonic ( Japan)
• Samsung (South Korea)

• CATL (China)
• BYD (China)
• Northvolt (Sweden)

Innovation focus

• Electrolyte: Solid material for higher energy density and cycle life
• Anode: Adding silicon for higher energy density
• Cathode: Pure lithium for higher energy density
• Materials: Replace lithium with sodium to form sodium-ion batteries 

with lower material cost and lower risk of thermal runaway
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Figure 3.12 Qualitative assessment of the impact of cathode chemistry (LFP, NMC, LCO, 
LMO, NCA) and anode chemistry (LTO) on lithium-ion battery performance, cost, and 
safety. The extent of colour along each dimension indicates how well criterion is fulfilled.
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Table 3.1 Qualitative assessment and 2020 market share of the most common cell 
designs for lithium-ion battery cells.

Cylindrical Prismatic Laminate/Pouch

Market 
share

20% 40% 40%

Advantages

+  Production 
cost

+  Production 
ease

+ Safety
+  Strongest 

casing

+ Large capacity
+  High packing efficiency

+ Low weight
+  High packing efficiency
+ Flexible

Dis-
advantages

-  Poor packing 
efficiency

-  Safety (i.e. thermal 
management)

- Production cost
-  Production complexity

-  Safety (i.e. thermal 
management)

- Production cost
-  Requires support 

structure

Figure 3.12 highlights that lithium ion is a technology family. Different choices for cathode 
chemistry (LFP, NMC, LCO, LMO, NCA) and anode chemistry (LTO) have significant impacts 
on performance, cost, and safety parameters. The figure highlights how well these desired 
parameters are met by the chemistry subtypes. LFP and NMC fulfil most desired parameters 
reasonably well and are relatively balanced overall. These chemistries currently dominate 
the market among all subtypes.

Cell design represents another important dimension for technology variation. Table 3.1 de-
picts the three dominant designs, including their market share in 2020 as well as key advan-
tages and disadvantages. Prismatic and laminate designs currently dominate the market as 
they offer better packing efficiency, which drives volumetric and gravimetric energy density, 
an important parameter for battery packs used in EVs.
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3.2.6 Sodium-sulphur battery

Sodium sulphur is a molten salt battery containing molten sodium (Na) and sulphur (S). The 
sulphur is absorbed in a carbon sponge. The battery casing forms the cathode while the 
molten sodium core is the anode (Figure 3.13). The battery operates at high temperatures 
of between 300 °C and 350 °C. During charging, sodium ions are transported through the 
beta-alumina solid electrolyte (a ceramic of sodium polyaluminate) to the sulphur reservoir. 
Discharge is the reverse of this process. Once running, the heat produced by charging and 
discharging cycles is sufficient to maintain the operating temperature.5

Sodium-sulphur batteries were developed in the 1960s for transport applications and 
commercialized for stationary applications after 2000. Since then, deployments have been 
steadily increasing towards 560 MW cumulative capacity by 2020.18 The only commercial 
manufacturer is the Japanese company NGK in partnership with BASF. The system is best 
suited for energy storage applications requiring 6–7 hours discharge duration.

Figure 3.13 Schematic of a sodium-sulphur battery cell:17 (a) tubular design battery,  
(b) during discharging and charging.
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Category Electrochemical energy storage—Sealed battery

Status Commercial stage—cumulative deployment at ~560 MW in 2020

Application

Sodium-sulphur batteries are only used for stationary applications. Most 
deployed systems are used for
• Renewables integration: Storing large amounts of excess renewable 

electricity supply to be used at a later time
• Network investment deferral: Avoidance of power network upgrades 

when peak power flows exceed existing capacity

Variations

Sodium-nickel chloride (NaNiCl) is an alternative high-temperature 
battery based on sodium, nickel, and chloride. However, it is better suited 
for transport applications. The high nickel content makes it too costly for 
other applications.

Formula

Half-cell reactions (discharge):
Anode: 2 Na → 2 Na+ + 2 e–

Cathode: x S + 2 e– → Sx
2–

Overall reaction (discharge):
Na2 + Sx → Na2Sx (Voltage: 2V)

Advantages

+ High energy density (~200 kWh/m3)
+ Inexpensive, non-toxic raw materials (Na, S)
+  Wide ambient temperature range (e.g. hot climates)
+ Long lifetime for a sealed battery (4,500 cycles or 15 years)

Disadvantages

-  High self-discharge in idle state due to need to maintain high 
operating temperature (~300–350 °C)

-  Relatively low discharge rates (systems are optimized for 6 hours 
discharge duration)

- Safety risk due to high reactivity of sodium with water
-  Uncertain cost reduction potential with only one leading 

manufacturer

Sample players 
(battery supplier) • NGK (Japan)

Innovation focus • Electrolyte: Replace solid beta-alumina ceramic with liquid electrolyte 
to reduce operating temperature and cost
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3.2.7 Vanadium redox-flow battery

Flow batteries use two liquid electrolytes as energy carriers. The electrochemical reaction 
takes place in the cell with carbon-based electrodes that are separated by an ion-selec-
tive membrane (Figure 3.14). This design allows power and energy capacity to be scaled 
independently as the electrolyte is stored in separate tanks and pumped into the cell when 
required. Energy storage capacity can be increased through more electrolyte and larger 
tanks. The most common electrolyte is a vanadium redox couple (anolyte: V2+/V3+; catholyte: 
VO2+/VO2

+), that is prepared by dissolving vanadium pentoxide (V2O5) in sulphuric acid 
(H2SO4).6,7

Flow batteries were developed in the 1980s. By 2020 less than 100 MW were installed 
globally.19 The long lifetime and limited degradation make flow batteries suitable for 
high-throughput applications requiring many charge–discharge cycles and multiple hours 
of discharge duration. However, demand for these applications has been limited until now.

Figure 3.14 Schematic of a vanadium redox-flow system.

Electrolyte
tank

Electrolyte
tank

Anolyte
V2+/ V3+

PumpPump

e

e

e–

Electrode

O2–

H+

H+

V4+

V3+

V2+

V2+

V
4+

V5+ O2–O2–

O
2–

O 2–

Ion-
selective

membrane

e–

–+
Catholyte

V4+/V5+

equal
VO2+/VO

2
+

H+

H +

H +

H+

H+

H+

H+ H +

O
2+

H +

H +

H
+ H

+

H +

H +O 2+

O 2+



3.2  Energy storage technologies 53

Category Electrochemical energy storage—Flow battery

Status Commercial stage—less than 100 MW deployed by 2020.

Application

Flow batteries are only used in stationary applications. Long cycle life and 
independent sizing of power and energy capacity make them suitable for 
high-throughput applications, such as
• Energy arbitrage: Purchase power in low-price periods and sell in high-

price periods
• Congestion management: Avoid risk of overloading network 

infrastructure by consuming excess production and delivering it when 
network capacity is available

Variations

There is a wide range of alternative flow battery technologies. These are 
categorized by type of active material (inorganic vs organic) and solvent 
(aqueous vs non-aqueous), which affects design (full flow, hybrid). 
Commercially available alternatives to vanadium are zinc-bromine and 
all-iron flow batteries.

Formula

Half cell reactions (discharge):
Anode: V2+ → V3+ + e–

Cathode: VO2
+ + 2H+ + e– → VO2+ + H2O

Overall reaction (discharge):
V2+ + VO2

+ + 2H+ → VO2+ + V3+ + H2O (Voltage: 1.4V)

Advantages

+ Independent sizing of energy capacity and power capacity
+ Long lifetime (~20,000 cycles)
+ Full depth of discharge (100%)
+ Limited degradation during operational life
+ Large operating temperature window (−20–50 °C)

Disadvantages

- Low energy density vs other battery types (~30 kWh/m3)
- Relatively immature industry with limited track record
-  Higher system complexity vs other battery types (e.g. pumps required, 

risk of electrolyte leakage)
-  High share of raw material cost in final product creating exposure to 

volatile raw material prices (e.g. vanadium)

Sample players 
(battery supplier) 

• Invinity (Canada/UK)
• CellCube (Austria)

• Sumitomo Electric ( Japan)
• Rongke Power (China)

Innovation focus
• Electrolyte materials: New combinations of low-cost metals and/or 

gases
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3.2.8 Supercapacitor

Supercapacitors or electric double-layer capacitors utilize an electrochemical double lay-
er of charge to store energy (Figure 3.15). As voltage is applied, charge accumulates on 
the electrode surfaces. Ions in the electrolyte solution diffuse across the separator into the 
pores of the electrode of opposite charge. The electrodes are engineered to prevent the re-
combination of the ions with the accumulated charge carriers, thus a double layer of charge 
is created at each electrode.7 However, ions are not intercalated in the electrodes in contrast 
to battery technologies. As a result, energy density is typically an order of magnitude lower 
and power density an order of magnitude higher.

Supercapacitors were developed in the 1950s. They are ideally suited for applications where 
a lot of power is needed for a very short time. Typical applications are in consumer elec-
tronics (e.g. the flash in digital cameras) and transport (e.g. fast acceleration). For stationary 
power systems, supercapacitors are most suitable to provide voltage and frequency stabili-
ty. However, their global deployment in these applications was < 100 MW by 2020.20

Figure 3.15 Schematic of an electric double-layer capacitor (i.e. supercapacitor).
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Category Electrical energy storage—Capacitance

Status Commercial stage—less than 100 MW deployed in stationary storage 
applications by 2020.

Application

Supercapacitors can provide large amounts of power over a very short 
time. They are mainly used in consumer electronics and transport. The 
most common stationary storage application is
• Frequency regulation: Automatically correct the continuous changes in 

supply or demand that distort the grid frequency

Variations

Alternative supercapacitor types are pseudo- and hybrid capacitors. 
Pseudocapacitors feature fast redox reactions at the electrode surface, 
which means that there is not only capacitive, but also electrochemical 
energy storage. Hybrid capacitors combine electric double-layer or 
pseudocapacitor with actual battery electrodes to form a capacitor–
battery hybrid.21

Formula

E = 1
2
εAU

2

d
=
1
2
CU2 =

1
2
QU

E: Nominal energy capacity* [ J]  ε: Permittivity of the material [F/m]
A: Area of capacitor plates [m2]  U: Voltage of the electric field [V]
d: Distance between electrodes [m]  C: Capacitance [F]
Q: Charge stored in [C]

Advantages

+ High power density (~100,000 kW/m3)
+ High round-trip efficiency (> 90%)
+ High cycle life (> 100,000 cycles)
+ Fast response time
+ Very little or no maintenance required
+ Wide ambient temperature range (−40–70 °C)

Disadvantages

- Low energy density (~20 kWh/m3)
- Short discharge duration (seconds to minutes)
- High self-discharge in idle state (~20–40% per day)
- Very high energy specific cost (> 10,000 USD/kWh)

Sample players 
(battery supplier) 

• Skeleton Technologies 
(Estonia)

• Rubycon ( Japan)
• Ioxus (US)

Innovation focus
• Electrode materials: Novel materials to improve performance
• System set-up: Combination with batteries to leverage synergies 

between both technologies

* To convert from joules ( J) to kilowatt hours (kWh), divide by 3,600,000.
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3.2.9 Hydrogen

The enabling technology for storing electricity in chemical bonds is the conversion of elec-
tricity to hydrogen (also called ‘Power to gas’). Hydrogen can be produced through electrol-
ysis of water by imposing a voltage between two electrodes that exceeds the thermody-
namic stability range of water. As a result, water splits into oxygen and positively charged 
hydrogen ions. These migrate through the membrane to the anode to form hydrogen gas. 
The hydrogen can then be stored directly as a gas in an underground reservoir and lat-
er re-electrified using a fuel cell. The overall process is called ‘Power-to-gas-to-Power’ and 
shown in Figure 3.16. Electrolyzers and fuel cells are related technologies. Improvements in 
one may also benefit the other.

Alternatively, the hydrogen could also be processed to ammonia, synthetic hydrocarbons, 
or alcohols through the addition of nitrogen or carbon dioxide. These derivatives can be 
stored and transported via the respective infrastructure, which often exists already. The hy-
drogen could also be stored in overground tanks in gaseous or liquid form or within metal 
hydrides. Similarly, it could be re-electrified using combustion engines or turbines. Also, 
instead of re-electrifying, hydrogen or its derivatives could be used as a chemical feedstock 
in industry or as fuel in the transport or heating sector. This is called sector coupling or 
‘Power to X’.

Figure 3.16 Schematic of a hydrogen-based ‘power-to-gas-to-power’ storage system 
using an electrolyzer to convert electricity into hydrogen (H2), an underground cavern for 
gaseous H2 storage, and a fuel cell for re-electrification of H2.
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Category Chemical energy storage—Hydrogen

Status

Commercial stage—The power-to-gas-to-power concept is not 
economically viable under current market conditions and less than 100 
MW are deployed as of 2020.20 However, since renewably produced 
hydrogen can also be used in other energy sectors and as industrial 
feedstock, electrolyzer capacities are expected to reach multiple GW by 
2030.22

Application

Due to the low cost of storing chemical compounds, hydrogen-based 
energy storage in the power-to-gas-to-power concept is mostly 
discussed for 
• Seasonal storage: Compensate longer-term supply disruption or 

seasonal variability in supply and demand

Variations

• Electrolysis: Alkaline, PEM, Solid oxide
• Storage: Cavern, tanks, conversion to solid material
• Usage: PEM fuel cell, solid oxide fuel cell, gas turbine, reciprocating 

engine, gas burner, directly as feedstock

Formula

Half-cell reactions:
Anode: 2OH– → H2O + ½ O2 + 2e–

Cathode: 2H2O + 2e– → H2 + 2OH–

Overall reaction:
H2O → H2 + ½ O2 (Voltage: 1.23V)

Advantages 

+ Fully independent power capacity and energy capacity sizing
+ Potential to use existing gas network capacity
+ High energy density (600 kWh/m3 at 200 bar)
+ Provision of renewable electricity to other energy sectors

Disadvantages

- Need for compression to reach sufficient energy density
- Low round-trip efficiency for re-electrification (< 40%)
- Lack of a dedicated hydrogen infrastructure
- High investment cost for water electrolyzers
- Production of NO× when burnt in turbine/engine/burner

Sample players 
(electrolyzer 
supplier)

• Nel (Norway)
• ITM Power (UK)
• Thyssenkrupp (Germany)

• Hydrogenics (Canada)
• Cockerill Jingli (China)
• Shandong Saikesaisi (China)

Innovation focus 
• Electrolyzer technologies: Anion exchange membrane (AEM)
• Hydrogen tolerance of gas infrastructure: pipelines, turbines
• Reduction of catalyst loading: Platinum, Iridium
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3.2.10 Technology overview

End-of-life cost refers to the disposal of power electronics components for all technologies 
and the residual value of the electrolyte for vanadium redox-flow batteries. Other technolo-
gies may incur additional cost or have a residual value at their end of life (e.g. second life of 
lithium-ion batteries), but this is too uncertain to be quantified.

Temporal degradation is given instead of calendar lifetime. This is because calendar life is a 
theoretical concept since technologies are unlikely to remain unused for multiple years. The 
operational lifetime of a storage system is roughly given as cycle lifetime divided by annual 
cycles. Temporal degradation will further shorten this (see Chapter 8 for details).

FREQUENTLY ASKED QUESTION

Are replacement costs considered for lithium-ion systems and how is the 
augmentation performed when it is due?
In merchant markets, energy storage project developers do not explicitly account 
for required component replacement in lithium-ion systems. They may do this 
indirectly by ensuring that land area is sufficient to add additional containers in 
future though. In markets where storage systems receive contracted revenues 
for > 10 years, project developers consider replacement of energy capacity 
components in order to maintain the contracted capacity.

In practice, systems will be overdesigned in terms of nominal energy capacity 
to ensure usable energy capacity meets application requirements even after 5–10 
years. Once energy capacity has degraded beyond that, the most practical way is 
to add additional containers with their own inverters/converters to the site since 
these are electrically separate units. Once the warranty for the battery cells has 
expired, it is also an option to replace cells. However, this may involve adjusting set 
points of the existing inverters/converters.

Table 3.2 gives an overview of the cost and performance parameters introduced in Chap-
ter 2 for the nine most widely deployed stationary electricity storage technologies. The pa-
rameters are quantified through mean values rather than ranges to facilitate comparison 
between technologies; however, these values may vary significantly depending on system 
size, product quality, supplier, and other location- or use-case-specific conditions.

While sealed batteries (e.g. lithium ion, sodium sulphur, lead acid) and supercapacitors of-
fer lowest power specific investment cost, pumped hydro, compressed air, and hydrogen 
storage offer lowest energy specific investment cost. This indicates that the former tech-
nologies are likely to be most cost effective at short discharge durations (e.g. < 8 hours) and 
the latter technologies are most cost effective at long discharge durations (e.g. > 8 hours).

Replacement cost refers to the substitution of mechanical components (e.g. turbine 
blades) or the electrochemical cells in vanadium flow batteries. For all other technologies, 
no replacement parts are needed within their specified lifetime. Their lifetime may be pro-
longed through augmentation (e.g. cell replacement in lithium-ion systems). This depends 
on product quality and use case and must be discussed with suppliers individually.
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FREQUENTLY ASKED QUESTION

What is the discharge duration for a particular energy storage technology? 
Why are discharge durations or energy to power ratios not shown in Table 3.2?
There is no ‘correct’ value for the discharge duration of an energy storage 
technology; this is a flexible parameter that can be varied based on the specific 
design. It is possible to have a pumped hydro plant with huge turbines and small 
reservoirs that are emptied within 10 minutes. Similarly, a huge flywheel made of 
a very heavy material could discharge for multiple hours. This is the reason why no 
limitations on the minimum discharge duration are listed in Table 3.2.

In terms of practical system design, the balance between a technology’s  
energy-specific and power-specific investment costs will determine the discharge 
duration that gives optimal total cost, and this will be the configuration that 
developers usually design for (see Chapter 2). If turbines are expensive and 
additional reservoir capacity is cheap (or even free), then it makes economic sense 
to have pumped hydro systems with longer than 10-minute duration. Figure 3.17 
shows the average discharge duration for operational projects as of 2022. This 
gives an indication of the discharge durations that are preferred for different 
energy storage technologies in real-world use cases.

For example, the median discharge duration across 480 lithium-ion battery 
projects is 1.3 hours (a C-rate of 0.75). Half of these projects lie in the range of 40 
minutes (25th percentile) to just under 4 hours (75th percentile), but the longest 
systems are in excess of 8 hours (a C-rate of 0.125). This serves as a guide, but 
does not mean that all lithium-ion projects will continue to fit within this range. 
If, for example, longer-duration services become more profitable or the balance 
of power and energy costs change, then developers may tailor projects (across all 
technology groups) towards longer discharge durations.

Figure 3.17 The range of minimum discharge durations (energy-to-power ratios) for 
operational storage projects using different energy storage technologies. Pale bars span 
from the 25th to 75th percentile, and darker lines show the 50th percentile (median) 
across projects listed as operational in the energy storage database of the US Department 
of Energy.20 Infeasible values of zero hours or above 1,000 hours were excluded.
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Investment 
cost—power USD/kW Cp, inv 1,100 1,300 600 250 650 300 700 5,000 300

Investment 
cost—energy USD/kWh Ce, inv 50 40 3,000 300 450 320 450 30 10,000

Operation 
cost—power

USD/
kW-year Cp, om 20 14 5 5 5 5 10 30 1

Operation 
cost—energy

USD/
MWhel

Ce, om 0.4 2 2 0.4 0.4 0.4 2 0.4 0

Replacement 
cost—power USD/kW Cp, rep 120 100 200 0 0 0 90 0 0

Replacement 
cost—energy USD/kWh Ce, rep 0 0 0 0 0 0 0 0 0

Replacement 
interval cycles Cycrep 7,300 1,500 20,000 n/a n/a n/a 3,500 n/a n/a

End-of-life 
cost—power USD/kW Cp, eol 20 20 20 20 20 20 20 20 20

End-of-life 
cost—energy USD/kWh Ce, eol 0 0 0 0 0 0 −100 0 0

Discount rate % r Depends on technology, use-case, and investor type—sample value: 8% (mature technology, utility investor)

Table 3.2 Technology input parameters for 2020. This table shows specific cost and performance parameters for the nine most widely deployed 
stationary electricity storage technologies. Parameters are based on a review of studies by research institutes, international organizations, industry and 
academia, and industry interviews.6,23–26 The values reflect mean values from within the ranges given by the reviewed studies.

(Continued)



Notes: All cost parameters reflect specific cost for energy and power components. Cycle lifetime refers to full equivalent charge–discharge cycles at the indicated depth of discharge. 
Temporal degradation is given instead of calendar lifetime. Replacement interval refers to period after which selected components need to be replaced. No replacement of any 
energy components assumed, i.e. values of ‘0’. Power and energy density are given in volumetric terms as this metric is more relevant for stationary storage technologies than 
gravimetric energy density.
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Round-trip 
efficiency % ηRT 80% 45% 86% 86% 75% 72% 68% 35% 92%

Depth-of-
discharge %cap DoD 100% 100% 100% 80% 80% 80% 100% 100% 100%

Cycle lifetime cycles Life, cyc 30,000 15,000 200,000 3,500 4,000 900 20,000 10,000 300,000

Temporal 
degradation %/year Degt 0% 0% 0% 1% 1% 1% 0.1% 0% 0%

Self-discharge %cap ηself 0% 0% 10% 1% 5% 1% 0% 5% 15%

Response 
time seconds Tres > 10 > 10 < 10 < 10 < 10 < 10 < 10 < 10 < 10

Construction 
time years Tcon 3 2 1 1 1 1 1 1 1

Power 
density kW/m3 - 1 1 3,000 6,000 160 200 5 5 100,000

Energy 
density kWh/m3 - 1 4 50 450 200 70 30 600  

(at 200 bar) 20
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FREQUENTLY ASKED QUESTION

Does investment cost not scale with energy storage system size? Why do you 
only give one value per technology?
Scale effects do apply to the investment cost of energy storage projects. For 
lithium ion it has been found that smaller commercial and industrial-scale 
projects have on average 20% higher investment cost than utility-scale projects 
of the same storage duration.27 This is likely also to be the case for the alternative 
electricity storage technologies. The analyses in this book rely on only one average 
investment cost value for each technology for simplicity, and to keep focus on the 
methodologies. This is one reason why we also provide the companion website 
www.EnergyStorage.ninja where you can redo the analyses performed in this book 
with own custom data.

Power and energy density do not impact the economic performance of energy storage sys-
tems, but rather the geographic footprint and general suitability to certain applications. 
Flywheels, lithium-ion batteries, and supercapacitors can provide most power in a confined 
space, while lithium ion and (compressed) hydrogen can provide most energy in a confined 
space. This is important in transport applications as well as in densely populated areas.

Cost and performance parameters will vary from the ones given in Table 3.2. The impact of 
different values on the competitiveness of each technology can be explored on the com-
panion website to this book: <www.EnergyStorage.ninja>.

Energy storage technologies differ in their suitability to storage applications as shown in 
Figure 3.18. This is due to the different cost and performance parameters, which are ulti-
mately defined by the underlying energy storage principles.

Direct storage as electrical energy (capacitors, coils) allows for rapid and frequent discharge 
due to avoiding an energy conversion process and the high cycle life of the technologies. 
Storing large amounts of energy is challenging though because electrically conductive ma-
terials that store electrons directly are expensive.

In contrast, chemical energy storage (hydrogen) is suitable for long discharge durations 
and large energy capacities due to low cost of storing chemical compounds.

The same is true for most mechanical energy storage technologies (pumped hydro, com-
pressed air) based on the low cost of basic materials (e.g. water, air, rock). Here, better cycle 
life and round-trip efficiency, and lower power capacity cost, make the technology suitable 
for more frequent operation throughout the year. Flywheels are an extreme example for that.

Electrochemical battery technologies (lithium ion, sodium sulphur, lead acid, redox flow) 
sit in between electric and chemical/mechanical technologies in terms of discharge du-
ration. Their power capacity and energy capacity costs are more balanced, making them 
suitable for applications that require a couple of hours of discharge duration. Heat storage 
is of similar size in terms of energy capacity, but suitable for longer discharge durations.

http://www.EnergyStorage.ninja
http://www.EnergyStorage.ninja
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Figure 3.18 Suitability of various electricity storage technologies across the five energy 
storage categories to the application requirements of discharge duration and electrical 
energy storage capacity. Adapted from Sterner et al.28
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The impact of the different types of energy storage is reflected in the power-specific and 
 energy-specific investment costs of each technology. Figure 3.19 shows the nine technol-
ogies listed in Table 3.2 along these costs. This reveals four technology groups that can be 
identified, which confirm the discussed suitability to different storage applications.

3.2.11 Novel technologies

In addition to the established electricity storage technologies described in the previous sec-
tions, there is a wide range of novel technologies being developed in response to the grow-
ing need for energy storage. Their deployment depends on whether they can economically 
outperform the established technologies in selected use cases. One way to investigate that 
is to assess their levelized cost of storage (see Chapter 5). Table 3.3 introduces a selection of 
these novel technologies.

KEY INSIGHT

Electricity storage technologies from same category are, roughly speaking, suitable 
for similar use cases. Chemical storage is suited to large energy capacities and long 
discharge durations. Thermal, mechanical, and electrochemical storage are suitable 
for medium-sized energy capacities and short to long durations. Electrical storage is 
best suited to small energy capacities and short durations.
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Figure 3.19 Grouping of the nine most widely deployed stationary electricity storage 
technologies along their power-specific and energy-specific investment costs as listed in 
Table 3.2
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Table 3.3 Overview of a selection of novel energy storage technologies.

Gravity-based energy 
storage

Category: Mechanical—Gravitation

Concept: Electricity is stored in the form of potential energy 
by raising weights. It is discharged by lowering the weights, 
which drives a generator. Gravitricity utilizes deep shafts (e.g. 
mine shafts) to suspend the weight.

Company: Gravitricity Ltd.

Alternatives:
• Lifting multiple concrete blocks with cranes (Energy Vault)
• Lifting a rock cylinder by pumping water below it (New 

Energy Let’s Go)

Liquid air energy storage Category: Mechanical—Compression

Concept: Air is compressed and cooled until it reaches a 
liquid state. It is stored in cryogenic tanks at −190 °C. When 
power is needed, the air is pumped to high pressure and 
expanded to ambient temperature, which drives a turbine.

Company: Highview Enterprises Ltd.

Alternatives:
• Compression of CO2 (Energy Dome)

(Continued)
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Thermal battery Category: Thermal—Latent heat

Concept: Electricity is used to heat a transfer fluid. This 
fluid transfers the heat to a storage material, for example a 
mixture of concrete and steel. When electricity is needed, 
the transfer fluid takes up the heat stored in the material and 
drives a turbine. Since heat is used in manufacturing, thermal 
batteries can be integrated with industrial processes for heat 
storage or to increase the efficiency of electricity storage.

Company: EnergyNest AS

Alternatives:
• Sand (Polar Night Energy)
• Volcanic rock (Siemens Gamesa)
• Steel (Lumenion)

Liquid metal batteries Category: Electrochemical—Sealed battery

Concept: Liquid metal batteries are based on 
electrochemical reactions of metals with salt electrolyte. 
Both electrodes and the electrolyte are liquid and at 
relatively high temperatures. The liquid interfaces enable 
fast process kinetics for relatively abundant and cheap 
metals. The SOLSTICE research consortium is exploring 
a liquid metal battery that uses zinc and sodium as active 
electrode materials.

Company: SOLSTICE research consortium

Alternatives:
• Calcium-antimony (Ambri)

Metal air batteries Category: Electrochemical—Sealed battery

Concept: Metal air batteries are based on the 
electrochemical process of corrosion, also called ‘rusting’ for 
iron. In iron-air batteries, the battery uses oxygen from the 
air to convert iron metal to rust, which releases electricity 
(discharging). The application of an electrical current 
converts the rust back to iron and the battery releases 
oxygen (charging).

Company: Form Energy, Inc.

Alternatives:
• Zinc-Air (Zinc8)
• Aluminium-Air (Phinergy)

RUST
METALLIC

IRON

CHARGE

DISCHARGE

O
2

O
2

Table 3.3 (Continued)
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3.3 The energy storage industry
This section gives an overview of the energy storage industry. It covers three areas: the 
current and projected market size for energy storage, the structure of the industry, and the 
geographic concentration of the energy storage value chain.

3.3.1 Market size

In terms of installed capacity, pumped hydro is by far the most widely deployed electricity 
storage technology with more than 158 GW operational in 2020 (see Figure 3.20).8 This is 
nearly 90% of the global stationary energy storage capacity. This capacity has grown in par-
allel with the deployment of nuclear power plants during the second half of the twentieth 
century, mostly to shift electricity supply from periods of low demand overnight to peak 
demand periods during the day.29 The need for flexibility to enable the low-carbon transfor-
mation of the power system renews the interest in stationary electricity storage. As a result, 
an additional ~5 GW of new pumped hydro plants are projected to be commissioned every 
year, potentially increasing the total to ~220 GW by 2030.30

KEY INSIGHT

Almost all stationary electricity storage is either pumped hydro or lithium ion. These 
made up 89% and 10% of global capacity in 2020. Both are also growing rapidly, by at 
least 5 GW per year.

Figure 3.20 Global installed stationary electricity storage capacity by technology in 
2020.9,20,31,32 This chart includes stationary lead-acid systems connected to electricity 
networks and listed in the DoE energy storage database.20 The total market for lead-acid 
batteries was 415 GWh in 2020, which would correspond to 3,300 GW with a 1:8 energy-
to-power ratio (typical for engine starter batteries).14 However, the vast majority is either 
for automotive applications or specialized stationary use cases like telecom towers and 
uninterruptable power supply.
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The distributed and variable character of renewable electricity generation (i.e. wind and so-
lar) has led to a rapid increase in the deployment of battery technologies. By 2020, ~15 GW 
of stationary lithium-ion battery systems were deployed. This was ~10% of total global sta-
tionary electricity storage capacity in 2020, and 99% was deployed in the previous 5 years.9,32 
About half of this stationary battery capacity is utility-scale size and deployed in short-term 
power system flexibility applications. The other half was deployed in small-scale systems 
at customer sites to enable self-consumption of renewable energy, bill management, or 
backup power. Only ~2 GW or 1% of stationary electricity storage capacity is in technologies 
other than pumped hydro and lithium ion. This share may increase in the future as applica-
tions that require longer discharge durations become more important to ensuring power 
system flexibility and stability.

By 2030, more than 400 GW of stationary battery systems are projected to be deployed in 
total,33 and pumped hydro storage capacity is also projected to grow to 220 GW (see Figure 
3.21a).30 Projections for the future stationary battery market size do not give granular detail 
on the mix of technologies that will make up the fleet, but given current trends it can be 
expected these will mostly be lithium ion. The analysis developed in Chapter 5 can serve as 
a basis for assessing the competition between battery technologies based on their relative 
costs.

Figure 3.21b provides some context to the current and projected stationary storage market 
size by comparing them to the current and projected power capacity for the global fleet of 
EVs. It is anticipated that EV adoption will grow very rapidly over the current decade, so this 
market will grow from three times the size of stationary batteries in 2020 to at least 10 times 
the size in 2030.

Figure 3.21 Current and future energy storage market size. (a) Projections for global installed 
stationary electricity storage capacity in GW in 2030.30,33 (b) Current and future stationary 
storage capacity compared to the power capacity of electric vehicle (EV) batteries. Values 
are based on global EV stocks in 2020 (~10 million) and 2030 (~100 million, conservative 
assumption) and an average ~50 kW power capacity per battery.34
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The importance of EVs for the market size of lithium-ion batteries also becomes evident 
when looking at the split of annual lithium-ion battery demand for EVs, consumer electron-
ics and stationary battery systems (see Figure 3.22).35 In 2015, lithium-ion battery demand 
for EVs had already overtaken the demand for consumer electronics. By 2020, the demand 
for EVs constituted two-thirds of total lithium-ion battery demand. Consumer electronics 
made up ~30% and stationary battery systems a mere 3%, despite its dominant role in sta-
tionary storage next to pumped hydro plants. The likely implications are that battery chem-
istries and designs are optimized for use in EVs and car manufacturers see lower prices and 
prioritized delivery in times of shortage due to their higher order volumes.

3.3.2 Industry structure

The energy storage industry is defined by the interplay of all the companies that ensure the 
deployment of energy storage technologies. Depending on the market size for each tech-
nology, individual companies may specialize in one step in the value chain or cover multiple 
value chain steps. Also, the number of companies active in each value chain step may differ. 
Figure 3.23 analyses the energy storage industry along the product value chain for station-
ary systems, which was introduced in Chapter 2.

Figure 3.23a lists sample companies that provide services in each value chain step. The rea-
son for displaying individual firms is to showcase the typical ranges of value chain steps that 
individual firms cover across the different technologies. Naturally, there may be firms that 
cover different sets of value chain steps, but these do not represent the majority of firms 
deploying the respective technology. Overall, the overview reveals that companies are likely 
to cover multiple value chain steps in the energy storage industry within four overarching 
categories.

Figure 3.22 Annual lithium-ion battery demand split into deployment between electric 
vehicles, consumer electronics, and stationary systems.35
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 ● Materials: Manufacturers of raw and processed materials (e.g. iron ore for steel tur-
bines or polymers for membranes)

 ● Technology: Manufacturers of (sub-)components, the storage unit, and/or the 
integrated system (e.g. electrodes/membranes, cells/packs, and complete system 
integrated with power conversion and balance-of-plant components)

Figure 3.23 Overview of the energy storage industry. (a) Sample firms active in each value 
chain step and technology. The selection of firms for each technology is either taken from 
specific projects or industry reports on market leaders. Chapter 8 lists respective products 
based on which sample companies were selected. (b) Qualitative assessment of company 
activity for each storage technology and value chain step. Company activity is indicated 
relative to other technologies and value chain steps.
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 ● Project: Companies that develop (e.g. land acquisition, grid connection permission, 
financial and technical studies), operate (e.g. dispatching, managing accounts), and/or 
own the system (e.g. funding)

 ● Installation: Providers of engineering, procurement, and construction services

Depending on the commercial maturity of the energy storage technology, companies may 
cover less or integrate beyond the steps covered by these four categories. On the one side, 
there are technologies with a relatively small market and only a small number of technology 
providers; for example compressed air or flywheels. Due to the small number of projects, 
technology providers may forward-integrate into the downstream value chain to also devel-
op and/or install projects to support its deployment.

On the other side, for technologies with a large market like lithium-ion batteries, firms tend 
to specialize on individual value chain steps. Here, storage projects are realized through the 
interplay of firms that are specialized in nearly each individual value chain step. This is a case 
in point for the theory that bigger markets increase the ‘toughness’ of competition, as in the 
number of companies active along the entire value chain.36 In bigger markets, firms need to 
specialize in order to develop competitive advantages in specific value chain steps. Howev-
er, they are also more able to specialize due to the larger market that is available within each 
value chain step.

In terms of ownership, Figure 3.23a shows that there are four main options for storage 
technologies:

1. Technology provider: For technologies with a small market, the technology provider 
may act as the owner of the system and finance it, in order to push the technology into 
the market (e.g. Hydrostor).

2. Integrated developer: Project developers may not sell the project once under 
construction or operational but keep it to de-risk the development business with 
regular operational revenues (e.g. Elemental Energy).

3. Energy utility: Similar to integrated developers, utilities are likely to develop, operate, 
and own storage assets to leverage their full benefit. They are more likely to own than 
developers as their scale enables easier access to capital (e.g. Iberdrola).

4. Infrastructure fund: Similar to the solar PV business, infrastructure funds are starting 
to own storage projects of de-risked technologies with a long track record and large 
market. In this case, operation will be sub-contracted to other players (e.g. Gresham 
House Energy Storage Fund).

In jurisdictions with unbundled energy systems, that is, the strict separation of network op-
eration and energy sales, network operators are explicitly precluded from operating or own-
ing electricity storage systems (examples: Germany and the UK)37,38. Due to the potential 
significance of electricity storage to network stability, there can be exceptions, for example 
if storage systems only provide network system services and do not operate on electricity 
markets, or if no third party can be found to operate and own required storage systems.39

Competitive activity is the focus of Figure 3.23b. It shows that the number of active com-
panies is higher for technologies with a larger market. The number is also higher in down-
stream than upstream. This is due to the knowledge required in local markets for down-
stream activities. Locally, there may still be a limited number of companies that provide 
engineering, procurement, and construction (EPC) services for a technology, however, 
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KEY INSIGHT

Energy storage is a competitive industry with no structural drivers for monopolies to 
form. The number of active players in each step of the value chain depends on the 
technology's market size.

3.3.3 Geographic concentration

While individual companies may not pose a serious threat of holding monopoly power over 
energy storage, the upstream battery value chain is strongly concentrated in one country. 
China manufactured three-quarters of the world’s lithium-ion batteries in 2020 and also 
dominates component and material production (see Figure 3.24).41 In 2021 China built one 
battery ‘gigafactory’ per week, compared to just one every four months in the US.42 China 
is also one of the largest miners of copper, lithium, graphite, and rare earth minerals, and 
the largest processor of these plus nickel and cobalt, covering almost the full spectrum of 
materials needed in lithium-ion battery storage.43,44

Figure 3.24 The geographical concentration within different stages of the lithium-ion battery 
value chain.34 Mining and processing refer to four key materials: lithium (Li), nickel (Ni), cobalt 
(Co), and graphite (C), and shares are based on mass of raw material produced and refined 
respectively. Manufacturing of electrodes and cells is based on production capacity data, 
and for electric vehicles (EVs) is based on number produced. Note that Indonesian nickel 
production is primarily not battery grade and is used outside of the sector.
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across all markets this number will be significantly higher than the number of technology 
providers, which are usually active globally.

Figure 3.23b reveals the monopoly on components, storage unit, and system integration for 
sodium-sulphur batteries held by NGK, who operate in a joint venture with BASF.40 There is no 
structural reason for this monopoly (e.g. market entry cost, economies of scale, patents), but 
rather the limited market size that made past competitors like General Electric leave the market.

The analysis of company activity therefore indicates that the energy storage industry for 
technologies with large markets is unlikely to be subject to monopolies.
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There is growing concern among Western governments that it is ‘almost impossible to side-
step China in a clean tech powered future’.45 Just as the geopolitics of oil and gas rose to 
prominence in the 1970s,46 the geopolitics of renewable energy is raising international ten-
sions in the 2020s.47,48 Geopolitical tensions, especially between the US and China, could form 
a roadblock to energy transition, reducing the deployment of renewables and storage.49,50

Batteries are thought to be more exposed to geopolitical tensions than either solar photo-
voltaics or wind turbines because of ‘the sheer scale of their minerals requirements’ and use 
of the ‘highest risk materials’: cobalt, nickel, and lithium.51 However, a range of policy instru-
ments in Europe and the US aim to ramp up local manufacturing capacities to reduce the 
share of lithium-ion batteries manufactured in China.52,53 The 2022 US Inflation Reduction 
Act (IRA) puts increasingly strict requirements on battery mineral sources,54 which may help 
to diversify supply chains but may also push up costs and restrict manufacturing capacity, 
thus slowing the rollout of US EV deployment. Goldman Sachs suggested that investments 
of around 20 billion USD per year into domestic companies in the US and Europe could 
eliminate their reliance on Chinese battery supply chains by 2030.55

There is little agreement among financial analysts on the near-term future for lithium pro-
duction,56,57 let alone whether the broader geopolitical tensions surrounding battery sup-
ply chains will worsen or naturally resolve themselves as the energy transition progresses. 
Three factors could drive the latter: diversification of mining and processing, innovation in 
the materials requirements of batteries, and the strong uptake of recycling (thus creating a 
circular economy for critical materials).43,47,58 However, commercial pressure towards least-
cost production casts doubt on whether these factors will have a material effect on reduc-
ing reliance on China.59

3.4 Applications of energy storage
The increasing penetration of variable or inflexible low-carbon electricity generation in-
creases the need for power system flexibility (see Chapter 1.2). Electricity storage is one 
option that can provide this flexibility.

3.4.1 Archetypes

There is a wide range of applications for electricity storage that increase power system flexi-
bility. These applications can be characterized along three qualitative categories:

1. Type of economic value
2. Location in the power system
3. Relation to variable renewable electricity (RE) generation

The type of economic value describes the actual service electricity storage provides to the 
power system and how it creates value. The four fundamental services are:60

 ●  Power quality: Keeping frequency and voltage within permissible limits
 ●  Power reliability: Providing electricity in case of supply reduction
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 ●  Increased utilization: Optimizing the use of existing assets in the power system
 ●  Arbitrage: Exploiting temporal price differentials

The location in the power system describes the point within the electricity network the ser-
vice is most likely to be required. This affects the voltage level at which electricity storage 
has to provide electricity.

 ●  Generation: at generator site (front of the meter), match voltage output of generator
 ●  Network: at substation of transmission or distribution network (front of the meter), 

1–200 kV
 ●  Consumption: at consumer site (behind the meter), < 1 kV

The relation of electricity storage applications to variable renewable electricity generation 
can be characterized as:

 ●  Direct: Example—self-consumption increases the share of consumed variable RE and 
would not exist as a service without variable RE generation

 ●  Indirect: Example—frequency regulation contains frequency fluctuations as a result of 
supply and demand imbalances; this is a common power system service, however more 
variable RE is likely to increase supply and demand imbalances

 ●  Unrelated: Example—black start is required when parts of the electricity system fail, 
regardless of the reason for the failure

A comprehensive overview of electricity storage applications is provided in Figure 3.25 
where the 23 most common applications are listed along these three categories.

Table 3.4 provides a more detailed description of the 23 most common electricity storage 
applications and alternative names that are commonly used for them. It also allocates the 
applications to 13 archetype applications based on similar requirements for discharge du-
ration and annual charge–discharge cycles.

FREQUENTLY ASKED QUESTION

What’s the difference between transmission and distribution (T&D) deferral 
and congestion management?
Applications may be defined very differently across energy markets. In this 
book, congestion management refers to frequent but short-lived T&D network 
constraints, for example during peak demand periods. Here, an electricity 
storage system with a relatively short discharge duration can alleviate these 
punctual constraints. T&D deferral refers to the next step, where constraints 
last for extended periods and would usually warrant the construction of a new 
transmission or distribution line. Here, an electricity storage system with a longer 
discharge duration can defer or even replace the need for a new line.

Figure 3.26 displays the 12 archetype applications with explicit discharge duration and 
annual cycle requirements (excluding voltage support). In addition, a currently hypotheti-
cal service at very high charge–discharge cycle frequency is displayed (named high cycle). 
These 13 applications and the respective annual cycle and discharge duration require-
ments are used in Chapter 5 to model the lifetime cost of storage. Naturally, the exact 
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Archetype Application Description Alternative name

1. Frequency 
regulation (FG)

Frequency 
regulation

Automatically correct the 
continuous changes in 
supply or demand within 
the shortest market 
interval

Frequency 
control, Automatic 
generation control

Renewables 
smoothing

Smooth output from 
variable supply when 
generation is out of line 
with short-term forecasts Correcting forecast 

inaccuracy

Power quality

Condition frequency and 
voltage of power supply 
for sensitive loads in 
unstable grids

Table 3.4 Detailed description of the 23 most common electricity storage services, 
including alternative names and allocation to archetypal applications based on similar 
technical requirements (i.e. discharge duration, annual cycles).20,26,61–68,70

Figure 3.25 Overview of the 23 most common electricity storage applications along the 
dimensions of location within power system and type of economic value, with colour 
signifying the relation to variable renewable electricity generation. The selection of 
23 applications is based on a review of reports from research institutes, international 
organizations, industry, and academia.20,26,61–69 A detailed description of all 23 applications 
can be found in Table 3.4. Schematic inspired by Battke.60,70
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Archetype Application Description Alternative name

2. Frequency 
response (FS)

Contingency 
reserve

Automatically stabilize 
frequency after 
unexpected, rare, 
instantaneous change in 
supply or demand

Primary reserve/
response, Frequency 
response, Non-
spinning reserve, 
Spinning reserve, 
Replacement 
reserve

Ramping reserve

Automatically stabilize 
frequency after 
unexpected, rare, non-
instantaneous change in 
supply or demand

Inertia services

Automatically stabilize 
frequency and voltage 
in response to changes 
to phase angle between
voltage and current 
through reactive and 
active power response

3. Black start (BS) Black start

Restore power plant 
operations after network 
outage without external 
power supply

4. Peak capacity 
(PC) Peak capacity

Ensure availability of 
sufficient generation 
capacity at all times

Electric supply 
capacity, System 
capacity

5. Seasonal 
storage (ST) Seasonal storage

Compensate longer-
term supply disruption 
or seasonal variability in 
supply and demand

6. Power 
reliability (PR)

Power reliability
Fill regular, sustained 
gap between supply and 
demand

Off-grid, Microgrid

Backup power

Fill rare, unexpected, 
sustained gap between 
supply and demand (e.g. 
total loss of power from 
grid)

Home backup, 
Emergency 
supply, Resiliency, 
Secondary/Tertiary 
reserve

7. Renewables 
integration (RE) Renewables firming

Storing large amounts 
of excess renewable 
electricity supply to be 
used at a later time

Variable resource 
integration, 
Renewable 
generation shifting

8. Congestion 
management 
(CM)

Congestion relief

Avoid risk of overloading 
existing infrastructure 
that could lead to re-
dispatch and local price 
differences

Network efficiency, 
Virtual Power Line

(Continued)

Table 3.  (Continued)4
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Archetype Application Description Alternative name

Load following

Maintain balance 
between supply and 
demand, while allowing 
generators to operate at 
optimal capacity

Balancing reserves

9. T&D deferral 
(TD)

Transmission 
upgrade deferral

Deferral, reduction 
or avoidance of 
transmission and/or 
distribution network 
upgrades when peak 
power flows exceed 
existing capacity

Transmission 
support, Virtual 
Power Lines, 
Distribution 
substation supportDistribution 

upgrade deferral

10. Demand 
reduction (DR)

Demand charge 
reduction

Reduce demand supplied 
by the network during 
periods of highest 
network charges

Peak reduction, 
Demand shifting, 
Retail demand 
charges

11. Self-
consumption (SC)

Renewable energy 
self-consumption

Increase self-
consumption of energy 
produced by non-
dispatchable distributed 
generation

Prosumer

12. Energy 
arbitrage (EA)

Renewables 
arbitrage

Storing energy produced 
by variable renewable 
plants when prices are 
low to sell when prices 
are high

Wholesale arbitrage

Purchase power in low-
price periods and sell in 
high-price periods on the 
wholesale market

Electric energy time-
shift, Price arbitrage, 
Time-shifting

Retail arbitrage

Purchase power in low-
price periods and sell in 
high price periods on the 
retail market

End-consumer 
arbitrage

Time-of-use (ToU) 
bill management

Purchase power in low-
price periods and use 
during high-price periods

Retail energy 
time-shift, Energy 
management, ToU 
charges

13. Voltage 
support (VS) Voltage support

Maintain voltage levels 
across networks via 
supplying or absorbing 
reactive power. Note that 
as no active power is drawn 
from the device, there 
are no cycle or discharge 
duration requirements.

VAR support

Table 3.4 (Continued)
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requirements vary by market. For example, resilient power systems may have a black start 
event per decade while more fragile systems see multiple a year. Here, annual cycle and dis-
charge duration requirements are chosen from within common ranges observed in various 
markets to cover the entire spectrum of cycle and discharge duration requirements.

The high cycle service (HC) is fictive and does not represent a currently common electrici-
ty storage service. However, given the increasing annual cycle requirements of frequency 
regulation services and the increasing need to compensate reducing physical inertia in the 
system with instantaneous response, it is conceivable that such services will be required in 
future.71

KEY INSIGHT

There are 23 unique electricity storage applications that create economic value 
through increasing power quality, power reliability, asset utilization, or arbitrage at 
different locations in the power system. When focusing on discharge duration and 
annual cycle frequency requirements alone, these can be reduced to 13 archetype 
applications.

Figure 3.26 Thirteen electricity storage applications with illustrative requirements. 
The annual cycle and discharge duration requirements are chosen from within the 
common range of each application, such that the entire spectrum for these parameter 
combinations is represented. Annual cycles refer to full equivalent charge–discharge 
cycles. Size in MW refers to the nominal power capacity of a typical electricity storage 
system serving the respective application. The quantitative values for discharge duration 
and annual cycles are derived in Chapter 8.

Energy

arbitrage
(EA)

Renewables 

integration (RE)

Peak
capacity

(PC)

T&D investment 

deferral (TD)

Congestion 

Management (CM)

Black 

start 

(BS)

Frequency 

regulation (FG)
Frequency

response (FS) 
High cycle 

(HC)

Self 

consumption 

(SC)

Demand charge 

reduction (DR)

Power 

reliability 

(RL)

0

1

2

3

4

5

6

7

8

9

10

1 10 100 1,000 10,000

D
is

ch
a

rg
e

 d
u

ra
ti

o
n

 (
h

o
u

rs
)

Annual cycles (#)

0.1 1 10

Size in MW:

Response time:

>10s <10s

Infeasible

(insufficient 

hours per 

year)

700

Seasonal 

storage (ST)



Chapter 3  Technologies and applications: Entering the maze78

The electricity storage applications that are directly or indirectly driven by the increasing 
share of variable RE (see Figure 3.25) can be classified along the key characteristics of RE 
generators in Table 3.5. These characteristics drive the need for flexibility and are the rea-
son the described electricity storage applications are directly or indirectly related to increas-
ing shares of variable RE.72

Inflexible low-carbon generation technologies like nuclear have similar characteristics that 
also require respective electricity storage applications: uncertainty of an outage, output in-
flexibility instead of variability, low short-run cost, and location-constraint for cooling and 
areas of low population.73

3.4.2 Deployment potential

Table 3.6 provides a conceptual framework to understand the deployment potential and 
timeline for the various electricity storage applications.74 It highlights that storage deploy-
ment can be described as function of discharge duration with shorter durations required 
earlier at low renewables and nuclear penetrations, while longer durations are required at 
higher penetrations.

Historically, an integrated energy market and low short-run cost of nuclear generation 
drove the deployment of pumped hydro storage plants for a range of applications, mostly 
peak capacity. This came to a halt due to the restructuring of energy markets and a slow-
down in nuclear deployment.

Since 2010, the increasing share of variable renewable generators combined with the re-
structured energy market that offers dedicated short-term flexibility services drove the de-
ployment of battery technologies for regulation and reserve applications in many markets 

Table 3.5 Key characteristics of variable renewable electricity generators that trigger the 
need for flexibility.

Characteristic Description Applications

Uncertainty Availability of resource cannot be 
predicted with absolute certainty

Renewables smoothing, Ramping 
reserve, Inertia services

Variability Power generation fluctuates with 
availability of renewable resource

Renewables firming, Frequency 
regulation, Seasonal storage, 
Power reliability

Low short-run cost
Once built, electricity is 
generated at very low operating 
cost

Renewables arbitrage, Wholesale 
arbitrage, Retail arbitrage, Time-
of-use bill management

Location-constraint
Resource is not equal in all 
locations and cannot be 
transported

Transmission upgrade deferral, 
Congestion management, 
Voltage support

Modularity Scale of individual generators is 
relatively small

Self consumption, Distribution 
upgrade deferral
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(Phase 1). The increasing share of variable renewable plants reduces the share of conven-
tional plants, which passively provided regulation services through generator inertia.

Phase 2 sees the deployment of longer discharge duration storage technologies for peak 
capacity. This is driven by narrowing daytime peak demand periods as a result of larger 
shares of solar PV and reducing renewables plus storage cost. Conventional, thermal ‘peak-
ers’ are less economic at shorter peak demand periods.

Phase 3 could be described as the ‘holy grail’ for electricity storage. It is when the levelized 
cost of electricity from renewables plus storage falls below that of fossil-fuel based alterna-
tives and their wide-scale deployment serves the majority of electricity demand. While for 
Phase 1 and 2 battery technologies look most promising as of today, the longer discharge 
duration required in Phase 3 may mean that alternative technologies play a stronger role.

Phase 4 is reached when variable and inflexible low-carbon electricity supply  reaches > 80%. 
In that case, very few conventional thermal generators remain and long-duration  storage is 
required to ensure supply and demand are matched at all times. Deployment of electricity 
storage in this phase is highly uncertain because it is unclear whether costs will reach levels 
that make it competitive. Alternatives are flexible low-carbon generators (e.g.  hydropower) 
or flexible conventional generators that pay a high carbon price, are equipped with car-
bon capture, or run on low-carbon fuels. In addition, electricity network expansion and in-
creased  demand-side response can offer alternatives to provide flexibility (see Chapter 1).
Practical examples for these phases are:

Table 3.6 Phases of electricity storage deployment in centralized power systems. 
Conceptual framework adapted from NREL.74 Battery symbols indicate the potential scale 
of deployment within each phase. RE—Renewable electricity.
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KEY INSIGHT

Electricity storage deployment can be clustered into four phases. These are 
characterized by the share of low-carbon power generation in a given market, and 
influence the required storage discharge duration. Archetype applications are 
frequency regulation in Phase 1, peaking capacity in Phase 2, renewables integration 
in Phase 3, and seasonal storage in Phase 4.
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 ● Pre-2010:
– The growth of pumped hydro and nuclear plants in the US from 1960 to 2010 (Figure 

3.27)
 ● Phase 1:

– Germany: In 2020 more than 50% of frequency regulation services or ~300 MW were 
provided by batteries (up from 0% in 2012)75

– Great Britain: In 2016 only batteries succeeded in the new Enhanced Frequency 
Response tenders of ~200 MW76

 ● Phase 2:
– In South Australia multiple large-scale battery projects are developed (e.g. 300 

MW/800 MWh—Neoen, 225 MW/450 MWh—Maoneng) following analyses that 2- to 
4-hour battery storage facilities are 30% cheaper than peaking gas plants in 202177–79

Figure 3.28 shows the share of variable wind and solar PV electricity generation for the 
countries or states with the highest penetration, confirming that multiple European coun-
tries like Germany and the UK are in Phase 1.

South Australia has reached an average wind and solar penetration of 64% in 2022.80 This 
confirms it is deep in Phase 2, approaching Phase 3. In contrast, Denmark has relatively few 
battery installations despite also having a high share of variable renewables. Its high inter-
connection with other European markets (Nordics, Germany) provides the required flexibil-
ity. This highlights how the  actual deployment of electricity storage technologies is not only 
dependent on variable renewables or nuclear penetration, but also the availability of other 
flexibility options (e.g. interconnection, flexible generation).

Figure 3.27 Deployment of nuclear and pumped hydro power capacity in the US between 
1960 and 2010. Both displayed on separate axes to highlight the similar growth rates.81,82
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4  Investment cost  
Projecting cost 
developments

K E Y  I N S I G H T W H AT  I T  M E A N S

Experience curves match historical product price 
data to cumulative installed capacity. This allows the 
development of investment cost to be quantified by 
an experience rate, which is the change in product 
price for each doubling of cumulative installed 
capacity.

Experience curves are a simple 
framework to structure the historical 
development of investment cost for 
a technology. This framework can be 
used to compare technologies and 
project potential future investment 
cost.

The cost reduction across electricity storage 
technologies reveals three maturity categories based 
on cumulative installed capacity and product price:
• Emerging (< 1 GWh, > 1,000 USD/kWh)
• Growing (1–100 GWh, > 300 USD/kWh)
• Mature (> 100 GWh, < 300 USD/kWh)

This can provide a useful shorthand 
to assess the maturity of electricity 
storage technologies and identify if 
investment cost potentially exceeds or 
undercuts comparable technologies at 
the same maturity level.

Experience rates for electricity storage technologies 
range from –3% to 30%. The highest rates belong to 
lithium-ion cells (30%), packs (24%), and utility-scale 
systems (19%); the lowest to pumped hydro plants 
(–3%).

Among all major electricity storage 
technologies, lithium ion has the 
strongest potential for cost reductions. 
In contrast, investment cost for 
pumped hydro plants has increased as 
more capacity is deployed.

A technology’s future investment cost can be 
projected by extending its experience curve  
forwards to future amounts of cumulative installed 
capacity.

Experience curves are a tool to project 
future investment cost in a structured 
way. The projections rely on the 
continuation of the historical cost 
reduction trend.

All major electricity storage technologies are  
on a cost reduction trajectory towards 100–500  
USD/kWh once 1 TWh of energy capacity of the 
respective technology has been installed.

Given that most technologies follow 
a similar trend, the technology that 
brings most capacity to market is likely 
to reach lowest investment cost first. 
This gives an advantage to modular 
technologies that can be used in 
multiple applications.

(Continued)
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K E Y  I N S I G H T W H AT  I T  M E A N S

Experience curves can be used to make long-term 
projections of future product prices for electricity 
storage technologies. They are ill-suited to provide 
accurate short-term price forecasts.

Short-term prices may fluctuate due 
to imbalances in supply and demand 
(e.g. manufacturing capacities, 
raw materials, logistics). Therefore, 
experience curves should only be used 
to identify overarching cost reduction 
trends.

Raw material availability is unlikely to become a 
limiting factor in electricity storage deployment 
for any of the major technologies. It is also unlikely 
to affect the product price projections based on 
experience curves in the long-term.

Concerns about raw material 
availability and cost are usually based 
on supply and demand imbalances 
which can be resolved with new raw 
material mining and processing 
capacity. There is no fundamental 
shortage of the key raw materials 
required for any major electricity 
storage technology.

Combining experience curves with market growth 
projections allows future investment costs to be 
projected as a function of time. This suggests that by 
2030, lithium-ion packs for EVs could fall to 60 USD/
kWh and large-scale 4-hour utility-scale systems to 
100 USD/kWh.

Widespread commercialization of 
electric vehicles and renewables-
plus-storage for baseload power 
generation can be expected by 2030. 
The projections represent industry 
averages. Variations are likely to be 
based on design, system size, or 
geography of deployment.

Experience curves are based on historical trends  
and are therefore ill-suited to capture potential step-
change effects like radical innovations.

Cost reduction potentials should be 
vetted against technology roadmaps 
for radical innovations that diverge 
from the current predominant  
design.

4.1 Role of investment cost
The investment cost, or upfront capital cost, is a key determinant of a technology’s compet-
itiveness. It determines whether a novel technology takes off and enters the mainstream, 
or remains forever stuck in the laboratory and demonstration phase. However, investment 
costs for new low-carbon technologies are typically higher than those of the incumbents 
they seek to replace. It is therefore essential to understand the cost reduction potential of 
novel technologies to assess their mass-market potential, even though their current market 
is small.

This is very much the case for energy storage technologies. Uncertainty around their poten-
tial future investment cost is still a key barrier to unlocking their potential.1

Therefore, this chapter compiles an extensive dataset of product prices (i.e. investment 
cost) and cumulative deployed capacity for 11 electricity storage technologies. It derives 
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KEY INSIGHT

Experience curves match historical product price data to cumulative installed 
capacity. This allows the development of investment costs to be quantified by an 
experience rate, which is the change in product price for each doubling of cumulative 
installed capacity.

cost reduction curves, so-called experience curves, and shows how to conduct a compar-
ative appraisal of the observed cost reduction trends. It demonstrates how future prices 
can be projected based on increased cumulative capacity and how their feasibility can be 
tested against possible cost floors set by raw material costs. Using market growth models, 
feasible timescales for realizing these prices and the required cumulative investments in 
deployment are determined. Key implications are discussed with two stylized examples to 
show how the derived cost reduction rates can be used to assess uncertainty around future 
competitiveness of storage. The impact of extraordinary raw material price fluctuations on 
short- and long-term technology cost development is analysed. Finally, cost reduction in-
sights are compared to an alternative method for future investment cost projections. As 
such, this chapter presents a step-by-step walk-through for a comprehensive assessment 
of future cost reduction potentials using the example of electricity storage technologies.

The cost reduction dataset and analyses presented here are publicly available from our 
companion website <www.EnergyStorage.ninja>, and are regularly updated to stay abreast 
of continuing developments in the industry.

4.2  Experience curves for storage technologies
Figure 4.1 shows product prices per unit of energy capacity for the most common electric-
ity storage technologies as a function of increasing cumulative installed energy capacity. 
Prices for storage technologies differ by product scope and application. Therefore, product 
price and installed capacity data in Figure 4.1 are differentiated by product scope: cell, pack, 
and installed system, and application category: portable (consumer electronics), transport 
(electric vehicles and hybrid electric vehicles), and stationary (residential, utility).

Analysing the cost reduction across all electricity storage technologies facilitates the cate-
gorization into mature, growing, and emerging technologies:

 ● Mature technologies have above 100 GWh installed and exhibit prices below  
300 USD/kWh. Examples include pumped hydro (system), lead acid (pack), alkaline elec-
trolysis (pack), and lithium ion for consumer electronics (cell) and electric vehicles (pack).

 ● All remaining technologies are growing with above 1 GWh installed capacity and prices 
above 300 USD/kWh.

 ● When technologies were emerging (i.e. below 1 GWh installed capacity), prices were 
generally above 1,000 USD/kWh.

http://www.EnergyStorage.ninja
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KEY INSIGHT

The cost reduction across electricity storage technologies reveals three maturity 
categories based on cumulative installed capacity and product price:

 ● Emerging (< 1 GWh, > 1,000 USD/kWh)
 ● Growing (1–100 GWh, > 300 USD/kWh)
 ● Mature (> 100 GWh, < 300 USD/kWh)
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Figure 4.1 Experience curves for storage technologies, measured by energy capacity. 
Product prices measured in real 2020 USD per nominal energy capacity as a function of 
cumulative installed nominal energy capacity. Dotted lines show the experience curves 
resulting from linear regression of the data. The legend indicates product scope (installed 
system, pack, cell) and technology (including application, experience rate with uncertainty, 
and years covered by the dataset). Experience rate uncertainty is quantified with the 95% 
standard error confidence interval. The grey stripe indicates the overarching trend in cost 
reduction for technologies relative to technology maturity as a function of cumulative 
installed capacity: Emerging (< 1 GWh), Growing (< 100 GWh), and Mature (> 100 GWh). 
Fuel cells and electrolysis must be considered in combination to form a hydrogen-based 
storage technology (with an assumed energy to power ratio of 10). Data for lead acid (pack) 
refer to multiple applications, including uninterruptable power supply and heavy-duty 
transportation. kWhcap—nominal energy storage capacity.
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Figure 4.2 displays experience curves as a function of power capacity. These were deter-
mined by applying the average power-to-energy ratio to product price and cumulative 
installed capacity in energy terms. These are fixed for each technology, therefore experi-
ence rates stay the same as in Figure 4.1. However, it can be observed that the range of 
prices is much wider, clearly differentiated along the power-to-energy ratio of the different 

Experience rates are derived from the slope of experience curves and quantify the percent-
age change in product price with each doubling of cumulative installed capacity.

All experience rates for the analysed electricity storage technologies are between 10% and 
30%, except for pumped hydro systems and lead-acid packs. Negative experience rates ob-
served for pumped hydro systems could be due to good sites becoming more difficult to 
access, increased development time due to public hearings and licensing, and stronger en-
vironmental protections.2,3 Lead-acid pack product prices are already relatively close to raw 
material cost of lead with respective fluctuations visible in the product price development. 
This dilutes cost reductions in the residual cost contributors, which were determined at 
19%, in line with the other technologies displayed in Figure 4.1.4 This observation suggests 
a potential ‘flattening’ of experience curves once products are sufficiently commercialized 
and raw material cost constitute a significant portion of total product cost.5

The highest experience rates can be observed for lithium-ion cells (consumer electronics) 
and battery packs (EVs). This explains the dominance of lithium-ion technology in these ap-
plications. The strong experience rates in combination with significant deployment levels 
enabled competitive price levels in the respective applications. As a result, residential lead- 
acid systems have not been deployed in significant amounts since 2016. Data points and 
experience rate are still displayed for reference.

Nickel-metal hydride batteries are also displayed in Figure 4.1 with an experience rate of 
11%. As with lithium ion, this electricity storage technology is used in hybrid electric vehicles 
(HEV), but has little other major applications.

When analysing experience rates, it is also essential to assess uncertainty through a re-
gression analysis, for example with a 95% standard error-based confidence interval. The 
experience rates shown in Figure 4.1 have uncertainties equal to or below 6%, which indi-
cates relatively high confidence in the identified cost reduction trend. The only exceptions 
are sodium-sulphur systems and alkaline electrolysis packs. The uncertainty for sodium sul-
phur is so high that no experience rate can be derived. For electrolysis, a rate of 20% can be 
derived, albeit with an uncertainty of ±11%.

Electricity storage technologies with insufficient price data are not shown, but these may 
still hold promise in the future, for example flywheels, compressed air, gravity storage, 
new electrochemical battery types, or thermal storage.

KEY INSIGHT

Experience rates for electricity storage technologies range from –3% to 30%. The 
highest rates belong to lithium-ion cells (30%), packs (24%), and utility-scale systems 
(19%); the lowest to pumped hydro plants (–3%).
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technologies. Nickel-metal hydride battery packs that are used in HEVs have a power-to- 
energy ratio of 15 and cost 20 USD/kW. Lithium-ion packs with a ratio of 1 cost 130 USD/kW. 
All other technologies with ratios below 0.5 cost more than 500 USD/kW. The experience 
rates of solar PV modules and inverters are displayed for comparison, indicating that expe-
rience rates of storage technologies are within the same range.

In addition, it can be observed that experience rates for lithium-ion technologies decrease 
with increasing product scope (see Figure 4.3). Overall, higher experience rates for cells 
than for packs and higher rates for packs than for systems imply that cost reductions are 
likely driven by increased production experience in cell manufacturing, followed by pack 
manufacturing.
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Figure 4.2 Experience curves for storage technologies, measured by power capacity. 
Product prices measured in real 2020 USD per nominal power capacity as a function of 
cumulative installed nominal power capacity. Dotted lines show the experience curves 
resulting from linear regression of the data. The legend indicates product scope (installed 
system, pack, cell) and technology (including application, experience rate with uncertainty, 
and years covered by the dataset). Experience rate uncertainty is quantified with the 95% 
standard error confidence interval. Indicative power to energy ratios are used to convert 
prices and capacity from energy to power terms. Experience curves for solar PV modules 
and PV inverters are shown in grey for context.
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Figure 4.3 Experience curves for lithium-ion technologies, measured in energy terms. 
Product prices measured in real 2020 USD per nominal energy capacity as a function of 
cumulative installed nominal energy capacity. Dotted lines show the experience curves 
resulting from linear regression of the data. The legend indicates product scope (installed 
system, pack, cell) and technology (including application, experience rate with uncertainty, 
and years covered by the dataset). Experience rate uncertainty is quantified with the 95% 
standard error confidence interval.

FREQUENTLY ASKED QUESTION

Don’t pumped hydro plants only cost ~20 USD/kWh?
Some reports indicate that average installed system cost for pumped hydro plants 
is 20 USD/kWh.7 While there is indeed a wide variation in pumped hydro cost based 
on the given geology, this is an order of magnitude less than the ~300 USD/kWh 
reported in this book and elsewhere.8 What has happened?

There is a frequent mix-up between the total system cost expressed per unit 
of total energy capacity (USDtotal/kWh) and specific energy cost expressed per 
marginal unit of capacity (USDspecific/kWh). While the former includes all cost 
components of the plant divided by the total energy capacity, the latter reflects the 
cost of adding a kWh of storage capacity and thereby only refers to the energy-
related cost of the plant. Simply put, the former includes turbine and reservoir 
cost, while the latter only refers to the cost of the reservoir. See Figure 2.3 in 
Chapter 2 for a detailed example.
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KEY INSIGHT

A technology’s future investment cost can be projected by extending its experience 
curves forwards to future amounts of cumulative installed capacity.

Stronger cost reduction for consumer electronics cells compared to 18,650 cells could re-
flect the ongoing shift from cylindrical 18,650 to more cost-competitive prismatic and lam-
inate cells in consumer electronics.6 The difference in experience rate for residential and 
utility systems could be the result of lower cost reduction pressure in the less competitive 
residential business and reduced participation in cell and pack cost reductions due to lower 
procurement volumes of residential system manufacturers.

4.3 Future investment cost
Experience rates reveal the underlying trend in how historical prices have fallen as a func-
tion of increasing cumulative deployed capacity. It is possible to project these experience 
curves forwards to potential future deployment levels. Of course, there is no guarantee that 
prices will continue to fall at the same rate as they have done in the past; however, this ap-
proach does give an objective, evidence-based view on how costs might develop.

Figure 4.4 shows the experience curves projected forwards to 1 TWh of cumulative capacity. 
This allows a common cost reduction trajectory to be derived across all the analysed elec-
tricity storage technologies. This implies that all commercially successful technologies have 
the potential to cost between 100 and 500 USD/kWh once 1 TWh has been deployed. As this 
applies to all technologies, it means that the technology that manages to bring most capac-
ity to market is likely to reach this range first and be most cost competitive. Thus, modular 
technologies that can be used in multiple applications have an advantage (e.g. lithium ion).

KEY INSIGHT

All major electricity storage technologies are on a cost reduction trajectory towards 
100–500 USD/kWh once 1 TWh of energy capacity of the respective technology has 
been installed.

When accounting for uncertainty of the underlying price and capacity data, the price range 
at 1 TWh expands to 80–750 USD/kWh. Also, it is important to note that experience curves 
have an empirical, rather than analytical, nature. Extrapolation into the future is not only 
subject to uncertainty of the derived rates but also uncertainty associated with unforeseea-
ble future changes. This can include technology breakthroughs, knowledge spill-overs, and 
commodity price shifts, which may all fundamentally change the cost reduction rate.9,10

The lower bound of the range is set by stationary utility-scale lithium-ion systems. This ap-
pears counterintuitive as these systems contain more components than lithium-ion cells 
or packs, which should be cheaper as a result. However, stationary lithium-ion systems will 
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reach the 1 TWh deployment threshold later than cells and packs, which are also deployed 
in consumer electronics and electric vehicles. Thus, when lithium-ion systems reach the 1 
TWh threshold, cells and packs will already be at several TWh of deployment, and signifi-
cantly cheaper as a result. This insight highlights the importance of adding the temporal 
element to experience curve analysis, which is considered in section 4.5.

The analysis of the data points for utility-scale lithium-ion systems also triggers an impor-
tant discussion on experience curves for novel technologies. Experience rates use product 
prices as proxy for production cost. Therefore, they are subject to pricing dynamics, which 
occur in particular during development and market introduction of a product. Figure 4.5 
depicts four phases:12
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Figure 4.4 Future cost of storage technologies at 1 TWh of capacity deployed. Experience 
curves (dotted lines) are projected forwards to 1 TWh cumulative installed energy capacity 
to analyse potential future product prices. The legend indicates product scope (installed 
system, pack, cell) and technology (including projected product price at 1 TWh cumulative 
installed capacity). The shaded region indicates the cost reduction trajectory across 
all technologies, which narrows to the price range given on the right of the figure.
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FREQUENTLY ASKED QUESTION

Can the price target of 100 USD/kWh for lithium-ion systems be achieved 
in the next few years?
‘The cost of the battery is only ~10–20% higher than the bill of materials – 
suggesting a potential long-term competitive price for lithium-ion batteries could 
approach ~USD 100 per kWh. Tesla currently pays Panasonic 180 USD/kWh for 
their batteries, although conventional systems are still selling for 500–700 USD/
kWh. But Navigant says that the broader marketplace will reach the levels Tesla is 
paying in the next two to three years.’11

Such claims mix references to the cost of battery cells and installed stationary 
battery systems. The cost of a battery cell is only ~10–20% higher than the bill of 
materials and Tesla probably paid 180 USD/kWh for Panasonic lithium-ion cells in 
2015. That’s only ~35% of the cost for an entire installed battery system though. 
Hence, the article is flawed by comparing Panasonic cell costs to the costs of 
‘conventional systems’ and then suggesting that 100 USD/kWh will be reached in 
the next 2 to 3 years. It infers that this is the price for battery systems. Table 4.1 
below gives an indication of the relative cost contribution of key components in a 
battery system (see also section 2.2).

Table 4.1 Components of a battery storage systems and indicative cost contributions.

Technology scope Indicative contribution

Cell (electrodes, electrolyte, collectors, housing, etc.) 35%

Pack/Rack (structure, electronics, BMS, etc.) 15%

Power conversion system (inverter, etc.) 10%

Balance-of-system (container, fire suppression, etc.) 10%

System integration 5%

Project development 10%

Engineering, procurement, commissioning 15%

Total 100%

 ● Development: Product prices are below production cost for the new product to be tried 
in the market

 ● Price umbrella: A dominant player can command a price premium for the newly 
introduced product

 ● Shakeout: As the market grows, new players enter and increase competition so that 
prices reduce strongly back to production cost levels

 ● Stability: When the market environment has stabilized, product prices reflect production 
cost development.
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The data points for lithium-ion systems (residential- and utility-scale) mirror this develop-
ment. Figure 4.6 shows a price umbrella before 2016/17 when a relatively small number 
of players served a fast-growing market. These companies may have been able to enforce 
high prices, which would attract competitors. In 2015, Tesla announced the residential Pow-
erwall and utility-scale Powerpack product for prices significantly below market average.13 
From 2017, these products were mass-produced. This is an indicator for the increased 
competition that took place from 2017, explaining the shakeout-like price reductions for 
 lithium-ion battery systems thereafter.

One could argue that only the data points for 2018 to 2021 should be considered to ensure 
that price development mirrors cost development. This would yield an experience rate of 
10% for utility-scale systems. However, the aggressive pricing strategy by Tesla may indicate 
that selected entrants were pricing below cost to buy market share. Also, some industry 
experts suggest that the high prices before 2017 were caused by a shortage in production 
capacity and resulting competition with the EV battery market. Product prices will always be 
subject to pricing dynamics and product supply/demand imbalances, so there is an argu-
ment for including these data in the experience curve.
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Figure 4.5 The relationship between cost and price during market introduction of a new 
product.12

FREQUENTLY ASKED QUESTION

I read that lithium-ion packs became more expensive in 2022. Does that mean 
the identified experience curves are wrong?
Prices for lithium-ion battery packs increased in 2022.14 This is attributed to higher 
raw material prices. However, it does not mean that the identified cost reduction 
trend is wrong. Rather, annual price points vary due to imbalances in demand and 
supply for raw materials, manufacturing capacities and/or logistics capacities. The 
broader cost reduction drivers are not affected (e.g. production scale-up, product 
innovation) and unlock further reduction potential that materializes once demand 
and supply are in balance again.
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KEY INSIGHT

Experience curves can be used to make long-term projections of future product 
prices for electricity storage technologies. They are ill-suited to provide accurate 
short-term price forecasts.

4.4 Raw material cost
Experience curve analyses with extrapolated forecasts should include cost floors to avoid 
excessively low cost estimates.9,10 As highlighted before, experience curves may flatten once 
products are sufficiently commercialized and raw material cost constitute a significant cost 
share. Therefore, raw material cost can be used as a proxy for cost floors in experience 
curve analyses.

Figure 4.7 compiles raw material cost for each technology based on their material invento-
ries and commodity prices from 2010 to 2020. It also compares these to the product price 
projections for 1 TWh cumulative deployed capacity from Figure 4.4. The raw material cost 

Figure 4.6 Historical price development of residential and utility-scale lithium-ion 
battery systems. Product prices measured in real 2020 USD per nominal energy capacity 
as a function of cumulative installed nominal energy capacity. Dotted lines show the 
experience curves resulting from linear regression of the data. The legend indicates 
technology (including application, experience rate with uncertainty, and years covered 
by the dataset). Experience rate uncertainty is quantified with the 95% standard error 
confidence interval.
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represent cost floors below which product prices are unlikely to go with current technology 
and no innovation in raw material extraction.

The figure reveals that the average raw material cost for most technologies is significantly 
below the experience curve-based product price projections at 1 TWh for most technolo-
gies. This confirms that the identified cost reduction potentials to 100–500 USD/kWh are 
feasible. Note that raw materials prices increased sharply in the first years of the 2020s 
beyond the range shown in this figure. This is potentially a short-lived commodity cycle 
though, as discussed further in section 4.7.4, and so may not accurately reflect the ultimate 
lower-bound for technology costs.

Nickel-metal hydride batteries exhibit relatively high raw material cost due to large amounts 
of nickel. These batteries are also subject to commodity price fluctuations of nickel, leading 
to pack cost of 250 USD/kWh in the worst case. Similarly, vanadium price fluctuations mean 
that raw material cost for vanadium-flow batteries could be as high as 400 USD/kWh in the 
worst case. For both technologies, these worst-case raw material costs would be above 
projected product prices at 1 TWh cumulative deployed capacity. This indicates that product 
prices could temporarily be higher than projected by experience curves, depending on raw 
material cost fluctuations.

The material costs of other electrochemical storage technologies are also driven by their 
active materials like platinum, lithium, and lead. Lithium ion is a family of technologies with 
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Figure 4.7 Combination of raw material cost (bars) and product price projections 
(squares) at 1 TWh cumulative deployed capacity for electricity storage technologies. 
Product prices are given for system level for pumped hydro and pack level for all other 
technologies. Error bars account for variation in each technology’s material inventory 
and commodity prices from 2010 to 2020. Commodity prices are taken as monthly 
averages instead of daily spot prices as these better reflect the contract prices battery 
manufacturers will see.15 NMC refers to NMC111 with equal shares of nickel, manganese, 
and cobalt.
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different options for materials used in the cathode. Taking average raw material costs, NMC 
is 66% more expensive than LFP. Mechanical storage technologies have the lowest material 
cost below 20 USD/kWh due to the low-cost materials employed.

The use of monthly average price data for 10 years from 2010 to 2020 covers the typical 
cyclical fluctuations of supply and demand as described by the cobweb theorem or ‘pork 
cycle’.16 However, there is still uncertainty on the future development of commodity prices, 
and extraordinary circumstances could lead to price fluctuations outside of the ranges that 
are explained by the cobweb theorem. This will be covered in section 4.7.

In order to assess the impact of raw material price increases on product prices, it is impor-
tant to understand the raw material composition of electricity storage technologies.

Figure 4.8 illustrates this for lithium-ion battery packs by displaying weight and cost con-
tribution of the key raw materials for the two most common chemistries, LFP and NMC. It 
shows that aluminium constitutes 22% of the total weight due to its use in the current con-
ductor and cell and pack housing. This is followed by 12–13% graphite, which is used in the 
anode and 12–13% copper, which is also used as a current collector.

The individual active materials of the cathode and lithium usually constitute less than 10% 
of the raw material weight in lithium-ion battery packs. However, the cost contributions of 
lithium in LFP or nickel and cobalt in NMC batteries are larger than 20% each.

This analysis shows that each material only contributes a minor share to total raw material 
cost. In addition, total raw materials cost only constitutes a share of total product price. The 
cost increase of one raw material will therefore only have a limited impact on lithium-ion 
battery pack prices.

Figure 4.9 illustrates this through a sensitivity analysis for the key raw material cost con-
tributors for LFP and NMC battery packs. It shows that a doubling of copper prices (a 100% 
increase), will increase the product price of LFP or NMC battery packs by only 5.4% or 5.0% 
respectively. A quadrupling of copper prices (a 300% increase) would increase LFP or NMC 
pack prices by 16.2% or 15.1% respectively.

LFP battery pack prices are most sensitive to copper, aluminium, and lithium hydroxide cost. 
A quadrupling of all three would increase pack prices by ~35%. In contrast, NMC battery 
pack prices are most sensitive to the cathode materials, nickel and cobalt. A quadrupling of 
the cost for both would increase NMC battery pack prices by more than 50%. This suggests 
that LFP battery pack prices are more robust to raw material cost changes than NMC bat-
tery packs because the cost contribution of individual materials to total raw material cost is 
lower.

Price spikes for raw materials usually trigger discussions on whether resource availability 
may be a general concern for the future deployment potential of selected electricity storage 
technologies like lithium ion. In fact, all active materials of the investigated storage technol-
ogies have a reserve base sufficient for the production of beyond 10 TWh storage capacity 
with current technology.18
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Figure 4.8 Weight and cost contribution of key raw materials in lithium-ion batteries with 
(a) LFP cathode and graphite anode and (b) NMC cathode and graphite anode. NMC111 
is assumed with equal shares of nickel, manganese and cobalt. Symbols indicate usage 
of raw materials in battery cell and pack components. Raw material analysis is based on 
ANL’s BatPac model v3.0 and the Bloomberg terminal.15,17
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Figure 4.9 The impact of raw material cost changes on lithium-ion battery pack price for 
(a) LFP cathode and graphite anode and (b) NMC cathode and graphite anode. NMC111 is 
assumed with equal shares of nickel, manganese, and cobalt. A battery pack price of 130 
USD/kWh is assumed. Values in brackets show baseline raw material cost assumptions 
based on monthly average prices from 2010 to 2020.
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Table 4.2 provides a more detailed analysis for lithium ion and vanadium redox flow. It trans-
lates the raw material availability for the active materials in both technologies to the pro-
duction potential of these batteries if all currently known reserves are used. This cursory 
analysis reveals that raw material availability is sufficient to deploy more than 1 billion elec-
tric vehicles (global car stock in 2020 was ~1.3 billion)19 or at least 19× the stationary battery 
storage capacity projected for 2030.20

On the one side, a clear limitation of this analysis is that it assumes full consumption of all 
resources for the production of batteries. On the other side, resources may increase and 
the material intensity in battery manufacturing may decrease in future. Alternative NMC811 
lithium-ion batteries (80% nickel, 10% lithium and cobalt respectively) only use a quarter of 
the cobalt indicated Table 4.2 and LFP lithium-ion batteries use no cobalt at all. Thus, raw 
material availability is unlikely to pose a significant barrier to the deployment of lithium-ion 
and vanadium redox-flow batteries in the foreseeable future.

Raw material availability Unit Lithium Cobalt Nickel Vanadium

World annual production Mt 82 140 2500 86

World reserves Mt 21,000 7,100 94,000 22,000

World resources Mt 86,000 25,000 300,000 63,000

Production potential 
(based on resources) Unit Lithium Cobalt Nickel Vanadium

Material intensity in battery kg/kWh 0.139 0.394 0.392 3.4

Potential electrical energy 
storage capacity TWh 619 63 765 19

Number of electric vehicles bn 12.4 1.3 15.3 n/a

Multiples of stationary 
capacity projected for 2030 # 619 63 765 19

Table 4.2 Raw material availability and resulting production potential for lithium-ion 
NMC111 batteries with equal shares of nickel, manganese, and cobalt, and vanadium 
redox-flow batteries.21 Resources refer to the amount of a geological commodity that 
exists in both discovered and undiscovered deposits. Reserves refer to the amount of a 
geological commodity that has been discovered, has a known size, and can be extracted 
at a profit. Average capacity of lithium-ion battery pack in electric vehicle is assumed to 
be 50 kWh. Projection for 2030 stationary electrical energy storage capacity in batteries is 
1 TWh.20 n/a given where a technology is not viable for the use case.

KEY INSIGHT

Raw material availability is unlikely to become a limiting factor in electricity storage 
deployment for any of the major technologies. It is also unlikely to affect the product 
price projections based on experience curves in the long-term.
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4.5 Time frame for cost reductions
Future cost reductions will materialize in line with experience curves as new capacity is de-
ployed. To map future cost reductions to time, the market diffusion process of new tech-
nologies must be modelled, which adds another layer of uncertainty though. A common 
modelling approach is the archetypal sigmoid function (known as the S-curve) which has 
been observed for the deployment of novel technologies.23 Figure 4.10 shows annual mar-
ket deployment and cumulative deployed capacity for lithium-ion battery storage used in 
utility-scale systems. Chapter 8 contains these market forecasts for all applications, includ-
ing the parameters to model each respective sigmoid function.

Combining the projected capacity in a specific year with the product price at that capacity 
(as projected by the experience curve) returns a projected product price in that specific 
year. This approach is displayed in Figure 4.11.

FREQUENTLY ASKED QUESTION

How do experience curves account for raw material constraints? If lithium 
becomes scarce further cost reductions appear unlikely, don’t they?
Experience curves do not directly account for raw material constraints. What can 
be done is to consider raw material cost as potential ‘cost floors’ (see Figure 4.7). 
These cost floors could increase if raw materials become scarce or decrease if 
extraction costs reduce.

However, one needs to consider how likely prolonged raw material constraints 
are and whether there are alternatives once a certain material is too expensive or 
not available anymore.

For lithium-ion batteries, for example, concerns usually refer to the demand and 
resulting price development for nickel, cobalt, and lithium, the key materials used 
in the cathode. However, only a minor percentage of lithium-ion batteries is made 
of these materials, for example only ~5% (in terms of weight) is made up of lithium. 
The global reserve base for these materials (i.e. identified resources that have 
been discovered, have a known size and can be extracted at a profit) are sufficient 
to produce at least 1 billion electric vehicles (see Table 4.2). This base continuously 
increases as new resources are discovered and/or extraction costs fall. Thus, 
resource constraints appear unlikely in the foreseeable future. Recent price spikes 
for individual materials are rather the result of a mismatch in demand and supply 
due to the time lag between increased demand and new supplies (i.e. new mines 
coming online).

It is also important to understand that lithium-ion batteries are a technology 
group. The cathode can be based on a range of raw materials (nickel, aluminium, 
cobalt, manganese, iron phosphate, etc.). Price spikes in one material can result 
in battery manufacturers shifting towards alternative materials. When cobalt 
prices spiked in 2018, manufacturers shifted to nickel-rich cathodes. The risk of 
high nickel prices strongly impacting nickel-rich cathodes in turn contributed to 
the recent increase of the production of iron-phosphate based cathodes.22 This 
flexibility reduces the risk of running into resource constraints for lithium-ion 
batteries. In short, high prices cure high prices.
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For the ~20 GWh of utility-scale lithium-ion systems that were deployed by 2020 (black cir-
cle) a product price of ~350 USD/kWh is projected, which is roughly in line with the 310 USD/
kWh actual cost determined for a large-scale project in 2020.26

For the ~350 GWh that could be deployed in the high growth scenario by 2026 (blue circle), 
a price of ~100 USD/kWh can be projected using the high experience curve (i.e. the best 
case scenario for both growth and innovation).

It is found that 1 TWh of cumulative capacity could be installed for most new technology 
types within 5 to 20 years based on current market growth expectations (central growth 
scenario). Figure 4.12 shows that, as a result, by 2030 stationary systems cost between 
120 USD/kWh (utility-scale lithium ion) and 700 USD/kWh (residential lithium ion). When 
accounting for experience rate uncertainty, the price range expands to 80–730 USD/kWh 
(shaded area in Figure 4.12).

Lithium-ion EV pack price reduces to 60 USD/kWh by 2030 if the high experience rate of 
24% is combined with the high rate of doubling of deployed capacity if 25 million EVs are 
sold annually by 2030.27 This equates to more than 1 TWh annual capacity additions, com-
pared to 30 GWh for residential storage, explaining the wide difference in product prices by 
2030 from a theoretical perspective. However, in practice, residential lithium-ion systems 
are likely to benefit more strongly in the cost reduction of EV packs due to spill-over effects. 
This effect appears to not be fully reflected in the experience curve of residential systems 
yet and may increase their experience rate in the future.

Lithium-ion battery cells for consumer electronics are projected to cost 140 USD/kWh by 
2030. This higher cost than EV packs (which also include cells) is possibly due to the higher 
difficulty of standardizing across the consumer electronics industry. In contrast, cells for 

Figure 4.10 Market growth projection for stationary utility-scale lithium-ion systems.24,25
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EV packs and stationary systems will benefit from better design standardization and larger 
economies of scale.
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Figure 4.11 The step-by-step derivation of cost reductions over time. The convolution 
of (a) projection of cumulative capacity over time with (c) product price projection as a 
function of cumulative capacity yields (d) product price projection over time. Panel (a) 
is the sigmoid growth curve with logarithmic y-axis. Panel (c) is the experience curve, 
including uncertainty, with linear y-axis.

KEY INSIGHT

Combining experience curves with market growth projections allows future 
investment costs to be projected as a function of time. This suggests that by 2030, 
lithium-ion packs for EVs could fall to 60 USD/kWh and large-scale 4-hour utility-
scale systems to 100 USD/kWh.

Price projections for lithium-ion battery packs reduce to below 60 USD/kWh after 2030. This 
is within the raw material cost range identified in Figure 4.7. So, these projections rely upon 
reductions in raw material cost (e.g. increased mining capacity and improved processes), 
improvements in energy density (e.g. silicon anode, solid electrolyte), or changes in raw 
material composition of lithium-ion batteries (e.g. no nickel or cobalt). The latter two de-
velopments are focus topics for the industry, which is reflected in lithium-ion innovation 
roadmaps.28,29
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4.6 Cumulative investment needs
By linking product prices to cumulative capacity, experience curves offer the opportunity to 
quantify the cumulative investment required to deploy energy storage solutions. This is of 
great interest to academics, policy-makers, and industry.9,10,30–32

Global investment in renewable power generation and electricity networks was around 
USD 300 billion (bn) for 2018–2020.33,34 Investment in electricity storage technologies was 
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Figure 4.12 The future cost of storage technologies over time. Cost projections are based 
on experience rates and S-curve market growth assumptions for consumer electronics, 
hybrid electric vehicles, electric vehicles, residential and utility-scale storage. Market 
growth in different applications is mutually exclusive, but technology penetration is not 
(i.e. 100% market share assumed for each technology). Symbols indicate when 1 TWh 
cumulative installed capacity could be achieved for each technology under this condition. 
No symbol means 1 TWh cumulative capacity is not achieved within the given time frame 
(pumped hydro: 2000, lead-acid—modules: pre-1989, NiMH: 2046). Residential lead-acid 
systems are excluded from the analysis due to limited competitiveness with lithium ion 
(see section 4.2.) The shaded area marks the impact of experience rate uncertainty. The 
legend indicates product scope (installed system, pack, cell) and technology (including 
application and experience rate with uncertainty). Fuel cells and electrolysis must be 
considered in combination to form a hydrogen-based storage technology.



Chapter 4  Investment cost: Projecting cost developments110

around USD 3–4 bn, around 1% of these more established technology groups.35 Figure 4.13 
shows that investments worth USD 80 bn (lithium ion, EV pack) to USD 1,150 bn (lithium 
ion, residential system) would be required for the deployment of each storage technolo-
gy to reach the price range of 100–500 USD/kWh that was identified for each technology 
at ~1 TWh cumulative installed capacity. For context, this means between 1% and 35% of 
the investments made into electricity networks and renewables need to be spent on each 
storage technology to reach this price range by 2030. Accounting for experience rate un-
certainty, the investment range could be USD 70–400 bn with high experience rates or USD 
100–6,800 bn in the low experience rate case.
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Figure 4.13 The impact of cumulative investment in storage deployment on the future 
cost of storage. Graph shows the investment in storage deployment required to ‘pull’ 
technologies along individual experience curves. This investment could be consumer 
capital, industry capital, government subsidy, or a mix of all. The shaded rectangle 
indicates the investment required to reach prices of 100–500 USD/kWh. Symbols mark the 
amount of investment required to deploy 1 TWh cumulative capacity for each technology. 
No symbol means 1 TWh cumulative capacity is already deployed (pumped hydro, lead-
acid modules). Residential lead-acid systems are excluded from analysis due to limited 
competitiveness with lithium ion (see section 4.2.). The legend indicates product scope 
(installed system, pack, cell) and technology (including application and experience rate 
with uncertainty). Fuel cell and electrolysis must be considered in combination to form a 
form a hydrogen-based storage technology (together these require USD 240bn to reach 
< 500 USD/kWh).
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For example, if end-users would be willing to pay 500 USD/kWh for a residential lithium-ion 
system, then USD 650 bn of the USD 1,150 bn total investment would be required to subsi-
dize deployment until this price level is reached.

Such insights can inform policy-makers and industry on appropriate deployment policies 
and investment requirements. As the largest country-specific investments into the renewa-
ble energy industry range from USD 5 bn (Germany) to USD 80 bn (China) in 2019,36 global 
cumulative investment of USD 30 bn to USD 100 bn for storage technologies by 2030 does 
appear conceivable.

4.7 Discussion
This analysis comes with three key implications: insights on future competitiveness of en-
ergy storage technologies, related uncertainties, and a basis for comparison to other cost 
projection methods.

4.7.1 Key implications

First, the common cost trajectory identified for storage technologies enables practitioners 
to assess proposed technologies against existing ones, with cost trajectories lying above or 
below signalling that the technology may remain uncompetitive or become disruptive, re-
spectively. But such conclusions are limited to investment cost, and a complete assessment 
of competitiveness must include additional factors (such as lifetime and efficiency) that af-
fect application-specific lifetime cost (see Chapter 5).37

Second, the future projections made for storage technology prices enable simple assess-
ment of price targets and investment requirements established for storage to become 
competitive. For example, a study identified that electricity storage coupled to solar and 
wind power could meet baseload power demand for 95% of the time most cost  effectively if 
storage investment cost was below 150 USD/kWh.38 The present analysis indicates that this 
price threshold could be achieved once an additional 185 GWh of utility-scale  lithium-ion 
systems have been deployed (central experience rate), which according to market growth 
assumptions could be achieved by 2027 if all future utility-scale deployments were 
 lithium-ion systems. This would correspond to USD 35 bn invested in deployment. Such 
quantification enables informed discussions about the scale of, and split between, private, 
and public sector investments.31 However, such analysis is incomplete without considering 
alternatives to storage, such as network expansion, demand-side management, and flexi-
ble low-carbon generation.

The third implication of this analysis is that the provision of a comprehensive experience 
curve dataset can remove a significant barrier to analysing the future competitiveness of 
storage in distinct applications. Figure 4.14 shows two stylized examples for EV transpor-
tation and residential storage, which are deliberately simplified to showcase the poten-
tial insights that can be gained from such data. The myriad of applications, technologies 
and  location-specific contexts that are absent from this cursory analysis can now be more 
 readily explored in future studies.
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4.7.2 Storage competitiveness

A prominent study suggested EVs are suitable to replace the majority of vehicles in the US 
based on daily driving requirements.39 To assess their economic competitiveness, experi-
ence rate analysis can be used to project cost of ownership (in USD per mile travelled) for 
the energy inputs and storage components of EVs and conventional cars (see Chapter 8 for 
detailed methods). In this simplified example (see Figure 4.14a), EVs become competitive 
against internal combustion engine vehicles at a gasoline price of 2.10 USD/gallon, which 
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Figure 4.14 The application-specific lifetime cost of lithium ion in two stylized examples. 
(a): Cost of ownership for personal transport in the United States, comparing lithium-ion 
battery pack plus cost of electricity (blue) with a fuel tank plus cost of gasoline at an oil 
price of USD 40 per barrel (red). (b): Levelized cost of storage (LCOS) in Germany for solar 
PV coupled residential lithium-ion system (blue) compared to retail power price (red). Retail 
price is fixed at 2020 levels. Dashed and dotted lines in both panels represent the impact 
of experience rate uncertainty alone and combined with market growth uncertainty, 
respectively. Black bars indicate possible timespan for costs to equalize with the 
conventional technology based on these uncertainties (vertical line: equalization at central 
experience rate; thick bar: with experience rate uncertainty; thin bar: with experience 
and growth rate uncertainty). kWhe—unit of electricity, kWhcap—nominal energy storage 
capacity. All relevant parameters for the calculations can be found in Chapter 8.
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corresponds to an oil price of 40 USD per barrel (bbl), in 2024 at lithium-ion pack costs of 
100 USD/kWh. When taking the average oil price over the 2010s (~50 USD/bbl), EVs would 
be competitive at lithium-ion pack costs of ~120 USD/kWh. In 2021 pack prices stood at 
132 USD/kWh on average.14 The combined uncertainty in experience rate and growth rates 
could alter the date at which EVs become competitive at 40 USD/bbl oil price by up to 3 
years (2022 to 2024). The required cumulative production is 1,300 GWh of battery packs or 
24 million EVs (at 55 kWh per pack).40 Note that this is a simplified example, neglecting any 
differences in vehicle performance or tax impacts on gasoline or electricity cost. However, 
the impact of experience rate uncertainty would carry through into more detailed analyses.

Integrated solar photovoltaic (PV) and storage systems are considered an effective means 
to increase self-consumption by residential producers in light of decreasing feed-in tariffs.41 
In the second stylized example (see Figure 4.14b) the levelized cost of storage (LCOS) for 
such a system in Germany is modelled in comparison to the retail power price. There ap-
pears to be much greater uncertainty regarding the future competitiveness than in the pre-
vious example. Already the spread between central experience rate projection and high 
experience combined with high growth rate projection is 6 years (2027 to 2033), translating 
into required cumulative capacities of 130 or 240 GWh respectively. Regardless of simpli-
fications, this highlights the emerging state of the residential storage market. The rate at 
which costs reduce through the early phase will be a significant determinant of whether 
solar plus lithium-ion batteries will become competitive before 2040 at all.

FREQUENTLY ASKED QUESTION

For EVs to be competitive, lithium-ion cell cost of 100 USD/kWh is suggested 
as the tipping point. Does such a point exist for stationary systems?
It does, but this is dependent on the storage technology, application, and market:

 ● Technology: A wider range of technologies are viable for stationary storage. 
These have different performance parameters. While two technologies may 
have the same investment cost, technology A with a longer lifetime may be 
competitive already, while technology B is not.

 ● Application: Each application has different requirements and a different 
incumbent technology solution. At a certain investment cost a storage 
technology may be competitive in application A, but not yet in application B. 
Although we see battery storage solutions compete in frequency response 
and regulation applications already, this does not mean that energy storage is 
competitive to balance the mismatch in seasonal supply and demand.

 ● Market: Markets differ in terms of electricity price (for charging) and 
remuneration for specific services. So, while market A may be an island with very 
high remuneration for a specific application, market B may not offer the same 
level of remuneration and storage solutions may have a lower investment cost 
‘tipping point’.

Investment cost ‘tipping points’ can at best serve as approximation for 
competitiveness of specific storage technologies in a certain application and 
market. A direct assessment of competitiveness can be conducted by modelling 
application-specific lifetime cost (see Chapter 5).
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4.7.3 Regional differences

An uncertainty not explicitly covered in the analysis of this book is the variation of all-in 
electricity storage system prices by geography. Price differences exist mainly because of 
differences in:

 ● Dominant technology—LFP vs NMC lithium-ion chemistries
 ● Project development costs—land acquisition, permits
 ● Distribution and installation costs—procurement, construction
 ● Other soft costs—financing, taxes

Figure 4.15 illustrates the variation of all-in lithium-ion system cost across six different mar-
kets. They are lowest in China due to the dominance of low-cost LFP technology and lower 
procurement cost due to access to a domestic supply chain. All other markets see higher 
all-in system cost, driven by the dominance of higher performance, but also more expensive 
NMC technology, complex procurement from non-domestic supply chains, higher labour 
cost driving construction cost, more complex permitting procedures, and higher financing 
cost. These regional differences in electricity storage system cost must be taken into ac-
count when assessing specific projects.

4.7.4 Supply and demand imbalances

For lithium-ion technology, overall raw material cost soared by 300% to 700% in the 12 
months from March 2021 to March 2022 (see Figure 4.16). This is outside of the uncertainty 
ranges given in the section on raw material cost (see section 4.4) and driven by a combina-
tion of extraordinary circumstances, mainly:
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 ● the supply chain disruptions and delayed expansion of mining and raw material pro-
cessing capacity due to the COVID pandemic that started in 2020

 ● the firm increase in lithium-ion battery production due to a strong uptake in electric 
vehicles and stationary lithium-ion storage in 2020 and 2021

 ● the economic uncertainty caused by the Russian invasion of Ukraine in February 2022
 ● the foreseeable increase in interest rates by central banks for 2022 to counter high 

levels of inflation

As a result, the cost of nearly all raw materials used in lithium-ion batteries increased sig-
nificantly.42 In particular, the cost of lithium carbonate (used in LFP) increased, which also 
affected the cost of lithium hydroxide as derivative (used in NMC and LFP). The raw material 
cost increase of 300% and 700% would increase battery pack prices by 100% for NMC and 
150% for LFP respectively.

However, battery manufacturers are unlikely to be directly subject to these elevated raw 
material costs because raw materials are largely purchased via long-term contracts. These 
elevated price levels are unlikely to sustain long enough to be reflected in future long-term 
contracts.

Figure 4.17 illustrates this with the example of high-purity polysilicon used to manufacture 
solar PV modules. Three important insights can be derived from this chart.

First, the continuous alternation between shortage and oversupply of polysilicon is a great 
illustration of the cobweb theorem,16 which also applies for lithium-ion raw materials and 
production capacities. The impact on polysilicon contract price (see Figure 4.17 a) can be 
seen in the product price for solar PV modules (see Figure 4.17 b). However, it does not ma-
terially distort the overall product price development from the underlying experience curve. 
It thereby shows that the uncertainties for raw material cost determined in Figure 4.7 are 
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Figure 4.16 Lithium-ion battery raw material price index from January 2020 to March 2022.43



Chapter 4  Investment cost: Projecting cost developments116

reasonable and unlikely to significantly affect the experience curve-based price projections 
for storage technologies.

Second, there was an extraordinary polysilicon price increase between 2005 and 2008. This 
was due to the combination of an increase in feed-in-tariffs for electricity from solar PV 
in Germany, which quadrupled solar PV module demand in Germany in 2004, and a high 
growth rate for semiconductors in 2004 (23% per year), which also use high purity poly-
silicon.44 However, this raw material price increase was time-limited because it triggered 
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innovation (e.g. the amount of polysilicon in PV modules dropped from 13 grams (g) to 
10 g per Watt) and additional polysilicon processing capacity. As a result, prices collapsed 
in 2008 exacerbated by the financial crisis and scrapping of lucrative feed-in-tariffs in Spain. 
It thereby shows that the extraordinary raw material cost increases seen in 2021/22 are 
unlikely to sustain for more than 2 to 3 years at maximum.

Lastly, while the spot price for polysilicon increased by 1,500% from ~30 USD/kg (2005) to 
~460 USD/kg (2008), contract prices only increased by 100% from ~35 USD/kg to 70 USD/
kg. This shows that extraordinary increases in spot prices do not directly feed through to 
the long-term raw material contracts that battery manufacturers are likely to have with raw 
material producers.

Overall, these observations show that the experience curve-based price projections for 
electricity storage technologies are unlikely to be significantly distorted by raw material 
price fluctuations. As for 2022, raw material prices for lithium-ion storage technologies are 
expected to increase, which leads to a temporary increase in product prices.14 However, 
these prices are likely to return to their reduction trend once raw material costs return to 
previous levels. This can be the result of additional mining and processing capacities, prod-
uct innovation, and/or a reduction in the rate of demand increase.

However, this discussion of raw material costs shows that experience curves are ill-suited 
for short-term projections of product prices as they do not capture commodity price fluc-
tuations and market developments.9 Their purpose is to uncover underlying cost develop-
ment trends and make long-term product price projections.

4.7.5 Remaining uncertainties and limitations

Uncertainty affecting all data stems from the use of product prices (i.e. investment cost) in-
stead of production cost. The theory of learning applies to production cost.45 So, product 
price-based experience curves can only be used as proxy to mirror the development of pro-
duction cost. Product prices include additional cost factors (e.g. cost of sales, margin) and any 
price projections that rely on the theory of learning in production are subject to these addi-
tional cost factors remaining unchanged.9 In practice, however, experience curves are widely 
used to project future product prices and have proven useful for multiple technologies.46,47

An additional uncertainty regarding the use of product prices as a proxy for production 
cost development relates to early-stage markets, in which these quantities might deviate 
more strongly.9,12 The datasets for residential lithium-ion, lead-acid, utility-scale vanadium 
flow systems, and electrolysis do not cover the recommended two orders of magnitude in 
data length (i.e. cumulative installed capacity).

KEY INSIGHT

Experience curves are based on historical trends and are therefore ill-suited to 
capture potential step-change effects like radical innovations.
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Multiple studies identified experience rates for energy technologies in the last 35 years.48–51 
These range from –11% (nuclear, CCGT) up to 47% (solar PV) with nearly two-thirds of obser-
vations between 10% and 25%. The experience rates identified in this study for electricity stor-
age technologies, including their uncertainty, are well within these extrema (see Figure 4.18). 
Mirroring the distribution of experience rate observations for energy technologies, 8 of the 
11 rates (i.e. around two-thirds) are also within 10% and 25%.

Another limitation regarding the identified time frames of cost reductions and cumulative 
investment needs is the assumption that technologies will capture 100% market share. In 
practice, it is likely that a portfolio of technologies will be deployed. The composition of that 
portfolio depends on which applications will mainly be served by electricity storage (see 
Chapter 5). The determined timelines for cost reductions and required investment needs 
therefore represent optimistic scenarios for each technology. On the other hand, the as-
sumption of 100% market share is not completely irrational. There is a strong element of 
endogeneity in electricity storage deployment, in other words, which technology becomes 
cheapest is influenced by how much of each gets built, and that is influenced by which be-
comes cheapest. Technologies that see high deployment will be subject to these reinforce-
ment loops and capture a disproportionately large market share. Lithium ion could be a 
case in point. Stationary systems benefit from the high deployment of EV battery packs, 
which facilitates initial deployment in stationary applications. This drives cost reductions for 
stationary systems and makes additional deployment more cost efficient. In practice, this 
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Figure 4.18 Comparison of experience rates for electricity storage technologies with 
experience rates observed for other energy technologies in the last 35 years.48–51 Grey 
bars refer to number of observations of distinct experience rates for energy technologies. 
Coloured points show experience rates for electricity storage technologies. Error bars 
reflect the identified uncertainty ranges. NiMH - Nickel-metal hydride.
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could mean technologies that would have been cheaper than lithium ion, had they seen 
similar deployment, remain more expensive.

Finally, experience or learning rates are ideally derived for specific components of industry 
goods.9,52 By reporting prices on pack- or system-level, there is uncertainty due to aggre-
gation of potentially different experience rates of individual components (e.g. cells, power 
electronics) and due to inclusion of non-manufacturing related cost (e.g. installation, com-
missioning), which might follow cost dynamics not captured with the experience rates de-
rived in this book.

4.7.6 Comparison to other cost projection methods

Due to the uncertainties and limitations that come with experience curve analysis, it can be 
useful to compare the price projections to those from alternative cost projection methods.

Expert elicitations use structured discussions to elicit scientific and technical judgments in 
the form of subjective probability distributions around uncertain variables from experts in a 
particular field.53 They are a valuable tool to support investment and policy decision-making 
in conditions of uncertainty and limited data availability.53,54

In a study conducted in 2016/17, 10 experts were asked to give cost estimates for  lithium-ion 
battery packs in 2020 and 2030.55 Figure 4.19 compares these estimates to an experience 
curve-based projection as well as the actual price development. It shows the:

 ● Reference price range from 2005–2014 that was available as briefing material56

 ● Experience rate price projection up to 2030 based on historic price data up to 2015
 ● Expert estimates for 2020 and 2030 including uncertainty
 ● Actual average prices up to 2022 based on an industry survey14

Expert estimates are in line with the experience rate projection. While the 2020 estimate is 
slightly below, the 2030 estimate is slightly above the central projection. Studies on water 
electrolysis and wind turbines have shown that stakeholder expectations and expert elici-
tations yield cost estimates that are lower than would be indicated by historical trends and 
experience curves.57,58 This is confirmed by the 2020 estimate and could show that experts 
tend to give overly optimisitic projections due to the limited account of historical trends and 
possible relation to cumulative produced capacity. The observation that 2030 estimates are 
higher than the experience curve confirms the hypothesis that experience curves are more 
sensitive to future technology deployment than experts’ estimates. Deployments are a key 
driver for the cost reduction of lithium-ion battery packs and their impact appears to be 
underestimated by experts in the long-term.

However, when considering the actual price development, it becomes obvious that both 
methods perform badly at projecting future prices. The median experts' estimate for 2030 
was realized already in 2018. The same is true for the 16% experience rate projection.

The main drivers for the sharp decline in pack prices between 2015 and 2018 were econ-
omies of scale (e.g. increase in average factory production capacity to above 5 GWh/year), 
chemistry changes for higher energy density (e.g. nickel-based chemistries, higher nickel 
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content) and engineering improvements to cells and packs (e.g. cell size, pack design).59,60 
From expert responses to underlying innovations for future estimates,55 it appears that ex-
perts highlighted improvements in cell chemistry but underestimated the impact of econo-
mies of scale and engineering improvements. It could therefore be argued that experts may 
be subject to a conservatism bias for technologies that are about to be widely deployed, be-
cause they underestimate cost efficiency potentials when moving from small-scale to mass 
manufacturing. This could be related to the higher complexity of this change compared to 
a specific scientific or technical advance. Similar observations have been made for the pro-
jection of solar PV penetration in total electricity generation, which experts systematically 
underestimated for more than 20 years.61

The poor performance of experience curves is likely to be related to the few historical data 
points that were available in 2015 spanning only 1.5 orders of magnitude in cumulative de-
ployment data (1 GWh to 30 GWh). This is a common risk associated with experience curves 
for novel technologies, highlighting the need to continuously update respective datasets 
with latest data points. The majority of experience curves derived in this chapter span at 
least two orders of magnitude in cumulative deployment data, a requirement that has been 
identified for experience curves to give reliable future cost estimates.9
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Figure 4.19 Expert estimates compared with an experience rate projection for lithium-
ion battery pack investment cost. Median expert estimates (grey circles) for 2020 and 
2030 investment cost are compared with projections based on an experience rate (blue 
trajectory). Error bars represent the median 90th and 10th percentile of expert estimates. 
The blue shaded area accounts for both experience rate and market size uncertainty. The 
experience rate is based on price survey data from 2010 to 2015 to reflect the information 
status when expert interviews were conducted. The grey shaded area shows the range 
for lithium-ion pack prices of market leading manufacturers from 2005 to 2014.56 Actual 
average prices from an industry price survey are displayed for reference (black triangles).
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4.8  Worked example
This chapter has given you the dataset and methods for understanding the future devel-
opment of electricity storage investment cost. Simple demonstrations were made of how 
much investment will be required to achieve a target price, and when storage could become 
competitive against incumbent applications.

Such analyses are more useful if they can be customized to specific situations or updated as 
new data arrive. This section explains how this book’s companion website can be used for 
such purposes.

A question:
The SunShot initiative by the US Department of Energy claims that storage system invest-
ment cost of 100 USD/kWh are required to make solar PV plants coupled with storage com-
petitive for baseload power supply.62 How does this target align with reality, and what is 
needed for it to be hit by 2030?

How to answer:
This worked example walks you through how to use experience curves with real-world data 
to qualify this target. We will use the free online tool <www.EnergyStorage.ninja> to guide 
you through this example.

1. Open <www.EnergyStorage.ninja> and go to the ‘Investment cost’ tab
2. You will see three charts, as below.

http://www.EnergyStorage.ninja
http://www.EnergyStorage.ninja
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The left chart shows annual and cumulative 
capacity additions for a specific energy  
storage market.

The central chart shows the experience curve  
for a specific energy storage technology.

The right chart combines both to project 
future investment cost, showing the  
impact of uncertainty.

These are modelled using assumptions for a 
logistic growth curve.

This is real data based on historical prices and 
capacity deployment.

This is the combination of the real experience 
rate with the modelled market growth data.
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Experience curves can project future investment cost based on future capacity additions 
(centre). Hence, the combination with market growth assumptions on future capacity ad-
ditions as a function of time (left) allows investment cost projections as a function of time 
(right).

However, there are two important notes to make

 ● The default market growth assumptions represent capacity additions for entire storage 
markets, whereas the experience curves show cost reductions as a function of capacity 
deployment for distinct storage technologies.

 ● Historical deployment for electricity storage technologies may differ from the modelled 
market growth in those early years.

3. Let’s first choose the market and technology that are of interest here. Go to the drop-
down menu of the market growth rate and technology experience rate sections and 
choose ‘Utility-scale storage’ and ‘Lithium-ion systems (utility)’ and click ‘2020 values’.

 The charts now show the projected annual and cumulative capacity additions for utility-
scale energy storage, the experience curve for utility-scale lithium-ion systems, and the 
resulting cost reduction trajectory.

4. Before analysing the data, we now have to ensure that modelled deployment data 
do not reflect the utility-scale storage market as a whole, but utility-scale lithium-ion 
systems only. This could be done by reducing the growth rate to 0.35 (35% per year), for  
example.

5. The investment cost chart now shows that utility-scale lithium-ion battery systems will 
reduce from just below 300 USD/kWh in 2021 to 100–200 USD/kWh by 2030, including 
experience rate and growth rate uncertainty (green area).
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 Now, let’s use the market growth and experience curve levers to explore under which 
conditions utility-scale lithium-ion battery systems could reach ~100 USD/kWh in the 
central scenario by 2030.

6. The first lever is the experience rate of the technology. If the technology reduces in cost 
faster with additional capacity deployment, respective cost reductions will be achieved 
faster at a given future deployment trajectory. So, let’s increase the experience rate by 
seven percentage points to 26.5%.

 The experience curve becomes much steeper and, as a result, the annual cost reduction 
curve bends downwards (in the right chart) reaching ~100 USD/kWh by 2030.
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 While the experience curve is steeper than cost reductions since 2010 suggest, it seems 
in line with the cost reductions from 2016–2019. The experience rate for lithium-ion 
batteries in consumer electronics has been 30% based on data between the 1990s 
and today. Hence, there is a possibility that an experience rate of 26.5% for utility-scale 
lithium-ion systems is feasible.

 It is important to note that this cost reduction is based on the assumption of deploying 
~100 GWh utility-scale lithium-ion systems per year by 2030.

7. Let’s revert to our current assumption of the utility-scale lithium-ion experience rate 
(click ‘2020 values’ next to the ‘Technology’ drop-down menu) and look at the market 
growth assumptions. Now, increase the growth rate to 0.6 (60% per year).

 The market growth chart now indicates that by 2030 market saturation is reached 
already with nearly 150 GWh utility-scale lithium-ion battery system installations each 
year.

 This significant increase in capacity additions also leads to a cost reduction to ~100 
USD/kWh by 2030 as the experience rate based cost reductions materialize faster.
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You’ve done it!

You have successfully explored the impact of growth rate and experience rate on the tem-
poral cost reduction of a prominent storage technology. Now, feel free to:

 ● play with growth and experience rate uncertainty to explore the impact the possible cost 
reduction range

 ● change product price if you feel in your chosen reference year; for example to match the 
cost reductions of a particular manufacturer.

 ● play with start year, start capacity, saturation capacity, and growth rate if you would like 
to assume a specified growth trajectory for utility-scale lithium ion

 ● change market or technology overall to assess different markets and/or technologies
 ● Choose ‘New technology’ under Growth rate and Experience rate to get rid of historical 

data points and project future investment cost fully independently.
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5  Lifetime cost 
Performing cost 
assessments

K E Y  I N S I G H T W H AT  I T  M E A N S

There are two key lifetime cost metrics: levelized 
cost of storage (LCOS) for applications that value 
the provision of energy and annuitized capacity 
cost (ACC) for applications that value the provision 
of power. LCOS divides all costs incurred over 
the technology’s lifetime by discharged energy. 
ACC divides these costs by power capacity and 
lifetime of the technology.

Lifetime cost is the correct measure for 
assessing the economics of a storage 
project with a specific technology 
and application. The first step in 
determining lifetime cost is to choose 
LCOS or ACC as the metric, based on 
what the application pays for.

For most electricity storage projects, the most 
important drivers of lifetime cost are the technology’s 
investment cost, the application’s annual cycle 
frequency, its discharge-duration requirement,  
and the applied discount rate.

Besides technology investment cost, 
the choice of application(s) and the 
project’s financing conditions will 
strongly influence lifetime cost.

The lowest LCOS across major storage  
technologies is achieved for applications that  
require 4–10 hours discharge per cycle and 
continuous operation.

The lowest ACC is achieved for applications that 
require less than 1 hour discharge each cycle and 
less than 300 cycles per year.

Lifetime cost is minimized by 
optimizing capital efficiency. This 
means optimizing energy-specific and 
power-specific investment cost for 
the application’s discharge duration 
and then distributing the resulting 
total investment cost over as many 
discharge cycles as possible (LCOS) 
or as many lifetime years as possible 
(ACC). The different optima mean that 
there is no one storage technology 
that offers lowest cost for both types 
of service.

Matching the cost-efficiency of lithium ion in 
applications with less than 8 hours discharge and 
below 500 cycles per year is becoming increasingly 
difficult for the other major electricity storage 
technologies.

Alternative technologies may struggle 
to gain market share and achieve cost 
reductions in these applications due 
to the existing dominance of lithium 
ion and the continued wide-scale 
deployment of the technology.

(Continued)



5.1  Role of lifetime cost 131

K E Y  I N S I G H T W H AT  I T  M E A N S

In 2030, six electricity storage technologies may dominate seven distinct application categories 
based on current assumptions for cost and performance parameters and their expected 
improvement towards 2030:

Category Duration Cycles per 
year

Technology

1 Short-to-medium discharge 1–8 hours < 500 Lithium ion

2 Medium-to-long discharge 8–20 hours < 30 Compressed air

3 Long discharge > 20 hours < 30 Hydrogen

4 High throughput—medium discharge > 4 hours > 500 Pumped hydro

5 High throughput—short discharge 1–4 hours > 500 Vanadium flow

6 Power provision—few cycles < 1 hour < 1,000 Lithium ion

7 Power provision—many cycles < 1 hour > 1,000 Flywheels

Alternative technologies may displace the dominant technologies or emerge along the category 
borders. However, this analysis can act as a first guide for project developers, investors, or policy-
makers in focusing their technology selection when planning storage projects.

5.1 Role of lifetime cost
There is consensus to use levelized cost of energy (LCOE) as a lifetime cost metric to com-
pare energy generation technologies, such as solar, wind, or coal plants. However, there is 
no universally applied metric for calculating the cost of energy storage technologies. As a 
result, manufacturers have a hard time explaining cost advantages over their competitors, 
investors struggle to make educated decisions for financing, and end-users are unsure 
about which technology to choose.

Energy storage technologies can be used in a range of applications (e.g. frequency re-
sponse, energy arbitrage, power reliability). These different applications have different op-
erational requirements (e.g. duration of energy supply, number of activations per year) and 
each storage technology is differently suited to these applications based on their individual 
cost and performance parameters.1,2 This further complicates technology selection.

For clearly defined application requirements, storage technologies can be compared using 
lifetime cost. This accounts for all technical and economic parameters affecting the cost of 
delivering stored electricity. There are two forms of lifetime cost which matter:2–4

a. Levelized cost of storage (LCOS) quantifies the discounted cost per unit of 
discharged electricity (e.g. USD/MWh) for a specific storage technology and application. 
It divides the total cost of an electricity storage technology across its lifetime by its 
cumulative delivered electricity.3,5 By doing so, the metric describes the minimum 
revenue required for each unit of discharged energy for the storage project to achieve a 
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The concept of levelized cost or capacity cost for electricity storage technologies is analo-
gous to LCOE or capacity cost for electricity generation technologies. Therefore, the lifetime 
cost for storage and generation technologies can be directly compared, keeping in mind 
that storage technologies are always time-limited in their provision of electrical energy or 
power. Figure 5.1 shows how lifetime cost of storage systems can be directly compared to 
LCOE of energy generation technologies, and how these have fallen rapidly in recent years.

net present value of zero. The metric is used for applications that value the provision of 
electric energy (e.g. MWh).

b. Capacity cost quantifies the discounted cost per unit of power capacity provided for a 
certain timeframe. If represented per year this gives the annuitized capacity cost (ACC).

KEY INSIGHT

There are two key lifetime cost metrics: levelized cost of storage (LCOS) for 
applications that value the provision of energy and annuitized capacity cost (ACC) for 
applications that value the provision of power. LCOS divides all costs incurred over 
the technology’s lifetime by discharged energy. ACC divides these costs by power 
capacity and lifetime of the technology.

Figure 5.1 Global country-weighted average levelized cost of electricity (LCOE) of different 
renewable generation technologies compared to the ‘storage LCOE’ or LCOS of a battery 
system with 4-hour discharge duration, including charging cost. Values given in real 2021 
USD. Data from BloombergNEF.6
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5.2 Determining lifetime cost
The first step in identifying most cost-effective energy storage technologies is to choose the 
application these technologies are to operate in. If multiple applications are to be served, 
then a ‘primary’ application should be chosen. This is because the application sets key pa-
rameters that affect the lifetime cost of a technology, specifically: nominal power capacity, 
discharge duration, annual charge–discharge cycles, electricity price, and response time.

Required power capacity and discharge duration affect the size and energy-to-power ra-
tio of the system. These have a significant impact on all cost components, such as investment 
cost. The number of annual cycles is a key driver of the lifetime energy discharged from the 
system, the denominator in the levelized cost of storage equation. Electricity price affects 
charging cost and response time determines the technology’s eligibility for certain applica-
tions or affects investment cost through special requirements for power electronics.

ATTENTION  It is inappropriate to compare lifetime cost of energy storage 
technologies across different applications. Each application has specific requirements 
that each technology can be optimized for differently based on their individual cost and 
performance parameters. So, the cheapest technology for one application is unlikely 
to be the cheapest for another. An analogy for LCOE would be: a diesel engine may 
offer lowest cost in backup applications where it runs less than 100 hours per year, but 
that does not mean it would be cheaper than a nuclear reactor for providing baseload 
generation all year round.

ATTENTION  It is also inappropriate to compare lifetime cost of energy storage 
technologies serving the same application for very different projects. Project 
characteristics like size, location, and investor type influence investment cost (e.g. 
transport and installation cost are site-specific), charging cost (e.g. electricity prices 
are market-specific), and the discount rate (e.g. financing cost are country- and 
investor-specific).

Figure 5.2 provides a conceptual overview of the requirements for 13 archetypal electricity 
storage applications. It should be noted, however, that the nomenclature (e.g. frequency 
response vs primary response) and requirements (i.e. discharge duration, annual cycles) of 
storage applications vary across energy markets.

Figure 5.3 shows the lifetime cost for a vanadium redox-flow battery system replacing a 
‘peaker’ power plant. In this example, investment and charging cost are the biggest con-
tributors to lifetime cost. This is common for energy storage systems. Depending on specif-
ic energy and power cost and the required discharge duration, different technologies can 
optimize investment cost for certain applications. Investment cost can be expected to fall 
in future, but it is still likely to remain the biggest cost contributor. Charging cost strongly 
depends on electricity prices and the round-trip efficiency of the system. While it can be 
assumed that electricity prices are equal for all technologies, those with a high round-trip 
efficiency can minimize this cost component. Operation and maintenance (O&M), replace-
ment, and end-of-life cost have a minor impact on total lifetime cost. Table 5.1 lists all input 
parameters.
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Figure 5.3 (a) Levelized cost of storage and (b) annuitized capacity cost for a vanadium 
redox-flow battery system providing peak capacity. Chart from <www.EnergyStorage.
ninja>.
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Figure 5.2 Thirteen electricity storage applications with illustrative requirements. The 
annual cycle and discharge duration requirements are chosen from within the common 
range of each application such that the entire spectrum for these parameter combinations 
is represented. Annual cycles refer to full equivalent charge–discharge cycles. Size in MW 
refers to the nominal power capacity of a typical electricity storage system serving the 
respective application. The quantitative values for discharge duration and annual cycles 
are derived in Chapter 8.
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Parameter Unit Value

Technology cost

Investment cost—power USD/kWcap 700

Investment cost—energy USD/kWhcap 450

Operation cost—power USD/kWcap-year 10

Operation cost—energy USD/MWhel 2

Replacement cost—power USD/kWcap 90

Replacement cost—energy USD/kWhcap 0

End-of-life cost—power USD/kWcap 20

End-of-life cost—energy USD/kWhcap –100

Discount rate – 8%

Construction time years 1

Technology performance

Replacement interval cycles 3,500

Cycle lifetime cycles 20,000

Round-trip efficiency – 68%

Depth-of-discharge – 100%

Self-discharge – 0%

Temporal degradation p.a. 0.15%

End-of-life capacity threshold – 95%

Operational lifetime (calculated) years 22.6

Application requirements

Rated power capacity MW 10

Rated energy capacity MWh 40

Annual cycles cycles 300

Electricity purchase price USD/MWhel 50

Electricity price escalator p.a. 0%

Table 5.1 Cost and performance input parameters for a vanadium redox-flow battery 
system providing peak capacity.
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Lifetime costs are calculated by first determining each individual cost component. These 
cost components are then divided by either the discounted lifetime energy discharged or 
discounted power capacity of the system to obtain individual lifetime cost components. 
These are then summed up to yield total LCOS or ACC.

Investment cost is the sum of the specific investment cost for power components multi-
plied with the system’s power capacity and specific investment cost for energy components 
multiplied with the energy capacity (discharge duration × power capacity). In this exam-
ple, the specific investment cost for power components mostly reflect the flow battery’s cell 
stack and power electronics. The specific investment cost for energy components reflect 
the costs of the tank and the vanadium electrolyte. Costs that cannot be clearly identified as 
power or energy components (e.g. engineering, installation) can be allocated equally across 
both cost inputs.

Replacement cost follows the same logic using power-specific or energy-specific replace-
ment cost. In this example, five replacements of the cell stack (power-specific cost) take 
place before the end of the system lifetime. When calculating total replacement cost, the 
present-day cost of the individual replacement occurrences must be discounted to reflect 
their future values.

O&M cost is determined on an annual basis by multiplying the fixed component with the 
power capacity and the variable component with the energy discharged per year. O&M cost 
based on annual energy discharged needs to account for the degradation of energy capac-
ity. In this example, O&M cost accounts for scheduled inspections and minor maintenance 
of the cell stacks and power electronics (fixed cost) as well as pump inspections and clean-
ing of electrolyte spills (variable cost). To obtain total O&M costs, the annual values need to 
be discounted to reflect their future value.

Charging cost is also determined on an annual basis by multiplying nominal energy ca-
pacity with the depth-of-discharge, annual cycles, electricity price and electricity price esca-
lator, and dividing by the round-trip efficiency (because energy capacity is defined as rated 
amount of energy that can be discharged). To obtain the lifetime charging cost, the annual 
values need to be discounted to reflect the future time-value of money. In addition, energy 
capacity degradation and the resulting reduction in the amount of energy charged must be 
accounted for.

End-of-life cost is determined from the end-of-life cost (or value) of the power and energy 
components of the storage system multiplied with the respective power capacity and (de-
graded) energy capacity at the technology’s end-of-life. The cost needs to be discounted to 
reflect its future value. In this example, there is an end-of-life cost to recycle the cell stacks 
and power components, which is outweighed by the higher end-of-life value for the vana-
dium electrolyte. The total, discounted end-of-life value is relatively small, in part due to the 
long lifetime of the system.

Energy discharged accounts for the energy capacity of the storage system, depth-of-dis-
charge, annual cycles, and self-discharge for annual values. The total amount is obtained 
by accounting for degradation of energy capacity throughout the technology’s lifetime and 
discounting the annual values as representation for the future value of money that can be 
earned by selling the energy.
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5.3 Assessing uncertainty
There is a high degree of uncertainty in determining lifetime cost due to the large number of 
input parameters that must be considered. For example, a project developer may have mul-
tiple offers from technology providers, or quotations for investment cost may be indexed to 
raw material costs. Similarly, the average electricity purchase price could vary widely based 
on the charging schedule and overall developments in the market. Such uncertainties are 

Levelized cost of storage (LCOS) is obtained by dividing the total, discounted individual 
cost components (or cashflows) by the total, discounted energy discharged. In this exam-
ple, the total LCOS is 290 USD/MWh. This system would be profitable if it can discharge for  
> 290 USD/MWh in at least 300 periods of peak energy demand per year, assuming that 
it charges for 50 USD/MWh in off-peak periods. For comparison, gas peaking plants with  
10–15% utilization rate are reported to have levelized cost of energy (LCOE) of 120–200 
USD/MWh.7–9 This means as of 2020 vanadium flow batteries were not yet competitive with 
the incumbent technology in this application. This, however, does not account for increasing 
gas peaker LCOE due to rising gas and carbon emission costs and reducing LCOS due to 
cheaper electricity purchase prices (e.g. solar PV). Thus, storage solutions for peak capacity 
may already be competitive today when considering future fuel and emission cost changes.

Annuitized capacity cost (ACC) is determined by dividing total, discounted costs by the dis-
counted system’s power capacity. In this example, total ACC amounts to 343 USD/kW-year, 
which means the system would need to earn more than 343 USD each year for each kW of 
power capacity to be profitable. This is not intuitive in the context of peak power provision, 
but this metric is useful for ancillary service applications or capacity contracts that are often 
reimbursed on a USD/kW basis.

FREQUENTLY ASKED QUESTION

The media is talking about levelized cost of storage of below 20 USD/MWh. 
Can this be true?
A lifetime cost significantly below 100 USD/MWh for a complete electricity storage 
system is unlikely with current cost and performance inputs. Chances are high that 
these low quotes refer to a renewable power plant with co-located energy storage. 
In that case, the capacity of the storage system will be significantly smaller than 
the total generation capacity of the renewable generator. As a result, the total cost 
of the storage system is scaled over the total output of the renewables plant. This 
does not reflect the lifetime cost of the storage system, but rather the increase of 
LCOE of the renewables plant by adding storage capacity. However, actual lifetime 
cost of the storage system can be reverse engineered by:10

1 Multiplying the quoted cost with the ratio of energy delivered from the renewables 
plant over the energy discharged from the storage system (e.g. per year)

2 Adding the electricity purchase price of the storage system (i.e. the LCOE of the 
renewables plant)
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often overlooked when determining lifetime cost, yet they can have significant influence on 
outcomes.

Figure 5.4 shows the sensitivity of lifetime cost to input parameters. It quantifies the per-
centage impact on LCOS and ACC when changing each input parameter by ±20%, using the 
example of a vanadium redox-flow battery system providing peak capacity. Investment cost, 
annual charge–discharge cycles and discount rate have the strongest impact on lifetime 
cost. A 20% change to these parameters changes both LCOS and ACC by ~10%. The reason-
ing is simple for investment cost, as it is the major cost contributor to lifetime cost in this 
example (see Figure 5.3). A change in annual cycles significantly impacts the overall lifetime 
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KEY INSIGHT

For most electricity storage projects, the most important drivers of lifetime cost 
are the technology’s investment cost, the application’s annual cycle frequency, its 
discharge-duration requirement, and the applied discount rate.

of the system. Due to discounting and annual degradation, this then affects the lifetime 
energy discharged or power provided. If an electricity price escalator applies, it also affects 
charging cost. Similarly, the discount rate has a strong impact on lifetime cost as it directly 
affects the value of the lifetime energy discharged or power provided.

Discharge duration has the strongest impact on ACC but only a moderate impact on 
LCOS. For LCOS, the increased investment cost for more energy capacity (resulting from 
longer discharge duration) is balanced by the greater amount of energy discharged over 
the lifetime. In contrast, for ACC the additional energy capacity only increases investment 
cost with no impact on the power capacity provided. This explains why electricity storage 
systems for frequency response or frequency regulation applications are limited to 0.5 or  
1 hour discharge duration.11,12

Similarly, depth of discharge has the second strongest impact on LCOS, but only a moderate 
impact on ACC. Since it acts as limitation for the installed energy capacity, it significantly 
affects energy discharged over lifetime for LCOS.

A 20% change in electricity purchase price and round-trip efficiency affects lifetime cost 
moderately, by ~5%. Both parameters influence charging cost, which is the second strong-
est cost contributor in this example (see Figure 5.3). Other parameters which influence 
technology lifetime, like temporal degradation or the energy capacity threshold at which 
the technology reaches its end-of-life, have a similar impact.

Since flow batteries have a long lifetime of 20,000 cycles, a 20% change only has a small im-
pact of less than 5% on lifetime cost. O&M cost, replacement cost, and end-of-life cost also 
fall into this category as their cost contributions in this example are limited (see Figure 5.3).

Both the choice of technology and application will change the impact that each parameter 
has. For example, if an application has very high annual charge–discharge cycles then LCOS 
and ACC will be more sensitive to cycle life than to discount rate, as overall lifetime of the 
technology is relatively short. If the round-trip efficiency of a technology is low, the impact 
of a change in that efficiency or the electricity purchase price will be very strong. However, 
across the most common electricity storage technologies and applications introduced in 
Chapter 3, the impact categorization of parameters into strong, moderate, or small impacts 
will be similar to the example in Figure 5.4.

Since nearly all input parameters are subject to uncertainty, it is important to look at their 
combined impact on lifetime cost, for example if worst-case projections combine.

Monte Carlo analysis is an appropriate tool to deal with such scenarios. Lifetime cost is cal-
culated multiple times, each time taking randomly chosen input parameters from a defined 
uncertainty range and distribution curve. Table 5.2 shows an example of uncertainty ranges 



Chapter 5   Liftime cost: Performing cost assessments140

Table 5.2 Input parameters with central value, range, respective uncertainty, and relative 
increase of that uncertainty over time. These are modelling assumptions for vanadium 
flow batteries.

Parameter Unit Value Range Uncertainty Relative 
increase

Technology cost

Investment 
cost—power USD/kWcap 700 630–770 10% +10% p.a.

Investment 
cost—energy USD/kWhcap 450 360–540 20% +10% p.a.

O&M cost—fixed USD/kW-year 10 9–11 10% fixed

O&M 
cost—variable USD/MWhel 2 1.8–2.2 10% fixed

Replacement 
cost—power USD/kWcap 90 80–96 10% fixed

Replacement 
cost—energy USD/kWhcap 0 – – fixed

End-of-life 
cost—power USD/kWcap 20 0–40 100% fixed

End-of-life 
cost—energy USD/kWhcap –100 –200–0 100% fixed

Discount rate – 8% 4%–12% 50% fixed

Construction 
time years 1 – – fixed

Technology performance

Replacement 
interval cycles 3,500 2,800–4,200 20% fixed

Cycle lifetime cycles 20,000 18,000–
22,000 10% fixed

Round-trip 
efficiency – 68% 65%–71% 5% fixed

Depth-of-
discharge – 100% – – fixed

Self-discharge – 0% – – fixed

Temporal 
degradation p.a. 0.15% 0.13–0.17% 10% fixed

(Continued)
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for each input parameter. In our example, it is assumed that these parameters are normally 
distributed. Also, uncertainty around a certain value may increase in future. Therefore, a 
relative increase in uncertainty is also assumed for selected parameters.

Figure 5.5 presents the results of a Monte Carlo analysis where levelized cost of storage 
were calculated 500 times with input parameters taken from the respective ranges in a ran-
dom fashion. The dotted lines indicate the 90th and 10th percentile, with the former cover-
ing the lowest 90% and the latter the lowest 10% of the results. Thus, LCOS for the vanadium 
redox-flow battery system providing peak capacity could range from just 230 to 360 USD/
MWh, excluding the most extreme 20% of results. This additional insight can significantly 
increase confidence in the lifetime cost results, which is required when using these results 
in further economic analyses to take an investment or policy decision.

FREQUENTLY ASKED QUESTION

The uncertainty on LCOS values is very high—how is it possible to make 
decisions with this information?
The uncertainty on LCOS is relatively high in the analyses presented here 
because input assumptions are based on a range of third-party studies in 
order to present results for nine technologies in 13 applications. For a specific 
application, individual data sheets and quotes may be obtained from technology 
manufacturers. In that case, we recommend using <www.EnergyStorage.ninja> 
to conduct a more precise LCOS and ACC assessment. The tools on the website are 
based on the same methodologies as presented in this book.

Parameter Unit Value Range Uncertainty Relative 
increase

End-of-life 
capacity 
threshold

– 95% – – fixed

Application requirements

Rated power 
capacity MW 10 – – fixed

Rated energy 
capacity MWh 40 – – fixed

Annual cycles cycles 300 240–360 20% fixed

Electricity 
purchase price USD/MWhel 50 40–60 20% fixed

Electricity price 
escalator p.a. 0% – – fixed

Table 5.2 (Continued)

http://www.EnergyStorage.ninja
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5.4 Projecting future lifetime cost
The energy storage industry is highly dynamic with new technologies being developed and 
existing ones being improved continuously. Hence, there is significant potential for future 
investment cost reductions and performance improvements to positively affect lifetime 
cost.

Table 5.3 shows possible assumptions on future cost reductions and performance improve-
ments for the example of vanadium redox-flow battery systems as well as the increase in 
uncertainty around the input assumptions. Figure 5.6 depicts the respective reduction of 
lifetime cost to 2040. For the exemplary vanadium flow-battery system, this would reduce 
from ~300 USD/MWh in 2020 to ~200 USD/MWh just after 2025 and ~100 USD/MWh by 
2040, making it competitive with existing gas peaker plants.7–9 The range around the central 
line indicates the 10th and 90th percentile of the Monte Carlo analysis for each time point 
based on the parameter uncertainty and the increase in uncertainty over time in Table 5.2.
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Figure 5.5 Results of a Monte Carlo analysis where LCOS for a vanadium redox-flow 
battery system providing peak capacity was calculated 500 times. For each calculation, 
input values were drawn randomly from the respective ranges in Table 5.3 following 
normal distributions. Chart from <www.EnergyStorage.ninja>. P10, P50, and P90 refer to 
the 10th, 50th, and 90th percentile.
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Table 5.3 Relative changes per annum for the key cost and performance input parameter 
categories for energy storage technologies as well as relative change per annum of the 
uncertainty around the assumptions (see Table 5.2). The given values are exemplary for a 
vanadium redox-flow battery system.

Technology Application

Parameter Rel. 
change 
of value

Rel. 
increase 
uncertainty

Parameter Rel. 
change 
of value

Rel. 
increase 
uncertainty

Investment cost −5% p.a. +10% p.a. Size fixed fixed

Operation cost −2% p.a. fixed Discharge dur. fixed fixed

Replacement cost −5% p.a. fixed Annual cycles fixed fixed

End-of-life cost fixed fixed Electricity price −5% p.a. fixed

Round-trip eff. +2% p.a. fixed

Self-discharge −1% p.a. fixed

Lifetime +5% p.a. fixed
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Figure 5.6 Reduction of lifetime cost (levelized cost of storage in USD/MWh) from 2020 
to 2040 based on the 2020 input parameters in Table 5.1 and the relative change to these 
parameters given in Table 5.3. The 10th and 90th percentiles are based on the uncertainty 
and uncertainty increase indicated in Table 5.3. Chart from <www.EnergyStorage.ninja>.
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5.5 Comparing future lifetime cost
Comparing future lifetime cost projections for multiple technologies allows probabili-
ties to be calculated for each technology being the most cost-efficient in an investigated 
application.

Here, a Monte Carlo analysis can be conducted for multiple energy storage technologies. 
Comparing the outcomes gives the probability of one technology being cheaper than an-
other. Figure 5.7 provides a schematic depiction of the approach. More details can be found 
in Chapter 8.

Figure 5.8 compares the LCOS of the four most competitive storage technologies in the 
application peak capacity (discharge duration: 4 hours, annual cycles: 300). It also shows the 
probabilities for each technology to be most cost-efficient calculated at one-year intervals 
from 2015 to 2040. The benchmark in this application would be a gas peaking plant with 
a 10–15% utilization rate, which is reported at levelized cost of energy (LCOE) of 120–200 
USD/MWh.7–9

Pumped hydro had the lowest LCOS in 2015 at just below 200 USD/MWh median (range: 
150–225 USD/MWh), followed by compressed air at 250 USD/MWh median (range: 200–300 
USD/MWh). However, the strong anticipated investment cost reductions for battery tech-
nologies mean that by 2030 vanadium redox flow and lithium ion are likely to be the most 
cost-efficient solutions for this application.

The median LCOS of the most cost-efficient technology reduces from just below 200 USD/
MWh (the current upper LCOE bound of gas peaker plants) in 2015 to 175 and 150 USD/
MWh in 2030 and 2040 respectively. This is in line with findings of other studies and means 
that from 2030 energy storage solutions may be the most cost-effective solution to provide 
peak capacity services, in particular when accounting for the uncertainty in future natural 
gas prices.8 When charging for less than 50 USD/MWh (e.g. solar PV in sunny locations) and 
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Figure 5.7 Schematic depiction of the methodology to determine the probability with 
which a technology (Technology A) will exhibit lower lifetime cost than an alternative 
technology (Technology B) based on the results of a Monte Carlo analysis of both. This 
method can be extended to incorporate multiple technologies.
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providing additional grid services, battery solutions may become the most cost-efficient 
solution much earlier.13

The same analysis can be conducted for the nine electricity storage technologies intro-
duced in Chapter 3 and the 13 applications shown in Figure 5.2. Figure 5.9 summarizes 
all technologies and applications, showing each technology's probability of having lowest 
lifetime cost, and the median LCOS or ACC of the most cost-efficient technology out to 2040.

The overview reveals that the incumbent technologies which dominated electricity storage 
applications in the past will lose their competitiveness, for example pumped hydro for peak 
capacity, compressed air for seasonal storage, or lead acid for power reliability.

Instead, by 2030 lithium-ion batteries will be the most cost competitive option in seven out 
of the 13 applications. Note that these are all the applications with < 4 hours discharge and 
< 300 annual cycles. For specific applications with requirements outside of these ranges, 
other storage technologies will come to dominate:

 ●  High throughput, short discharge: Vanadium redox-flow batteries for congestion man-
agement (1,000 cycles × 1 hour)

 ●  High throughput, long discharge: Pumped hydro for renewables integration (300 cycles 
× 8 hours)

 ●  Very long discharge: Hydrogen systems for seasonal storage (10 cycles × 700 hours)
 ●  Very high cycling frequency: Flywheels for high cycle (5,000 cycles × 0.5 hours)

Power capacity 10 MW

Discharge duration 4 hours

Annual cycles 300

Response time >10 seconds

Electricity price 50 USD/MWh

Peak capacity

Pumped hydro Compressed air Lithium ion Vanadium redox flow
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Figure 5.8 Lifetime cost projections for providing peak capacity. Top left: Application 
requirements. Bottom: Explicit LCOS projections for the four most competitive 
technologies, including uncertainty ranges based on Monte Carlo simulation of LCOS 
calculation. Top right: The probability of these technologies having the lowest LCOS, with 
the median LCOS of the technology with highest probability to be most cost-efficient 
(black line). Note that LCOS projections are based on future investment cost reductions 
only (see Table 8.2) and disregard potential performance improvements.
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Figure 5.9 Probability of lowest lifetime cost for nine electricity storage technologies in 
13 applications from 2015 to 2040. Probabilities reflect the frequency with which each 
technology has lowest cost accounting for the uncertainty ranges identified with Monte 
Carlo simulations. Within each panel, the left axis displays probability and right axis 
displays median lifetime cost of the technology with highest probability for lowest cost. 
Costs are usually displayed as levelized cost of storage (LCOS), but annuitized capacity cost 
(ACC) is used for services which are reimbursed for power capacity. Note that there are 
different scales between panels. Circled letters in panel titles correspond to applications 
in Figure 5.2. Bespoke probability charts for newly defined applications and/or distinct 
selections of technologies can be created at <www.EnergyStorage.ninja>.
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Please note that lifetime cost for frequency regulation, frequency response, and high cycle 
is displayed as annuitized capacity cost. These services are usually reimbursed for the pow-
er they provide instead of energy. Also, for network services that require < 10 seconds re-
sponse time and for services that are usually provided at the customer site, pumped hydro 
and compressed air are excluded from the analysis.

5.6 Lifetime cost drivers
Further insights can be derived when moving away from the concept of clearly defined ap-
plications with discrete discharge and cycle requirements. This allows a more overarching 
view to be taken on technology competitiveness and lifetime cost variability.

Figure 5.10 and Figure 5.11 show the technologies with lowest LCOS and their explicit LCOS 
for all possible combinations of discharge duration and cycling frequency. The positions of 
the previously discussed applications are indicated by circled letters in the spectrum.

Figure 5.10 Competitive landscape showing energy storage technologies with highest 
probability of having lowest LCOS relative to discharge duration and annual cycle 
requirement in 2020. Circled letters represent the requirements of the 13 archetypal 
applications introduced in Figure 5.2. Colour indicates the technology with the lowest 
LCOS. Shading indicates how much higher the LCOS of the second most cost-efficient 
technology is; meaning lighter areas are contested between at least two technologies, 
while darker areas indicate a strong cost advantage of the dominant technology. Both 
axes are on logarithmic scale: x-axis with base 10 and y-axis with base 2.
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Figure 5.10 shows that pumped hydro and compressed air are most cost-efficient for ap-
plications with more than 2 hours discharge duration due to relatively low energy-specific 
investment cost. Above ~300 hours discharge, hydrogen with even lower energy-specific 
cost takes the lead. Lithium ion is most cost-efficient in applications with below 2 hours dis-
charge and below 300 cycles per year. The longer cycle life of vanadium redox flow makes 
it more cost-efficient between 300 and 1,000 annual cycles. Above that, flywheels take the 
lead due to even higher cycle life.

Naturally, cycle life and energy-specific investment cost are not the only determining factors 
for technology competitiveness. However, the above analysis shows that both are a good 
indicator for energy storage technology competitiveness in different application regimes.

Figure 5.11 shows that LCOS falls with higher cycles (i.e. discharge frequency). This is in-
tuitive since more energy is discharged for the same energy/power capacity installed (i.e. 
investment capital deployed). The strong impact is a result of the high share of investment 
cost in the LCOS, which gets diluted with higher energy throughput. In addition, LCOS falls 
with increasing discharge duration (i.e. energy-to-power ratio). This increases the energy 
discharged with each cycle. However, investment cost does not increase proportionately 
as only the energy-specific cost component are affected. This effect diminishes at higher 
discharge durations where energy-specific cost already makes up the majority of the total 
investment cost.

Figure 5.11 LCOS of the most cost-efficient technologies relative to discharge duration 
and annual cycle requirement in 2020. Circled letters represent the requirements of the 13 
applications introduced in Figure 5.2.
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Overall, LCOS reduces with increasing utilization (i.e. discharge hours per year). This is 
driven by hours per discharge (energy capacity) and discharges per year (cycle frequency). 
However, at maximum utilization, energy storage applications with lower duration require-
ments enable lower cost solutions. Given current technologies, it is cheaper to purchase a 
1-hour system and discharge it 4,380 times per year than to pay for a 4,380 hour system 
and discharge it once per year. The lowest LCOS in 2020 is achieved by pumped hydro at 
maximum utilization between 4 and 10 hours discharge duration (seen from comparing 
Figure 5.10 and Figure 5.11).

KEY INSIGHT

The lowest LCOS across major storage technologies is achieved for applications that 
require 4–10 hours discharge per cycle and continuous operation.

Figure 5.12 Graphic representation of LCOS drivers. Increase in duration (energy 
capacity) reduces LCOS. Increase in frequency (annual cycles) also reduces LCOS. The 
combination of both gives the lowest LCOS due to optimization of investment cost (i.e. 
high share of energy-specific cost) and high number of annual cycles to recoup the 
investment. Speech bubbles indicate hours of discharge per year (i.e. hours per discharge 
multiplied with discharges per year).
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These insights are summarized graphically in Figure 5.12.
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This view is focused on applications that reimburse energy. Figure 5.13 shows the lowest 
cost technologies for power provision and the corresponding minimum annuitized capacity 
cost (ACC) in USD/kW-year.

The dominance of lithium ion for short-duration applications is more pronounced in ACC, 
and even expands to applications up to 4 hours discharge and 1,000 annual cycles. This 
confirms the high uptake seen already in ancillary service applications around the world. 
In contrast, vanadium redox-flow batteries are not competitive anymore. This is because 
depth-of-discharge is not relevant for the monetization of this service as it only reimburses 
power capacity provided and not energy discharged. It is therefore not accounted for in this 
metric. This is to the advantage of lithium ion, which has a lower depth-of-discharge than its 
‘direct’ competitors (i.e. pumped hydro, compressed air, vanadium redox flow).

Low ACC values are achieved in applications with short-duration discharges and few annual 
cycles. Because storage technologies in power applications get reimbursed for available 
power capacity, rather than energy discharged, any additional cycle reduces lifetime with-
out leading to additional revenues. Black start and frequency response are cases in point. 
Also, any additional energy capacity increases investment cost without directly enabling ad-
ditional revenues. Indirectly, more energy capacity allows power to be provided for longer, 
which is an advantage in some services (e.g. de-rating in capacity markets).14 This is not 
accounted for in ACC and should be considered as a boundary condition if applicable. How-
ever, the majority of services that reimburse for power are in the ancillary services market 
and require discharge durations below 1 hour.

Figure 5.14 again provides a graphical presentation of the drivers for ACC.

Figure 5.13 (a) Competitive landscape showing energy storage technologies with 
highest probability of having lowest ACC relative to discharge duration and annual cycle 
requirement. (b) ACC of most cost-efficient technologies. In both panels, circled letters 
represent the requirements of the 13 archetypal applications introduced in Figure 5.2. 
Colour indicates the technology with the lowest ACC. Shading indicates how much 
higher the ACC of the second most cost-efficient technology is; meaning lighter areas are 
contested between at least two technologies, while darker areas indicate a strong cost 
advantage of the dominant technology.
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Figure 5.14 Graphic representation of ACC drivers. Longer discharge duration (energy 
capacity) or higher discharge frequency (annual cycles) add no value to power provision. 
Therefore, lowest ACC is achieved when minimizing both. Black start capability (BS) is an 
example of a service where this can be achieved.
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The different locations of cost optima for LCOS and ACC already indicate that it will be chal-
lenging to provide both types of services cost-efficiently with the same storage system, in 
other words value stacking. This is discussed further in Chapter 6.

KEY INSIGHT

The lowest ACC is achieved for applications that require less than 1 hour discharge 
each cycle and less than 300 cycles per year.

5.7 The competitive landscape
Figure 5.15 and Figure 5.16 project the technology competitiveness ‘landscape’ up to 2040 
for LCOS and ACC respectively. The left-hand panels include all storage technologies, while 
the right-hand panels exclude pumped hydro and compressed air. They are excluded be-
cause building these technologies may not be an option for selected projects due to:
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(a) All technologies in 2020
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(d) Excluding PHES and CAES in 2030
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(e) All technologies in 2040
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(f) Excluding PHES and CAES in 2040
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(b) Excluding PHES and CAES in 2020
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Figure 5.15 Competitive landscapes showing the storage technologies with lowest 
LCOS relative to discharge duration and annual cycle requirements for all modelled 
technologies (panels a, c, e) and excluding pumped hydro and compressed air (panels b, d, 
f). Circled letters represent the requirements of the 13 archetypal applications introduced 
in Chapter 3. Colours represent technologies with lowest LCOS. Shading indicates how 
much higher the LCOS of the second most cost-efficient technology is; meaning lighter 
areas are contested between at least two technologies, while darker areas indicate a 
strong cost advantage of the dominant technology. White spaces mean the LCOS of at 
least two technologies differ by less than 5%. Modelled with an electricity price of 50 USD/
MWh and a discount rate of 8%.
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Figure 5.16 Competitive landscapes showing the storage technologies with lowest 
ACC relative to discharge duration and annual cycle requirements for all modelled 
technologies (panels a, c, e) and excluding pumped hydro and compressed air (panels b, d, 
f). Circled letters represent the requirements of the 13 archetypal applications introduced 
in Chapter 3. Colours represent technologies with lowest ACC. Shading indicates how 
much higher the ACC of the second most cost-efficient technology is; meaning lighter 
areas are contested between at least two technologies, while darker areas indicate a 
strong cost advantage of the prevalent technology. White spaces mean the ACC of at least 
two technologies differ by less than 5%. Modelled with an electricity price of 50 USD/MWh 
and a discount rate of 8%.
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KEY INSIGHT

Matching the cost-efficiency of lithium ion in applications with less than 8 hours 
discharge and below 500 cycles per year is becoming increasingly difficult for the 
other major electricity storage technologies.

 ●  limited response times: these technologies may not qualify for services that require 
ramp-up from idle state to nominal power output in less than 10 seconds

 ●  limited geographic flexibility: it may be impossible to build these technologies at the 
requested location due to a lack of height differential and/or storage reservoirs

The competitive landscape for 2020 was described already in section 5.6. With continued 
investment cost reduction, lithium ion is projected to outcompete pumped hydro and com-
pressed air below 8 hours discharge to become the most cost-efficient technology for most 
of the 13 archetypal applications by 2030. At the same time, hydrogen storage becomes 
more cost-efficient than compressed air for long-discharge applications. Vanadium re-
dox-flow batteries dominate in high-throughput applications with 300–3,000 annual cycles 
and up to 4 hours discharge.

The initial increase and subsequent decrease in cost efficiency of vanadium redox flow be-
tween 2020 and 2040 reveals a distinct cost-reduction dynamic compared to lithium ion. As a 
less mature technology, flow batteries can realize significant cost reductions in the near-term 
assuming similar deployment levels to lithium ion (i.e. doublings in cumulative deployed ca-
pacity are achieved faster).15 However, the experience rate for lithium ion is higher, translating 
to stronger cost reductions in the long-term. Lithium ion is therefore likely to further increase 
its competitiveness over vanadium redox-flow batteries and ‘regain territory’ towards 2040.

Excluding pumped hydro and compressed air reveals that hydrogen storage would have 
already been most cost-efficient in 2020 for discharge durations beyond 12 hours. The re-
maining application space that would have been covered by pumped hydro is then domi-
nated by lithium ion and vanadium redox flow.

For ACC, the dominance of lithium ion appears more pronounced. By 2040, only three 
technologies cover the full application space, with hydrogen most cost-effective in appli-
cations above 16–64 hours, flywheels above 1000–3000 cycles, and lithium ion taking all 
the rest.

A more detailed look at the results for 2030 reveals dominant storage technologies along 
seven application categories (Figure 5.17). These categories may be helpful when ranges 
instead of explicit discharge and frequency requirements are considered. They can act as a 
first guide for project developers, investors, or policy-makers in focusing their technology 
selection when planning storage projects or procuring storage capacity.

The dominance of established technologies does not mean that only these technologies 
have a ‘right to play’ in a given application category. New technologies may displace them or 
emerge along the category borders where current technologies compete, in other words 
where they are not optimally suited. For example, mechanical storage alternatives like grav-
ity storage may compete with pumped hydro and vanadium redox flow directly or in be-
tween the two ‘high throughput’ categories.
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KEY INSIGHT

In 2030, six electricity storage technologies may dominate seven distinct application 
categories based on current assumptions for cost and performance parameters and 
their expected improvement towards 2030:

Category Duration Annual cycles Technology

1 Short-to-medium discharge 1–8 hours < 500 Lithium ion

2 Medium-to-long discharge 8–20 hours < 30 Compressed air

3 Long discharge > 20 hours < 30 Hydrogen

4 High throughput—medium discharge > 4 hours > 500 Pumped hydro

5 High throughput—short discharge 1–4 hours > 500 Vanadium flow

6 Power provision—few cycles < 1 hour < 1,000 Lithium ion

7 Power provision—many cycles < 1 hour > 1,000 Flywheels

The future projection of LCOS for the most cost-efficient technology at all discharge and 
frequency combinations is displayed in Figure 5.18. The lowest LCOS is achieved at max-
imum utilization of the storage systems between discharge durations of 1–64 hours and 
discharge frequencies of 100–5,000 cycles per year. The LCOS range of 100–150 USD/MWh 
corresponds to the LCOS from new pumped hydro facilities.16

Figure 5.17 Dominant technologies and respective application categories. (a) Most cost-
effective electricity storage technologies in terms of levelized cost of storage. This metric is 
relevant for the area above 1 hour discharge as services with this requirement are usually 
reimbursed for energy provided. (b) Most cost-effective electricity storage technologies 
in terms of annuitized capacity cost. This metric is relevant for the area below 1 hour 
discharge as services with this requirement are usually reimbursed for power provision.
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The future projection of LCOS shows a proportional reduction across the entire discharge 
and frequency spectrum, despite the changing technologies that achieve the lowest cost 
(see Figure 5.15). As a result, LCOS of 100–150 USD/MWh will be achieved in five of the 13 
modelled archetypal applications by 2040.

Figure 5.18 LCOS (panels a, c, e) and ACC (panels b, d, f) of the most cost-efficient 
technologies relative to discharge duration and annual cycle requirements for all 
modelled technologies. Circled letters represent the requirements of the 13 archetypal 
applications introduced in Chapter 3. Colours represent LCOS or ACC range. Modelled with 
an electricity price of 50 USD/MWh and a discount rate of 8%.
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(b) Lowest ACC in 2020
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(c) Lowest LCOS in 2030
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(d) Lowest ACC in 2030
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(f) Lowest ACC in 2040
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The analogous plot for ACC is also shown in Figure 5.18. The lowest ACC is achieved for 
applications with short discharge duration and few annual cycles. For example, black start 
could be serviced for 65 USD/kW-year in 2020 and below 25 USD/kW-year by 2040.

5.8 Scenario analyses
Charging cost is usually the second highest cost contributor to LCOS after investment cost. 
Hence, it is interesting to explore the impact on the competitive landscape of technologies 
and absolute LCOS at different electricity purchase prices. Figure 5.19 shows the competi-
tive landscape and LCOS in 2030 with a price of 100 USD/MWh, reflecting the high electricity 
prices seen in 2021–22, and with a price of 0 USD/MWh to account for situations where 
electricity is available at no cost, such as from excess renewable generation that would oth-
erwise be curtailed.

Higher electricity purchase price increases the relative importance of round-trip efficien-
cy. Technologies with relatively low round-trip efficiencies (hydrogen, compressed air, and 

Figure 5.19 Sensitivity of the competitive landscape and absolute LCOS to electricity price 
in 2030. Panels (a) and (c): Competitive landscape. Panels (b) and (d): Absolute LCOS.
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vanadium flow) see reduced competitiveness with high power prices and expand their com-
petitiveness when there is no cost for charging. The competitiveness of lithium ion is largely 
unaffected, except for peak capacity (PC) and congestion management (CM) services which 
it trades with vanadium flow. The overall LCOS for high throughput applications in 2030 
rises above 150 USD/MWh with high power prices, and drops to below 65 USD/MWh with 
 zero-cost electricity for the most cost-efficient technologies. This also shows that the impact 
of charging cost on LCOS increases with total throughput (i.e. the product of duration and 
frequency).

Electricity storage projects will have different financing costs based on the maturity of the 
technology, the business case, the investor type, and the markets they sell into. Figure 5.20 
shows the importance of the discount rate on technology competitiveness and LCOS in 2030. 
It shows the discount rate increased from 8% to 12% to reflect projects in developing coun-
tries or using novel technologies,17,18 and reduced to 4% to represent a social cost of capital in 
government-backed projects.7

Lithium ion increases its competitiveness with high discount rates, becoming the lowest 
cost provider for 8 of the 13 services. This is because its comparatively low investment cost 
becomes more important than long lifetime. Lithium ion is therefore a stronger option in 
situations with higher risk, or with less availability of low-cost finance. Conversely, pumped 
hydro, vanadium redox flow, flywheels, and supercapacitors improve their competitiveness 
with low discount rates, in particular towards lithium ion. For example, for peak capacity, it 
is cheaper to build pumped hydro plants rather than lithium ion at a discount rate of 4% 
in 2030. This is because revenues occurring far into the future, corresponding to a high 
technology lifetime, have a larger impact on LCOS at lower discount rates. All these technol-
ogies have longer lifetimes than lithium ion, which is valued more highly at a discount rate 
of only 4%.

Another source of uncertainty is future performance improvement for the investigated 
technologies. These could lead to lower LCOS than in Figure 5.18. LCOS is most sensitive to 
investment cost and energy discharged. Hence, besides different investment cost, round-
trip efficiency, depth-of-discharge, and lifetime, which is determined by cycle life and tem-
poral degradation, will have a significant impact on LCOS. For example, if lead acid manages 
to improve in all these dimensions towards 2030, it could replace lithium ion in applications 
between 50 and 200 cycles (see Figure 5.21).

Similarly, sodium-sulphur could outcompete lithium-ion and vanadium redox-flow systems 
in applications requiring up to 6 hours discharge and 500–1,000 cycles if its performance in 
round-trip efficiency, cycle life, depth-of-discharge, and temporal degradation improves by 
2030 (see Figure 5.22).

Note that these scenarios consider the impact of performance improvements for one 
technology in isolation. It is more likely that all technologies will experience some degree 
of performance improvement, including lithium ion, which may further improve its cost 
advantage.19,20

Also, investment cost represents the largest lifetime cost component for nearly all technol-
ogies. Thus, any additional reduction that goes beyond the experience curve-based projec-
tions used in this book would have the most significant impact on lifetime cost reduction.
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Figure 5.20 Sensitivity of the competitive landscape and absolute LCOS to discount rate in 
2030. Panels (a) and (c): Competitive landscape. Panels (b) and (d): Absolute LCOS.
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(d) Lowest LCOS with 4% discount rate
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(b) Best technologies with 4% discount rate(a) Best technologies with 12% discount rate
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Figure 5.21 Sensitivity of the competitive landscape to various performance parameters 
for lead acid in 2030. (a) Lead acid at 72% round-trip efficiency, 80% depth-of-discharge, 
900 cycle lifetime and 1% temporal energy capacity degradation per year. (b) Lead acid at 
86% round-trip efficiency (like lithium ion), 100% depth-of-discharge, 3,500 cycle life (like 
lithium ion), and 0% temporal energy capacity degradation per year.
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Figure 5.22 Sensitivity of competitive landscape to various performance parameters 
for sodium sulphur in 2030. (a) Sodium sulphur at 75% round-trip efficiency, 80% depth-
of-discharge, 4,000 cycle life, and 1% temporal energy capacity degradation per year. 
(b) Sodium sulphur at 86% round-trip efficiency (same as lithium ion), 100% depth-of-
discharge, 12,000 cycle life, and 0% temporal energy capacity degradation per year.19,20
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5.9 Technology egalitarianism
If total cost were no object, how would the specific cost and the performance characteristics 
of each storage technology determine where they naturally sit on the competitive land-
scape? This section conducts a thought experiment to answer this question. In Figure 5.23 
the investment costs of the nine focus technologies are balanced such that each technol-
ogy plays an equally important role across the spectrum of discharge durations and cycle 
frequencies. It shows where technologies would sit based on their specific cost and perfor-
mance characteristics if each technology improves their total cost such that they ‘stay in the 
race’ and play an equal role: in other words, technology egalitarianism.

Under these conditions, hydrogen storage would be used for seasonal storage with dis-
charge durations of more than 1.5 weeks. Compressed air and pumped hydro would pro-
vide medium-duration storage with between 8 hours and 1.5 weeks of discharge duration. 
In terms of cycle frequency, compressed air would discharge less than 30 times per year 
and pumped hydro up to twice per day. Sodium-sulphur, lithium-ion, and flow batteries, and 
flywheels would provide for the bulk of present-day energy storage applications with up to 
8 hours discharge and between 10 and 3,000 charge-discharge cycles per year. Lead-acid 
batteries and supercapacitors would cover extreme applications like black start with less 
than 10 cycles per year and high cycle with more than 1,000 per year.

This analysis shows the ‘natural’ application for each one of the nine electricity storage tech-
nologies based on their ratio between energy-specific and power-specific cost, and their 
performance characteristics. It also confirms the classification of the nine technologies into 
four technology groups highlighted in Chapter 3. Figure 5.24 expands this classification by 
qualitatively defining the discharge duration and cycle frequency, where these technology 
groups outperform the competition. Regardless of the details on cost and dominance of 
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specific storage technologies, businesses and policy-makers can use this classification to 
identify a group of technologies for further investment analysis or policy support.
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Figure 5.23 Competitive landscape showing the storage technologies with lowest 
LCOS relative to discharge duration and annual cycle requirements if each technology’s 
investment cost was balanced, such that each technology occupies an equal area on the 
chart. Unlike previous charts in this chapter, the combination of discharge duration and 
annual cycle requirement for each technology is determined purely by the ratio of cost, its 
technical characteristics, and the constraint that it should occupy an area equal to all other 
technologies.

FREQUENTLY ASKED QUESTION

You are modelling lifetime cost for nine electricity storage technologies. Does 
that mean other technologies will never be competitive?
No. Lifetime cost are modelled for the nine most widely deployed stationary 
electricity storage technologies (as of 2020). That does not mean that new 
technologies (e.g. liquid-metal batteries, novel gravity solutions, thermal electricity 
storage) stand no chance. If you are aware of a novel storage technology and know 
its cost and performance parameters, feel free to explore its lifetime cost and how 
it compares on the ‘competitive landscape’ at <www.EnergyStorage.ninja>.

(Continued)

http://www.EnergyStorage.ninja
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Figure 5.24 Power-specific and energy-specific investment cost for the nine most widely 
deployed stationary electricity storage technologies. Technologies can be classified into 
four groups that indicate their positioning in Figure 5.23.

One thing to consider, though, is the time it takes for a new technology from 
R&D stage to market, which has historically been longer than 10 years. Lithium-ion 
batteries have already achieved a huge advantage from economies of scale and 
will continue to do so driven by the electrification of transport. New technologies 
must offer lower cost and/or higher performance (i.e. be breakthrough products) 
to stand a realistic chance of success.

5.10 Discussion

5.10.1 Dominance of lithium ion

Lithium ion is projected to dominate in applications that require less than 500 cycles per 
year and less than 8 hours discharge. This is the result of good performance parameters, 
such as a relatively high round-trip efficiency and solid cycle life matched with very strong 
investment cost reductions. As highlighted in Chapter 4, the investment cost reductions 
are the result of a high experience rate coupled with very high historical and projected 
deployment levels for components (cells, packs) for the electric vehicle industry. This, in 
turn, reduces cost for stationary systems, which facilitates initial deployment in stationary 
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applications. As a result, the technology has entered a reinforcement loop where additional 
deployment leads to further cost reductions, which lead to further deployment.  Figure 5.25 
shows that the cost reduction trajectory for lithium-ion battery packs to date matches the 
one for crystalline silicon solar cells.

It follows that the development of alternative electricity storage technologies that directly 
compete with lithium ion might become futile due to the challenge in matching the cost 
and performance advancement lithium ion has achieved to date and is expected to achieve 
in the future. This would mirror the continuing dominance of first-generation (crystalline 
silicon) solar cells despite significant investments in alternative solar cell technologies 
which were initially expected to be cheaper, but failed to achieve the same economies of 
scale.21 Just like crystalline silicon solar cells, ‘lithium ion’ is collective for a range of tech-
nologies,22,23 offering the possibility of chemistry or design improvements that ensure the 
projected cost reduction for the technology group.

It appears more probable that technologies with distinct advantages in low energy- specific 
investment cost, high cycle life, or both can outcompete lithium ion in non-standard appli-
cations. These would be applications that require very long discharge (> 8 hours; e.g. week-
ly, seasonal storage), very high cycles (> 500; e.g. congestion management), or very high 
overall energy throughput (near continuous utilization; e.g. energy arbitrage, renewables 
integration).
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given in GW and USD/kW.
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5.10.3 Multiple applications

A possible route to improving the business case for electricity storage is by providing multi-
ple services with one device and thereby stacking multiple revenue streams.27,28 The meth-
odology presented here can be used to assess LCOS for these ‘revenue-stacking’ use cases 

FREQUENTLY ASKED QUESTION

Are long-lived technologies disadvantaged when using lifetime cost metrics?
Quite the opposite. Lifetime costs account for the energy or power output of a 
technology over its entire life, which is an advantage for long-lived technologies, 
unlike comparing investment cost only. This advantage diminishes with higher 
discount rates since the additional output enabled by the longer lifetime may 
be valued much lower than output in the first years. That’s why it is important to 
choose a discount rate that carefully reflects the return requirement of the investor 
and the risk associated with the technology.

5.10.2 Impact of discount rate

The analyses in this book reveal the sensitivity of LCOS to the underlying discount rate, 
which even determines which technologies are most cost-effective. The discount rate is 
usually represented by the weighted average cost of capital (WACC) for the investor in most 
levelized cost studies.16,24 The cost of capital is determined by the financing structure of the 
project (the ratio of debt vs. equity) and usually affected by country (e.g. regulatory and 
fiscal policy), technology (e.g. capital-intensity, maturity), project (e.g. local authority permis-
sion), and market risks (e.g. electricity price volatility). Depending on investor type and mar-
ket environment, the financing structure and exposure to these risks varies. For example, 
a government-owned utility in countries with good bond ratings may obtain debt funding 
close to the social cost of capital at around 4%.7 Investors with low risk of default in stable 
investment environments, such as electricity utilities in regulated markets may face a WACC 
of 8%. Investors facing substantial finance, technology, and market risks, such as private 
energy storage funds in liberalized markets, may face 12%.

So, who should invest in electricity storage technologies and what could policy do to reduce 
financing cost? The analysis in this book suggests that government-owned utilities with their 
lower cost of capital would build pumped hydro plants and private energy storage funds 
with higher cost of capital would build lithium-ion or vanadium redox-flow battery systems 
for peak capacity in 2030. As such, the cost and technologies driving electricity system trans-
formation are not primarily determined by technology parameters but rather investment 
conditions. To limit this effect, governments could provide stable, transparent policy frame-
works, debt guarantees, or revenue stabilization schemes. In addition, public financial insti-
tutions can provide finance at low cost.25 These could be among the most effective contribu-
tions to the sustainable transformation of the electricity system, because the future should 
not be discounted too strongly when aiming for ‘development that meets the needs of the 
present without compromising the ability of future generations to meet their own needs’.26
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by determining the application requirements that allow to optimize revenues through the 
provision of multiple services with the same device:

 ●  Nominal power capacity would be based on the service that requires most power 
(sequential stacking) or the sum of all services provided at the same time (parallel 
stacking)

 ●  Discharge duration should reflect the duration required by the longest-discharging 
service

 ●  Full equivalent cycles should reflect the sum across all services provided
 ●  Average electricity price could be the sum of prices captured when charging for individ-

ual services weighted by the full equivalent cycles attributed to them

Chapter 6 provides a more detailed discussion on the different options for revenue stacking 
and their implications on storage system design and operation.

5.10.4 Limitations

It should be reiterated that all results presented in this chapter are subject to the invest-
ment cost projections made with experience curves (Chapter 4). These are based on histor-
ical price reduction trends and are thus uncertain by nature. Another limitation of this study 
is that the experience-based cost reductions are exogenous, assuming that all technologies 
take the entire future stationary storage market individually. It thereby explores the full life-
time cost reduction potential for each technology based on investment cost reductions. In 
reality, a mix of technologies will be deployed, limiting individual investment cost reductions 
along experience curves.29

Similarly, the results presented here are based on assumptions for distinct cost and perfor-
mance parameters for each technology. These were compiled through a comprehensive lit-
erature review and conversations with industry experts. Nonetheless, actual parameters may 
differ from the ones assumed here, especially going forward. That is why the online version 
of the presented lifetime cost methodology at <www.EnergyStorage.ninja> allows LCOS and 
ACC to be modelled with customized input parameters. It produces most of the graphs pre-
sented in this chapter to enable easy comparison of technology cost and competitiveness.

FREQUENTLY ASKED QUESTION

Can lifetime cost be used for system planning?
No. Lifetime cost analysis is suitable for comparing individual technology 
options or assessing the investment attractiveness for a technology in a specific 
application. In system planning, the interplay between various technologies in a 
power system must be assessed in more detail. Hence, power system models are 
required to analyse total system cost. These models use investment and operating 
costs, plus performance parameters as inputs for all technologies, including 
energy storage systems (see Chapter 7).

http://www.EnergyStorage.ninja


Chapter 5   Liftime cost: Performing cost assessments166

5.10.5 Why it matters

The results in this chapter explore future lifetime cost potentials for the most widely de-
ployed stationary storage technologies and establish a quantitative foundation for the dis-
cussion of storage competitiveness and its drivers. These insights can help guide research, 
policy, and investment activities to ensure a cost-efficient deployment of electricity stor-
age technologies for a successful transition to a secure and affordable low-carbon energy 
system.

5.11  Worked examples
This section features two worked examples. In the first one, we will analyse the lifetime cost 
of vanadium redox-flow batteries providing peak capacity and thereby replicating the re-
sults and charts shown in sections 5.2 to 5.4. In the second one, we will put these lifetime 
cost in context by analysing which technology can provide a service like peak capacity most 
cost-effectively.

Worked example 1

1. Open <www.EnergyStorage.ninja> and go to the ‘Lifetime cost’ tab
2. Model the lifetime cost of vanadium flow for peak capacity and thereby reproduce 

Figure 5.3:

a. Choose ‘Vanadium flow’ as technology and click ‘2020 values’ to load the respective 
cost and performance parameters

b. Choose ‘Peak capacity’ as application and click ‘2020 values’ to load the respective 
application requirements

c. Click ‘Calculate’ to perform the lifetime cost calculation and reproduce Figure 5.3

http://www.EnergyStorage.ninja


5.11  Worked examples 167

3. Go to the section ‘Cost variation’ and include the parameters from Table 5.2 (technology 
& application) and click ‘Calculate’ to reproduce Figure 5.5. Note that the values you will 
see on the website will differ slightly due to the stochastic nature of the Monte Carlo 
analysis, and these will change if you hit ‘Calculate’ a second time.

 

4. Go to the section ‘Cost projection’ and include the parameters from Table 5.3 (change in 
value & change in uncertainty) and click ‘Calculate’ to reproduce Figure 5.6.
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Worked example 2
Let’s now check which technology can provide peak capacity services most cost effectively.

1. Please go to the tab ‘Landscape’
2. Click ‘2020 values’

 You will now see that pumped hydro is dominating the area around 4 hours discharge 
duration and 300 discharges per year.
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However, in our worked example it is infeasible to build pumped hydro or compressed air 
storage due to geographical limitations. Therefore, please

3. Set the specific cost of ‘pumped hydro’ to ‘9999’ to make it infeasible
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a. Choose ‘pumped hydro’ as technology and click ‘Load values’ to load the respective 
cost and performance parameters

 

b. Change both specific cost values to ‘9999’ and click ‘Save values’

 

c. Repeat the steps a) and b) for ‘compressed air’
d. Click ‘Calculate’ to perform an updated competitive landscape analysis

The competitive landscape will now show that vanadium flow with the lifetime cost de-
termined in worked example 1 is the most competitive technology for applications with 
~4 hours discharge duration and ~300 discharges per year, for example peak capacity 
provision.
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However, in 2021 a lithium-ion battery system was claimed to be ‘the first standalone bat-
tery energy storage system specifically procured to replace a natural gas peaker plant in 
the U.S’.13 So, how can that be? On the one side, cycle life improvement is at the heart of 
lithium-ion technology research. It has been found that under ideal cycling conditions, com-
monly deployed LFP lithium-ion batteries can be cycled more than 7,000 times.30 In addi-
tion, stationary lithium-ion batteries are more widely deployed than vanadium redox-flow 
batteries (15 GW vs 0.1 GW in 2020, see Chapter 3). As a result, a lower technology risk may 
be associated with lithium-ion technology, which could translate to a lower discount rate, 
for example 6%. Please implement these changes:

a. Select ‘lithium ion’ and ‘load values’
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b. Change ‘Cycle life’ to ‘7000’ and ‘Discount rate’ to ‘6’

 

c. Click ‘Save values’ and then click ‘Calculate’ to perform the updated competitive 
landscape analysis

You will now see that the competitiveness of lithium ion has improved. Based on the updat-
ed cost and performance parameters (and the exclusion of pumped hydro and compressed 
air) it is the most competitive technology for applications with ~4 hours discharge and ~300 
discharges per year, that is, peak capacity. Vanadium flow remains as most competitive 
technology for higher throughput applications (e.g. 4 hours, 1000 cycles).

You’ve done it!
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6  Market value  
Making money

K E Y  I N S I G H T W H AT  I T  M E A N S

The economic value of electricity storage varies 
greatly within individual applications in the same 
market, across different applications within a market, 
in the same application across different markets, and 
over time.

There is no stand-out best market 
or application for deploying storage. 
This makes developing a generic, 
international business model for 
storage deployment impossible: 
bespoke plans are required.

In general, the revenue potential for energy storage 
in USD/kW-year increases with longer discharge 
duration and higher cycle frequency, both of which 
give greater utilization.

Utilization can provide an initial 
guidance on the revenue potential 
of specific services relative to each 
other based on their respective 
requirements.

There are two clusters of applications where the 
lowest cost electricity storage technologies are 
particularly profitable. The first cluster covers ‘energy 
applications’ with 100–1,000 annual cycles and 4–8 
hours discharge duration. The second cluster covers 
‘power applications’ with 30–200 annual cycles and 
less than 1 hour discharge duration.

The analysis on pockets of opportunity 
can guide investors towards 
application requirements where 
electricity storage technologies are 
likely to be profitable.

When providing arbitrage, the duration and  
efficiency of storage will influence how much value 
it can access. Longer duration and higher efficiency 
will enable higher utilization as more actions will be 
profitable.

Higher efficiency and longer 
discharge duration have a clear value 
in energy arbitrage. However, the 
additional revenue potential needs 
to be evaluated against additional 
investment cost.

The profitability of energy arbitrage varies by plus 
or minus 25% from year to year within most major 
electricity markets.

This presents a financial risk to 
investors unless it can be hedged, as 
unstable revenues will reduce access 
to low-cost borrowing.

The standard deviation of hourly power prices is 
a reasonable predictor for how profitable energy 
arbitrage will be.

This provides an initial screening test 
for how attractive different markets 
will be for providing arbitrage, or how 
volatile profits may be over time within 
a market.

(Continued)



Chapter 6  Market value: Making money176

K E Y  I N S I G H T W H AT  I T  M E A N S

Most of the variability in electricity prices happens 
over the diurnal cycle, so there are diminishing 
returns to increasing storage duration, and beyond 8 
hours there is currently very little additional profit to 
be gained from arbitrage.

Generally, longer duration storage 
will see greater profits from arbitrage, 
but the added benefit of higher 
performance must be carefully 
weighed up against additional 
investment cost.

Every new storage system added to a market will  
lead to ‘revenue cannibalization’ for arbitrage, 
worsening the profitability of all existing storage due 
the smoothing of power prices.

A little storage will go a long way in 
markets. Project owners must be 
wary of the threat posed by new 
investments on their profitability. 
Investors may install less storage than 
would be ‘societally optimal’.

Energy storage systems can maximize their value  
by ‘stacking’ the revenues of multiple applications  
they serve within a specified time frame.

Project developers, investors and 
operators should not limit their focus 
on one application only, but assess 
which other applications could be 
provided with the same storage 
system.

There are four principal archetypes of revenue stacking:

• Parallel stacking: Power capacity is separated into individual parts which serve different 
applications simultaneously.

• Sequential stacking: The same power capacity is provided to different applications in different 
time periods.

• Sequential stacking in opposite directions: The same power capacity is provided to 
different applications in different time periods. These applications cover both charging and 
discharging.

• Overlapped stacking: The same power capacity is provided to multiple applications at the 
same time.

The standard profitability metrics are key outputs 
from the financial modelling of energy storage 
projects: net present value (NPV), internal rate of 
return (IRR), and payback period of the investment.

Modelling project finances for energy 
storage projects is no different to 
other investment projects. The focus 
should be on representing the cost 
and performance parameters of 
storage systems correctly over time.

The two parameters which most strongly affect the 
profitability of energy storage projects are the annual 
revenue and investment cost.

This highlights the importance of 
identifying application(s) with highest 
revenues and closely following 
technology cost developments.
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6.1 Sources of value
Storage will not be built because of its technical superiority or its ability to improve the effi-
ciency and environmental impacts of energy production. It will be built because it can gen-
erate profits, offering a competitive rate of return against other assets.

To recap Chapter 3, electricity storage creates economic value through four fundamental 
services:1

1. Power Quality: Keeping frequency and voltage within permissible limits
2. Power Reliability: Providing electricity in case of supply reduction or interruption
3. Increased utilization: Optimizing use of existing assets in the power system
4. Arbitrage: Exploiting temporal price differentials

Of these, it is the former services related to power quality and power reliability that have 
proven more lucrative so far, hence most new storage projects up to 2020 were for ancillary 
services and capacity.2 However, price arbitrage (buying low and selling high) is considered 
to have the largest potential role for stationary storage,3,4 for example with diurnal solar in-
tegration, which monetizes the need for reliability and arbitrage. Historically, pumped hydro 
was deployed for these two services to help utilize low-cost nuclear power generation at 
night.

All electricity markets are regulated, with tightly defined products controlling what can be 
monetized.5 The services that can be provided differ across the world’s electricity markets,6 
and the value available from providing these services differs strongly over time and be-
tween markets.7 This value depends on many market characteristics such as the availability 
of flexible and inflexible generation sources, fuel prices, the penetration of variable renew-
ables, and the weather.8,9

So, how much money can storage earn? How does this depend on the market and the re-
quirements of each application? And, does the comparison of available value to the lifetime 
cost of storage reveal any ‘pockets of opportunity’?

This chapter reviews the applications through which storage can access value in four ma-
jor markets. These services are mapped onto the characteristics of storage duration and 
discharge frequency, showing the value that different storage technologies may access. 
This ‘value landscape’ for storage can then be compared to the lifetime cost landscape of 
storage from Chapter 5 to understand where profitability may be found, in terms of specif-
ic markets and application requirements. Many ancillary services markets are shallow and 
will be quickly saturated by storage, so the chapter then provides a deeper exploration of 
arbitrage, and the relative value accessible in different world regions, with different storage 
technologies, and different installed quantities.
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FREQUENTLY ASKED QUESTION

What do you mean by the term ‘shallow’ ancillary services markets? Do you 
have an example?
Yes, let’s take the German frequency response market as an example (German: 
Primärregelleistung). The market volume is ~600 MW in a system with ~80 GW peak 
demand.10 Figure 6.1 shows that the cumulative battery storage capacity pre-
qualified for this application increased from 0 MW in 2012 to ~450 MW in 2019.11 
Since batteries can offer this service at much lower cost than conventional bidders, 
the weighted price for weekly auctions has halved from ~3,000 EUR/MW-week 
before 2015 to ~1,500 EUR/MW-week in 2019. Weighted prices in the first quarter 
of 2020 stood at ~1,000 EUR/MW-week. Additional battery projects are likely to 
further reduce the weighted price down to the lifetime cost of the most expensive 
batteries in this application. So, a ‘shallow’ market for a specific application is one 
that can be easily saturated by a relatively small amount of energy storage. As 
a result, prices are reduced down to lifetime cost levels of energy storage in this 
application.

Figure 6.1 Development of mean weekly prices for frequency response in Germany 
(German: Primärregelleistung) and cumulative battery storage capacity pre-qualified for 
this application between 2012 and 2019.11 Prices are weighted by contracted volume 
for each week in the respective year. Error bars represent 25th and 75th percentiles 
of weighted weekly prices in the respective year.
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Figure 6.2 The value of different electricity storage applications across four major markets. 
Data are taken from 176 individual valuation studies and published market transactions as 
compiled by Balducci for the United States and Housden for Great Britain, Germany, and 
Australia.14,15 The specifications of each application vary across the individual studies and 
are not necessarily aligned with the definitions given in this book. The scope of each study 
also varies in terms of the timeframe and market considered (as the United States and 
Australia have multiple electricity markets). All values are presented in USD/kW-year even 
for applications which are remunerated by energy discharged rather than power capacity, 
as this then incorporates device utilization. A value of 100 USD/kW-year can be interpreted 
as a 1 MW system receiving USD 100,000 annual revenue from service provision.
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6.2 Value in international markets
There is no such thing as a ‘typical’ electricity market. Markets vary substantially around 
the world, with heterogeneity in their structure and ownership, level of vertical integration, 
regulations, and the services and products that are offered.12,13 A thorough treatment of 
these aspects on how they relate to the business case for energy storage is the domain of 
bespoke consultancy work, and so this chapter seeks general insights that are common 
across the major electricity markets of the US, Europe, and Asia Pacific.

Figure 6.2 compares the economic value (i.e. revenue potential) of storage across electricity 
markets in the US, Great Britain, Germany, and Australia. These markets are chosen as they 



Chapter 6  Market value: Making money180

have been widely explored, and so this figure combines 176 values found for the major ap-
plications, drawn from recent studies and market analyses.

Three key features evident from this figure are:

 ●  Variability within the same application and market (compare the points within a single 
column). For example, valuations of distribution network deferral within US markets 
range from 9 to 177 USD/kW-year.

 ●  Variability within the same application across markets (compare the four columns of 
points within a given box). For example, ramping reserve averages just 19 USD/kW-year 
in the US versus 131 USD/kW-year in Germany.

 ●  Variability across applications within the same market (compare columns of the same 
colour in different boxes). For example, black start is worth 3 USD/kW-year in Great 
Britain, whereas congestion relief is worth 50 USD/kW-year.

Table 6.1 summarizes the values provided in Figure 6.2, revealing some general trends despite 
the wide variability. The highest revenues, generally above 100 USD/kW-year, are available in 
all markets for providing frequency regulation and customer services (managing time-of-use 
charges). The latter is especially important in Germany and Australia, due to high residential 
electricity prices. These services are more valuable as they have fewer viable competitors than, 
for example, arbitrage. The value of arbitrage is broadly in the region of  40–80 USD/kW-year, 

Table 6.1 Summary of electricity storage valuation studies and transactions in four major 
markets. For each market and service, the mean across all studies is given with the 25th 
and 75th percentiles in square brackets. All values in USD/kW-year.

United States Great Britain Germany Australia

Frequency 
regulation 123 [59–171] 116 [77–151] 169 [143–189] 66 [17–86]

Frequency 
response 54 [42–60] 22 [11–33] 45 [25–57] 4 [3–6]

Voltage 
support 22 [3–31]

Peak capacity 106 [86–126] 7.2 [7–8] 49 [44–57] 97 [78–108]

Black start 8 3.1 0.40 8

Ramping 
reserve 20 [4–37] 57 [55–60] 114 [72–170] 15 [9–17]

Power 
reliability 77 [33–104]

Congestion 
relief 73 [13–51] 50 [47–52] 18 [16–20] 9

(Continued)
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KEY INSIGHT

The economic value of electricity storage varies greatly within individual 
applications in the same market, across different applications within a market, in the 
same application across different markets, and over time.

United States Great Britain Germany Australia

Transmission 
deferral 124 [71–171] 80 [61–92] 93 [26–130] 150 [73–178]

Distribution 
deferral 93 [48–122] 144

Network 
charge red. 104 [54–141]

Energy 
arbitrage 52 [15–81] 37 [22–44] 43 [29–56] 84 [38–102]

Time of use 
bill mgmt. 65 [7–77] 109 [78–144] 200 [73–337] 456 [107–655]

Table 6.1 (Continued)

which is tied to the incremental cost of conventional generation technologies.14 Transmission 
deferral is another service with similar and consistently high value across US, European, and 
Australian markets, due to the high economic cost and non-monetary barriers to building or 
upgrading transmission lines. Black start is also comparable between regions as the least val-
uable service, as it can be provided by many existing power stations, and the cost of providing 
it is minimal due to few cycles and short duration (see Chapter 5).

Some notable differences are also visible. The value of peak capacity is low in Great Britain 
relative to other markets (7 versus 49–106 USD/kW-year), due to power generation over-
capacity in the market during the timeframe studied. Congestion relief is more valuable in 
the US and Great Britain than in Germany, as grid congestion is a greater problem due to 
limited grid interconnection. The US average of 71 USD/kW-year is skewed by one especial-
ly high value in ERCOT (Texas) which has particularly low interconnection to neighbouring 
markets. This explains the US mean being above its 75th percentile, and without this value 
the US mean falls to 26 USD/kW-year, in line with Germany. Australian markets also have 
limited interconnection in the south-western states, but it is difficult to comment on the 
value provided as it only comes from a single study.

Revenue stacking describes the ability of energy storage systems to provide multiple servic-
es within a specified timeframe and to ‘stack’ the resulting revenue streams. There is a con-
sensus that this approach can capitalize on the versatility of electricity storage and thereby 
increase its economic value.16–19 See section 6.5 for further discussion.
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6.3  Value and profitability landscape

6.3.1 Mapping value and specifications

Assessing the economic value of electricity storage requires transparency around the varia-
tion of this value along application requirements. Figure 6.3 matches the potential revenues 
for storage in different applications to the respective discharge duration and cycle frequen-
cy requirements in the US markets.14,20

While power reliability applications have up to six hours discharge duration but less than 
100 full discharges per year, power quality applications are characterized by less than 1 
hour discharge duration at various different discharge frequencies. Applications that de-
liver increased asset utilization have between 1 and 8 hours, and up to 500 discharges. For 
arbitrage, there are two types: discharge duration below 1 hour at up to 350 cycles and 
discharge duration up to 6 hours at below 250 annual cycles.

There seems to be a positive relationship between economic value and increasing  discharge 
and frequency requirements (i.e. increasing number of running hours). Applications with 
up to 8 hours discharge duration or 10,000 cycles are valued at around 125 USD/kW-year 
respectively, and those with a moderate mix of discharge duration and cycle frequency are 
valued at around 105 USD/kW-year. The values fall with a reduction in discharge duration 

Figure 6.3 Mean economic value for different electricity storage applications in US 
markets, measured in USD/kW-year (from Figure 6.2 and Table 6.1) plotted along 
respective discharge duration and frequency application requirements.14,20 The 25th and 
75th percentile of economic values are shown in small font.
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and annual cycle frequency, down to 8 USD/kW-year for black start at only 1 hour and 10 to 
20 cycles. The residential arbitrage application time-of-use bill management represents an 
outlier with only 65 (7–77) USD/kW-year at up to 6 hours discharge and 250 annual cycles. 
However, a detailed review of the respective studies reveals that those valuing storage at 
the lower end of this range assume discharge durations below 4 hours,14 more in line with 
the identified value-requirement relationship.

6.3.2 Landscape for storage revenue

Figure 6.4 expands this value analysis to all four major markets and to the entire spectrum of 
possible discharge duration and frequency requirements from 1 to 1,024 hours and 1 to 10,000 
cycles. A Monte Carlo analysis accounts for the ranges in economic value per application and 
market (from Figure 6.2), and the ranges in discharge duration and cycling frequency for each 
application (from Figure 6.3).15 Each discharge-frequency combination on the spectrum is as-
signed an economic value (in terms of USD per kW of power capacity per year) by interpolating 
the Monte Carlo results. See Chapter 8 for a more detailed discussion of the methods.

Figure 6.4 Economic market value for electricity storage power capacity across the full 
spectrum of discharge duration and discharge frequency requirements. Colours refer to 
economic market value in USD/kW-year. Circled letters represent the requirements of the 
13 archetypal applications introduced in Chapter 3.

D
u

ra
ti

o
n

 (
h

o
u

rs
 p

e
r 

d
is

c
h

a
rg

e
)

0.25

1

4

16

$200

$140

$100

$65

$45

$30

$+

$170

$120

$80

$55

$35

$25

64

256

1024
United States

USD/kW-year

Frequency (discharges per year)

1 10 100 1000 10000

BS

RL SC PC EA

RETD

ST

FS

DR

FG

CM

HC

D
u

ra
ti

o
n

 (
h

o
u

rs
 p

e
r 

d
is

c
h

a
rg

e
)

0.25

1

4

16

$200

$140

$100

$65

$45

$30

$+

$170

$120

$80

$55

$35

$25

64

256

1024
Great Britain

USD/kW-year

Frequency (discharges per year)

1 10 100 1000 10000

BS

RL SC PC EA

RETD

ST

FS

DR

FG

CM

HC

D
u

ra
ti

o
n

 (
h

o
u

rs
 p

e
r 

d
is

c
h

a
rg

e
)

0.25

1

4

16

$200

$140

$100

$65

$45

$30

$+

$170

$120

$80

$55

$35

$25

64

256

1024
Germany

USD/kW-year

Frequency (discharges per year)

1 10 100 1000 10000

BS

RL SC PC EA

RETD

ST

FS

DR

FG

CM

HC

D
u

ra
ti

o
n

 (
h

o
u

rs
 p

e
r 

d
is

c
h

a
rg

e
)

0.25

1

4

16

$200

$140

$100

$65

$45

$30

$+

$170

$120

$80

$55

$35

$25

64

256

1024
Australia

USD/kW-year

Frequency (discharges per year)

1 10 100 1000 10000

BS

RL SC PC EA

RETD

ST

FS

DR

FG

CM

HC

(a) (b)

(c) (d)



Chapter 6  Market value: Making money184

Panel (a) of Figure 6.4 shows that in the US, over 100 USD/kW-year can be earned for ap-
plications below 1 hour discharge duration and more than 1,000 full equivalent discharge 
cycles per year. This value falls with reducing frequency to below 30 USD/kW-year at 100 
cycles per year. A similar pattern is seen in other markets.

Panels (a)–(d) of Figure 6.4 show that the revenue potential increases strongly with longer 
discharge duration when tracking applications black start (BS) to power reliability (RL) or 
frequency regulation (FG) to peak capacity (PC). The revenue potential also falls strongly 
with lower cycling frequency, both for applications with under 1 hour and those with 4 hour 
duration. This can be seen by tracking left from peak capacity (PC) to self-consumption (SC) 
to power reliability (RL) for Great Britain, Germany, and Australia.

There are three exceptions to these general trends, which indicate potential temporal 
‘sweet spots’ for energy storage in the respective markets:

 ● In Great Britain and Germany frequency response (FS) at 50 cycles offers greater 
value than frequency regulation (FG) at 300 cycles. In Great Britain, successful bids for 
enhanced frequency response for 2017–21 were awarded 90 to 160 USD/kW-year, while 
in Germany frequency response in 2018 was valued at 100 to 150 USD/kW-year.21,22 
This shows that fault containment is valued higher than continuous regulation of grid 
frequency in these markets.

 ● Germany and Australia show revenue potentials of up to 200 USD/kW-year for 
applications with 4–16 hours discharge duration and 100–1000 cycles per year, that 
is, the cluster of services around renewables integration (RE), peak capacity (PC) and 
energy arbitrage (EA). It may indicate that power price volatility in those markets is 
particularly high and allows for high revenues (see section 6.4.2)

 ● The US and Australia show a particular increase in value for the cluster of applications 
around power reliability (RL), which may be a result of relatively weak power grids and 
more frequent power outages in these markets.

Figure 6.5 aims to generalize this analysis on revenue potential for energy storage by form-
ing the average across the four studied markets. It confirms the positive relationship iden-
tified between revenue potential and increasing discharge and frequency requirements. 
Some exceptions to this trend also shine through: potential ‘sweet spots’ identified for select-
ed markets and time frames.

While this analysis reveals high-level insights that support the general understanding of 
energy storage revenue potential, investment decisions should be based on detailed, 
 market-specific data. This requires a bespoke assessment of detailed revenue data for a 
specific market, which would allow these landscape figures to be reproduced with greater 
coverage and validity.

KEY INSIGHT

In general, the revenue potential for energy storage in USD/kW-year increases with 
longer discharge duration and higher cycle frequency, both of which give greater 
utilization.
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For the purposes of comparing lifetime cost to revenue potential, Figure 6.6 shows the stor-
age revenue landscape in terms of USD/MWh by converting from USD/kW-year using the 
specific annual utilization which is defined for every grid cell on the landscape plot (frequen-
cy multiplied by duration).

Figure 6.6 reveals the opposite relationship between revenue potential and application re-
quirements as shown in Figure 6.5. Revenue in USD/MWh generally increases as discharge 
duration and cycling frequency decrease.

6.3.3 Landscape for storage profitability

The profitability of storage can be assessed by ‘subtracting’ the technology cost landscapes 
evaluated in Chapter 5 from the revenue landscapes derived in section 6.3.2.

Figure 6.7 shows the profitability of energy storage systems in applications that pay USD/
MWh for delivered energy (‘energy applications’) based on subtracting the levelized cost of 
storage (see Figure 5.18) from the revenue potential (see Figure 6.6) for 2020. Alternatively, 
for applications that are reimbursed in USD/kW-year (‘power applications’), annuitized ca-
pacity cost (see Figure 5.18) could be subtracted from the revenue potential in USD/kW-year 

Figure 6.5 Graphic representation of trends in revenue potential for energy storage 
across the landscape of cycling frequency and discharge duration requirements.
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Figure 6.6 Economic market value for providing electricity storage energy discharge 
across the full spectrum of discharge duration and cycle frequency requirements. Colours 
refer to economic market value in USD/MWh. Circled letters represent the requirements 
of the 13 archetypal applications introduced in Chapter 3. Applications < 1 hour discharge 
are usually not reimbursed in USD/MWh and so are not relevant in this display.
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(see Figure 6.4). It is important to differentiate between these two approaches, because 
the difference between ACC and LCOS is not merely the utilization in each application (as in 
revenue), but is also determined by the various individual technology cost and performance 
parameters.

Green areas in Figure 6.7 show ‘pockets of opportunity’, the operating space in which the 
most cost-effective storage technology in 2020 was profitable if it received the average rev-
enue for the respective applications in each market. There is a broad pocket across all mar-
kets surrounding the cluster of renewable integration (RE), peak capacity (PC), and energy 
arbitrage (EA). This cluster centres around 100–1000 full discharge equivalent cycles per 
year with 4–8 hours of discharge duration. The technology with lowest LCOS in this cluster 
is pumped hydro (see Figure 5.15.a), which is widely deployed worldwide to provide these 
services.
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New pumped hydro systems face many non-financial barriers (geographical suitability, 
ecological concerns, public opposition), and they are not suitable for certain applications 
which are gaining traction recently, such as peak capacity by combining solar + storage. The 
method described here can be used to create bespoke analyses that assess such cases by 
building a profitability landscape chart for a specific technology, for example comparing 
anticipated revenues with the LCOS for lithium-ion batteries, rather than the lowest LCOS 
across all technologies.

This analysis can also be conducted using projected future lifetime cost with the assumption 
that future revenue potentials do not change. Figure 6.8 shows the profitability of the cheap-
est storage technology based on 2040 cost projections and assuming flat 2020 revenue 

Figure 6.7 Profitability of providing electricity storage energy discharge (in USD/MWh) for 
applications with various discharge duration and annual cycle requirements across four 
markets in 2020. Colours indicate the mean revenue per unit of electrical energy discharge 
(see Figure 6.6) minus the mean levelized cost of storage (LCOS) of the most cost-
efficient technology (see Figure 5.18). Green signifies areas where the cheapest storage 
technology is profitable, other colours signify it is loss-making. Circled letters represent 
the requirements of the 13 archetypal applications introduced in Chapter 3. Applications 
with less than 1 hour discharge duration are usually not reimbursed in USD/MWh and so 
are not relevant in this display.
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potential. The ‘pocket of opportunity’ around renewable integration (RE), peak capacity (PC), 
and energy arbitrage (EA) is enlarged to cover services with 100 discharges per year or less, 
namely transmission deferral (TD) and self-consumption (SC) across all four markets.

The assumption that revenues stay flat from 2020 through 2040 is highly unlikely though. 
The Frequently Asked Question in section 6.1 shows a clear example of how revenues di-
minish once a market is saturated with electricity storage technologies, which is just one 
factor of many that may affect future revenues.

When considering applications that are paid for power provision in USD/kW-year (‘power 
applications’, i.e. usually below 1 hour discharge duration), the cluster around frequency 

Figure 6.8 Profitability of providing electricity storage energy discharge (in USD/MWh) 
for applications with various discharge duration and annual cycle requirements across 
four markets, based on projected 2040 lifetime cost. Colours indicate the mean revenue 
per unit of electrical energy discharge (see Figure 6.6) minus the mean levelized cost of 
storage (LCOS) of the most cost-efficient technology (see Figure 5.18). Green signifies 
areas where the cheapest storage technology is profitable, other colours signify it is 
loss-making. Circled letters represent the requirements of the 13 archetypal applications 
introduced in Chapter 3. Applications with less than 1 hour discharge duration are usually 
not reimbursed in USD/MWh and so are not relevant in this display.
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6.4 Value of arbitrage
The markets for ancillary services are relatively shallow and will be easily saturated by small 
amounts of storage (see section 6.1). Arbitrage on the other hand, may not be the most 
lucrative market, but will be substantially larger and more durable. To give an example 
from Great  Britain, the total cost of system balancing, congestion management, reserve, 
and response averaged around GBP 1 billion (bn) per year during the 2010s,23 whereas 
the total wholesale market had an annual value of GBP 45 bn.24 By 2022, three-fifths of 
utility-scale storage in the US was used for price arbitrage (up from one-fifth in 2019),25 
and in the longer term, analysts forecast thousands of GW of small-scale battery storage 
being installed worldwide,26 primarily for this purpose to balance out the large uptake of 
renewable energy (see Chapter 7).

Arbitrage is also different from other services in that detailed historical electricity price data 
are readily available in many regions, or can be modelled for hypothetical or future power 
systems using a variety of free or commercial market models. This allows a long-term view 
on the economic attractiveness of energy arbitrage to be formed more easily than for other 
markets with opaque pricing.

6.4.1 Modelling arbitrage operation

A variety of optimization techniques can be used to model how storage would operate in a 
given market and the value it can obtain from its prices (see Chapter 8 for methods). Here 
we model the simplest case, where the operator has perfect foresight of future prices. This 
means there is one definite best course of action with no uncertainty due to the quality of 
price forecasts days or months ahead. This means it will give an upper bound on the ex-
pected profitability of storage, but this will consistently reflect the differences seen between 
markets, years, and technologies.

response (FS) was the only profitable ‘pocket of opportunity’ in 2020  ranging from ~30–
200 charge–discharge cycles per year. This is in line with the significant  deployment of 
lithium-ion batteries in frequency response applications, for example  Enhanced Fre-
quency Response and Dynamic Containment in Great Britain or Primärregelleistung in 
Germany.

KEY INSIGHT

There are two clusters of applications where the lowest cost electricity storage 
technologies are particularly profitable. The first cluster covers ‘energy applications’ 
with 100–1,000 annual cycles and 4–8 hours discharge duration. The second cluster 
covers ‘power applications’ with 30–200 annual cycles and less than  
1 hour discharge duration.
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The optimal dispatch schedule will be to buy electricity during the cheapest periods and sell 
during the most expensive ones, subject to constraints on its operation. It cannot charge or 
discharge by more than its power capacity, which limits the amount of activity in a given pe-
riod. Its state of charge can also not rise above its energy capacity or fall below zero, which 
imposes limits on the order in which actions occur (i.e. it cannot continue charging once its 
energy capacity is fully charged).

Figure 6.9 illustrates the optimal dispatch of a pumped hydro system during one week of 
German power prices.

Three features are evident:

1. The storage buys when power prices are low and sells when they are high, which is the 
cornerstone of arbitrage operation. During this example week, power for charging is 
purchased for 26 USD/MWh, and discharged power sold for 58 USD/MWh on average.

2. Not all the cheapest hours are exploited for charging (e.g. it sold power on Sunday 
daytime even though that was cheaper than Tuesday night when it was buying power). 
This is due to limitations on the storage duration, as it was already fully charged by 
Sunday morning and could accept no further energy. With longer duration, these lower-
priced hours could be exploited, with all of Sunday used for charging, and all of Friday 
for discharging.

Figure 6.9 Example of the optimal dispatch schedule for a pumped hydro storage system 
(10 hours, 75% round-trip efficiency) during one week in the German electricity market (8–
14 December 2018). Panels show (a) the hourly price in the market with colours signifying 
the operating schedule for the storage system, and (b) the state of charge of the system.

100

80

Charging

Discharging

60

40

20

0

–20

10

8

6

4

2

0

Sat Sun

(b)

(a)

State of Charge (MWh)

Price (USD/MWh)

Mon Tue Wed Thu Fri

Sat Sun Mon Tue Wed Thu Fri



6.4  Value of arbitrage 191

3. More power must be bought than is sold to cover the round-trip efficiency losses. It 
is therefore only worth charging if there are periods when it can sell that energy for 
1.33 times higher price (1 ÷ 75%). With 100% efficient storage and no marginal costs of 
operation (e.g. due to operation and maintenance (O&M)), almost every hour would be 
filled with charge and discharge events, as even the smallest price difference would be 
enough to profit from. With lower efficiency, there would be more periods of no activity 
as the price differentials become too small to profit from.

Other market prices and technology configurations can be explored using the companion 
website at <www.EnergyStorage.ninja>. The worked example in section 6.8 provides a guid-
ed modelling exercise using this online tool.

KEY INSIGHT

When providing arbitrage, the duration and efficiency of storage will influence how 
much value it can access. Longer duration and higher efficiency will enable higher 
utilization as more actions will be profitable.

6.4.2 Value in current markets

When this process is applied to longer time series of power prices, it can be used to assess 
the annual revenues and profits, and the variation from year-to-year that could be expected. 
Figure 6.10 summarizes the value of providing arbitrage with a lithium-ion battery across 
162 years of data from 36 electricity markets. These charts show the profit before fixed 
costs (i.e. the producer surplus), calculated as the revenue from electricity sold through dis-
charging minus the cost of electricity bought for charging. Profit is shown both per unit of 
energy output and per unit of nominal power capacity, despite arbitrage being remunerat-
ed in energy terms. The per-power figure (Panel b) can be interpreted as the profit a device 
would earn per year factoring in its average utilization: a 100 MW system earning 50 USD/
kW-year could anticipate USD 5 million annual profit.

Australian markets provide the greatest opportunity in this example, in part because high 
penetration of renewables and limited availability of other flexible technologies means pow-
er prices have very large spikes. Japan also offers relatively high profits with 2012–19 data as 
markets were still tight in the wake of the Fukushima nuclear disaster leading to price spikes 
during high demand periods, combined with a high penetration of solar PV giving low pric-
es during summer daytimes. European and US markets offer typically half the revenues of 
the Asia-Pacific (APAC) markets shown here, as they have greater capacity margins, greater 
interconnection between markets, or greater availability of flexible technologies (including 
pumped hydro storage).

As with other services, the value of arbitrage sees large variation between world regions 
and also within them. This is most notable within the Australian markets. The Victorian and 
South Australian markets see consistently higher profits than other states’ markets due to 
their high shares of wind power. Figure 6.11 shows the European markets in greater detail 
to explore this variability further.

http://www.EnergyStorage.ninja
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Figure 6.10 Profitability of electricity arbitrage from 2012–19 in various global electricity 
markets, considering a typical lithium-ion system (4 hours, 86% efficient). Panels show 
profit (a) per unit of electricity delivered, and (b) per unit of installed power capacity. Each 
bar covers the 10th to 90th percentile across the national/international markets within 
each country/region, and the thick line shows the median across markets and years. The 
value of arbitrage is calculated from the profit-maximizing dispatch against historical 
power prices, assuming perfect foresight and no uncertainty. Profit is calculated as 
revenue from discharging minus cost of charging (ignoring any fixed costs).
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Figure 6.11 Profitability of electricity arbitrage from 2012–19 in various European 
electricity markets, considering a typical lithium-ion system (4 hours, 86% efficient). 
Panels show profit (a) per unit of electricity delivered, and (b) per unit of installed power 
capacity. Each bar covers the 10th to 90th percentile across the 25 national markets within 
Europe, with a thick line showing the median. Lines highlight the profitability within 
specific markets, which exemplify an island nation, and well-connected nations dominated 
by fossil fuels, nuclear, and hydro. The value of arbitrage is calculated from the profit-
maximizing dispatch against historical power prices, assuming perfect foresight and 
no uncertainty. Profit is calculated as revenue from discharging minus cost of charging 
(ignoring any fixed costs).
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During any given year there is a large range in profitability across markets due to their dif-
ferent circumstances. Lithium-ion storage could expect to earn 12 times more per year op-
erating in Great Britain than it could in Norway. Great Britain is among the most lucrative 
markets in Europe as it is an island nation with relatively little interconnection to its neigh-
bours and relatively little pumped hydro storage due to its geography, meaning power pric-
es are volatile. At the other extreme, Norway offers consistently low profits for batteries as 
the electricity market is dominated by flexible hydro plants, yielding prices which change 
gradually over time with the shadow-value of the water they hold.

There is also a large variation in profitability from year to year within markets, as shown for 
example by the line for Great Britain in Figure 6.11. The median inter-annual volatility across 
all markets—defined as the standard deviation in annual profit across years, divided by the 
mean profit—is 24% (P10–P90 = 17–36%). For example, annual profit in Great Britain is 75 
USD/kW ± 20%. Major markets such as Great Britain, Germany, and Japan lie close to this 
median at 20–24%, and most US markets see year-to-year volatility in the range of 19–26%. 
ERCOT (Texas) is an outlier, with a volatility of 69% (as profitability increased dramatically in 
2018–19 compared to earlier in the decade), and Queensland in Australia at 62% (due to 
very high profitability in 2017).

KEY INSIGHT

The profitability of energy arbitrage varies by plus or minus 25% from year to year 
within most major electricity markets.

The profitability of storage is driven by variability in prices. The structure of these prices also 
matters (e.g. if high and low prices occur each day, or are separated by season), but in gen-
eral the relative profitability of storage in different markets can be approximated by meas-
ures of the price volatility. Two such examples are the standard deviation of prices (across 
all hourly prices in the year), or the average daily price spread (the difference between max-
imum and minimum price within each day, averaged across all days in the year). Figure 6.12 
shows a simple relationship between the logarithm of standard deviation in power prices 
and the profitability of arbitrage, measured across 162 years of market price data.

Figure 6.12 suggests there is a log-linear relationship between price variation and storage 
profitability, with each doubling in the standard deviation of hourly prices yielding an extra 
35 USD/kW-year arbitrage profit. This relationship is best for describing the relationship 
across markets, but the data within each region are better described by linear relationships. 
For example, an additional 1 USD standard deviation in power prices yields an extra 2.10 
USD/kW-year arbitrage profit within European markets, versus an extra 0.50–0.75 USD/kW-
year within US and Australian markets. Which relationship is more appropriate depends on 
the underlying cause of the price variations. In the markets with the highest price variation 
(Australian states and Texas), the standard deviation is driven by a small number of hours 
with extremely high price spikes (e.g. 100× the annual average price). Unless storage has 
100% round-trip efficiency and no variable operational costs, it cannot capture as much 
value from extreme but infrequent spikes as it would from a market where prices are less 
extreme, but vary over a wider range in most hours.
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Figure 6.12 Profitability of electricity arbitrage as a function of the amount of variation 
in hourly market prices. Profitability is estimated for 4 hour, 86% efficient storage from 
2012–19 in various electricity markets. Profit is calculated as revenue from discharging 
minus cost of charging (ignoring any fixed costs).
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KEY INSIGHT

The standard deviation of hourly power prices is a reasonable predictor for how 
profitable energy arbitrage will be.

FREQUENTLY ASKED QUESTION

Are electricity price differentials too small for arbitrage to be a viable 
business model?
In many markets, yes this is true. However, Figure 6.10 and Figure 6.12 show that 
there is substantial variability between markets. Markets with large shares of 
variable renewables, which are short of conventional capacity, and/or have limited 
interconnection or other flexibility sources will typically have high price spikes 
and variability between peak and baseload prices. These will make for better 
investment cases for storage.

The validity of arbitrage as a business model can be confirmed by the rise in 
combined solar + storage investments, where the storage raises revenue by allowing 
the time of power sale to be shifted to later in the day to access higher prices.
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KEY INSIGHT

Most of the variability in electricity prices happens over the diurnal cycle, so there 
are diminishing returns to increasing storage duration, and beyond 8 hours there is 
currently very little additional profit to be gained from arbitrage.

The value available from arbitrage (or any other service) can be compared to the 
revenue requirements estimated in Chapter 5 for the relevant duration and cycling 
frequency. Figure 5.18 shows that the lowest lifetime cost for energy arbitrage 
is > 100 USD/MWh or > 250 USD/kW-year, for 4 hour duration and 500 cycles per 
year. Before 2020, this was exceeded only in South Australia (see Figure 6.2). More 
recently, higher electricity prices and volatility as a result of disrupted supply 
chains and geopolitical distortions lift arbitrage revenues above these thresholds 
in more markets. However, it is uncertain how long these price and volatility levels 
will persist.

It must be noted that storage will likely not only provide arbitrage, unless 
expressly limited to this by the prevailing regulations. Storage can provide other 
services in parallel, sequentially or overlapping such as frequency response, and 
thus access greater revenues through revenue stacking than from arbitrage alone.

6.4.3 Sensitivity to technology parameters

In most electricity markets the greatest price variation occurs over short timescales due to 
the day/night cycle of demand and solar PV output. Price variations over longer timescales 
(between days or months) are smaller, giving diminishing returns to increasing storage du-
ration. The greater problem is that exploiting price differences over longer time periods 
gives fewer operating cycles per year, dramatically reducing the additional revenue that can 
be made. This presents a financial barrier to the idea that long-duration storage can ‘fix’ the 
issue of wind intermittency, which occurs over timescales of days or weeks.27 There may not 
be sufficient revenue available to justify building such long- duration storage, unless adding 
extra duration is very cheap, power prices become more volatile  between times of high and 
low wind output, or other revenue sources are available to longer- duration storage.

Figure 6.13 shows how profitability varies with storage duration, using the same historical 
market data as in Figure 6.10. Profit increases with storage duration as more periods are ac-
cessible due to reduced constraints on when charging and discharging can occur. In APAC 
markets, storage with 4 hours duration can earn double the profit of 1 hour duration, but 
over 40 hours duration is needed to earn triple the profit of 1 hour.

Both panels of Figure 6.13 show an elbow around 8 hours. Increasing storage duration 
beyond this yields very little increase in profit. This marginal profit from an extra hour of 
duration follows a log-log relationship, similar to the experience curves from Chapter 4. 
 Figure 6.14 shows that for each doubling of storage duration, the extra profit from adding 
an hour of storage duration falls by around two-thirds (61% in Western and 66% in APAC 
markets). For example, moving from 4 to 5 hours adds USD 4.65/kW-year in Western mar-
kets, but moving from 8 to 9 hours adds USD 1.40/kW-year.
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Figure 6.13 Profitability of electricity arbitrage from 2012–19 in various electricity 
markets, as a function of storage duration, assuming constant efficiency. Panels show 
(a) absolute and (b) marginal profit. Asia-Pacific and Western markets are shown separately 
due to their different price levels. Shaded areas cover the 10th to 90th percentile, with 
a thick line showing the median across markets and years. The value of arbitrage is 
calculated for storage with 86% round trip efficiency from the profit-maximizing dispatch 
against historical power prices, assuming perfect foresight and no uncertainty. Profit is 
calculated as revenue from discharging minus cost of charging (ignoring any fixed costs).
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Figure 6.14 Marginal increase in profitability of electricity arbitrage from 2012–19 
in various electricity markets, as a function of storage duration, assuming constant 
efficiency. This shows the same data as in Figure 6.13(b), but on log-log axes.
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Figure 6.15 Profitability of electricity arbitrage from 2012–19 in various electricity markets, 
as a function of storage efficiency, assuming constant duration. Panels show (a) absolute 
and (b) marginal profit. Asia-Pacific and Western markets are shown as separate colours 
due to their different price levels. Shaded areas cover the 10th to 90th percentile, with a 
thick line showing the median across markets and years. Value of arbitrage is calculated for 
storage with 4-hour duration from the profit-maximizing dispatch against historical power 
prices, assuming perfect foresight and no uncertainty. Profit is calculated as revenue from 
discharging minus cost of charging (ignoring any fixed costs).
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These figures show profit per kW of power capacity, even though arbitrage is remunerated 
by energy. This is because the profit per MWh of electricity discharged is not an intuitive 
metric in this context, as it does not account for utilization (i.e. how much power is bought 
and sold at this price differential). It is insensitive to storage duration; in APAC markets it 
averages USD 50/MWh with standard deviation of just ±1.30/MWh when ranging from 1 to 
96 hours. In Western markets, it averages USD 30 ± 0.50/MWh.

Figure 6.15 shows how profit scales with storage efficiency using historical market data. 
More efficient storage is more profitable as less power must be bought for each unit sold 
(reducing costs), and smaller price differentials are needed to operate profitably (increasing 
utilization). In European and US markets, 100% efficient storage could earn twice as much 
as 75% efficient storage, which in turn earns twice as much as 55% efficient storage. The 
right panel of Figure 6.15 shows the marginal benefit of increasing round-trip efficiency. A 
rise of 1 percentage point increases profits by 0.5–2.2 USD/kW-year in APAC markets, or by 
0.2–1.4 USD/kW-year in Western markets.

Again, profit per MWh discharged is not a helpful metric in this context. For example, 86% 
efficient storage with 4 hour duration would exploit price differentials of just USD 50/
MWh in APAC markets, buying for USD 50/MWh and selling for double that. In contrast, 
30% efficient storage would exploit price differences five times larger, buying electricity 
for 30/MWh on average and selling for over 300/MWh. That does not mean inefficient 
storage is more profitable though, as this is more than offset by a 92% reduction in de-
vice utilization, meaning that overall revenue is two-thirds lower.
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6.4.4 Impact of price cannibalization

The opportunity for arbitrage decreases as more storage systems (or other flexible technol-
ogies) enter a market. Adding storage will smooth out power prices, reducing the volatility 
that is needed for profit. Storage therefore suffers from the same effect as renewable gen-
erators, coined ‘revenue cannibalization’.28–30 Cannibalization is a normal market competi-
tion issue: when a new product is introduced, it reduces the sales volume or revenues of 
existing products on the market.

Renewables cannibalize their own revenues because of having near-zero marginal cost, 
they depress power prices when output is high. The average price captured by renewables 
is therefore lower than the average wholesale price, by an average of 9% across Europe 
and the US in 2019.31 As more renewables are added to a market this effect strengthens, 
lowering the average price received not only by the new installation, but by all existing re-
newables too.

The same is true for energy storage, although revenue cannibalization is potentially a big-
ger issue than it is for renewable generation. Additional storage will both decrease peak 
power prices (and thus the revenue from discharging) by increasing supply, and increase 
off-peak prices (and thus the cost of charging) by increasing demand. So far, this has only 
been observed in electricity market modelling studies, as empirical studies of markets with 
large growth in storage capacity have not yet been conducted.32,33 Figure 6.16 visualizes 
the impact that storage could have on electricity prices, which contrasts the simulated daily 
pattern of power prices in Great Britain with different penetrations of storage. The aver-
age power price is generally unchanged at 35 GBP/MWh, but the lowest overnight prices 
 increase and the evening peak prices fall dramatically.

KEY INSIGHT

Every new storage system added to a market will lead to ‘revenue cannibalization’ 
for arbitrage, worsening the profitability of all existing storage due the smoothing of 
power prices.

Figure 6.17 shows the results of modelling larger uptake of lithium-ion storage in the Brit-
ish market, with the capacity of other generating technologies held constant. The profit 
of both new and existing storage decreases rapidly as more storage is added. Once 4 
GW is installed (~10% of peak demand), profit is half the level that could be expected in a 
fresh market with no existing storage. Total market-wide profit decreases beyond 6 GW 
of storage installed, meaning each extra storage system reduces the profit of all exist-
ing systems by more than it generates itself. This signals over-competition in the market, 
and is brought about by both smaller price differentials and falling utilization of storage 
systems.

It has also be shown how the classic problem of monopoly ownership and lack of competi-
tion could affect the financial outcomes for energy storage.32 A monopolistic owner could, 
for example, be an operator that owns a large share of the utility-scale or residential storage 
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in a market, or provides vehicle-to-grid (V2G) services to a large portfolio of electric vehicles. 
Such an operator could potentially coordinate the operation of a large number of individual 
storage devices to restrict utilization at times of peak demand to drive up its profits. With 8 
GW of storage in the example above, total profits across the industry could be increased by 
45% by restricting utilization by one-fifth. Such a situation could be avoided by regulators 
monitoring the level of concentration within their market, as they do for traditional power 
generation assets.

Figure 6.17 Simulations of the storage operation and profitability in the British electricity 
market. (a) As more storage is added to the market, utilization falls as the opportunities 
for profitable trade diminishes. (b) Total industry-wide profit increases, but at a decreasing 
rate until it plateaus and then begins to fall. (c) The profit earned per unit of storage falls 
rapidly with installed capacity. Data from Ward.32
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Figure 6.16 The simulated impact of storage on wholesale power prices in Great Britain. 
Each panel shows the diurnal profile of prices, averaged across all days in 2016. The dark 
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to 95th percentile (P5 to P95). Panel (a) shows prices modelled in the market as is (with no 
battery storage installed), while panels (b) and (c) show the prices modelled with additional 
storage providing arbitrage. Results derived using the MOSSI electricity market model.34,35
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FREQUENTLY ASKED QUESTION

With large deployment of renewables in the coming decades, won’t there be 
ample ‘excess’ electricity, meaning storage can always charge for zero cost?
It is true that as markets increase their share of wind and solar power, they see an 
increase in zero- or negative-priced electricity. This has been evident across much 
of Europe since the mid-2010s. However, ‘free excess electricity’ will only become 
commonplace in a market if there are not enough flexible solutions to make use of it.

If there was abundant free electricity, this would lower the cost of operating a 
storage system for arbitrage. Once this becomes a profitable service (given the 
capital and other costs which must be met), then as soon as developers build such 
systems, they will increase demand for electricity at the times when there is excess 
wind and solar, raising the price of power at those times. Some equilibrium will be 
reached in the long-term between the amount of renewables (which drive price 
volatility) and flexibility solutions such as storage (which reduce it).

6.5 Revenue stacking
Energy storage systems can maximize their value by providing multiple services within a 
specified time frame and ‘stacking’ the resulting revenue streams. This is called revenue 
stacking (or alternatively value stacking or benefit stacking) and has three major benefits 
that can help making energy storage projects profitable:36,37

 ● Utilization: Most applications do not require continuous availability or operation (e.g. 
frequency response) and some are even called upon rarely (e.g. black start). Serving 
multiple applications can therefore enable higher remunerated battery utilization.

 ● Optimization: Remuneration for most applications is volatile (e.g. auctions for 
frequency response, volatile wholesale prices for energy arbitrage). Serving multiple 
applications enables operators to optimize between them for highest revenues.

 ● Resilience: The specific applications that energy storage systems serve may be subject 
to regulatory changes (e.g. the ‘Triad scheme’ for demand charge reduction being with-
drawn by Great Britain’s regulator).38 Avoiding dependence on a single revenue source 
can partially protect against the risk of these changes.

Figure 6.18 provides a conceptual depiction of revenue stacking. In this example, applica-
tion 1 (app 1) is not sufficient to cover lifetime cost. Rather, the stacking of applications 1, 2, 
and 3 ensures that lifetime revenues exceed lifetime cost.

KEY INSIGHT

Energy storage systems can maximize their value by ‘stacking’ the revenues of 
multiple applications they serve within a specified time frame.
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The implementation of revenue stacking in practice is more complex because energy stor-
age systems can serve multiple applications in various ways. Figures 6.19 to 6.22 depict 
the four main archetypes of revenue stacking, including a description, real-world examples 
from Great Britain’s power market, key considerations, and relevance. These archetypes can 
also be combined if technically feasible and allowed by regulators.

The archetype descriptions consider two key technical parameters:

 ●  Active power: The provision of active power, that is, charging/discharging the storage 
system (stacked bars, primary y-axis)

 ●  State-of-charge: The amount of energy stored in the system at any moment in time 
relative to full capacity (dashed line, secondary y-axis).

Figure 6.18 Conceptual depiction of revenue stacking. This schematic assumes that 
lifetime revenues of application 1 are reduced by also serving application 2 or 3; however, 
revenue stacking is also possible without reducing the lifetime revenues of the original 
application, depending on the revenue-maximizing operational schedule.
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Figure 6.19 Revenue stacking through parallel provision of multiple applications. 
Exemplary schematic for a 20 MW electricity storage system.

Description:

Power capacity is separated into individual parts. These are provided in 
parallel to serve different applications. In the above schematic, the 20 
MW electricity storage system provides 10 MW to application 1 and 2 
each in period 2. As a result, state-of-charge (SoC) reduces from 100% to 
0%. The system charges in period 3 to recover SoC from 0% to 100%.

Real-world 
examples:

Electricity storage operators in Great Britain can provide part of their 
available power capacity for frequency response services like Dynamic 
Regulation and bid their remaining capacity into the Balancing 
Mechanism.39

Considerations:
Operators should not exceed the power committed to the individual 
applications in order not to compromise any other application 
contracted for simultaneously.

Relevance:
Parallel stacking is among the most common types of revenue stacking. 
There are numerous examples for various applications in various 
geographies.



6.5  Revenue stacking 203

Figure 6.20 Revenue stacking through sequential provision of multiple applications. 
Exemplary schematic for a 20 MW electricity storage system.
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Description:

Power capacity is provided to different applications in different time 
periods. In the above schematic, the 20 MW electricity storage system 
provides +20 MW to application 1 in period 2, then charges in period 
3 to replenish SoC and then again provides +20 MW to application 2. 
Depending on the application, the storage system could be rewarded for 
providing +40 MW in application 2 as its operating point or baseline was 
at −20 MW in the previous period.

Real-world 
examples:

In 2016, Great Britain’s National Grid procured 200 MW of a service 
called Enhanced Frequency Response. Selected operators did not bid for 
the entire year but excluded ~300 hours. In these periods they reduced 
network electricity consumption for large consumers instead, to reduce 
their demand charges as part of the Triad scheme.21

Considerations: Operators must manage SoC appropriately to ensure that provision of 
one application does not affect provision of the other.

Relevance:
Sequential stacking is among the most common types of revenue 
stacking. There are numerous examples for various applications in 
various geographies.
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Figure 6.21 Revenue stacking through sequential provision of multiple applications with 
one application in opposite direction. Exemplary schematic for a 20 MW electricity storage 
system.

–100%

–50%

0%

50%

100%

–20

–10

0

10

20

S
ta

te
-o

f-
c
h

a
rg

e
 i
n

 %
 (

li
n

e
)

A
c
ti

v
e

 p
o

w
e

r 
in

 M
W

 (
b

a
rs

)

Sequential stacking in opposite directions

Period 1 Period 2 Period 3 Period 4

App 1App 1 App 2App 2

App 3App 3

Description:

Power is provided to different applications in different time periods. 
At least one application is in the opposite direction, so that SoC levels 
can be managed while being remunerated. In the schematic, the 20 
MW storage system provides +20 MW to application 1 in period 2, then 
−20 MW to application 3 in period 3, which also replenishes SoC. In 
period 4, +20 MW are provided to application 2 (again, depending on 
the application, the system could be rewarded for providing −40 MW 
and +40 MW to applications 3 and 2 respectively based on its baseline 
operating points in the previous periods).

Real-world 
examples:

In 2021, Great Britain’s National Grid enabled the possibility to 
sequentially stack contracted frequency response services like Dynamic 
Containment with bids to the Balancing Mechanism (BM). The purpose 
of the BM bids is to manage SoC levels after providing frequency 
response.40 The opposite approach is even more common: offer 
frequency services to charge the system and then discharge into the BM 
or intraday market.

Considerations:

It can be difficult to find two applications with opposite directions 
that fully enable managing SoC. Often, required power capacity and 
discharge duration vary strongly between applications. A starting point 
to identify opportunities are negatively correlated applications.

Relevance: Opportunities are less common than parallel or sequential stacking.
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Figure 6.22 Revenue stacking through parallel provision of multiple applications with the 
same power capacity. Exemplary schematic for a 20 MW electricity storage system.
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Description:

The same power capacity is provided to multiple applications at the same 
time. In the above schematic, the electricity storage system is serving its 
20 MW power capacity to both applications in period 2. It then charges in 
period 3 to replenish its SoC.

Real-world 
examples:

Contracts in the Capacity Market and Firm Frequency Response (FFR) can 
remunerate the same MW of an electricity storage system in the same 
time period. During a Capacity Market stress event any power capacity 
provided to selected ancillary services like FFR are deducted from the 
power capacity required in the Capacity Market stress event without 
penalties.41

Considerations:

The ability to fulfil requirements of two applications simultaneously 
may be limited and there are high penalties if contractual obligations 
are broken. A good starting point to identify opportunities is to look for 
applications that are positively correlated.

Relevance:
Least relevant archetype, because opportunities are rare and regulations 
often inhibit providing for alternative applications when power capacity 
is already contracted.
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For simplicity, all four archetypes refer to the actual provision of active power. However, 
applications can differentiate in payments for the availability of power capacity only and the 
actual active provision of power. Figure 6.23 adds contracted availability of power capacity 
for application 1 (light blue) to the archetype parallel stacking (see Figure 6.19).

Application 1 could be a symmetric application, which pays for positive as well as negative 
power provision. It also pays for the mere availability of power capacity (light blue) and the 
actual provision of power (dark blue). In this scenario, the 20 MW system is paid for the avail-
ability of ±10 MW in periods 1, 2, and 4. It is also paid for providing active power of +10 MW 
to application 1 and application 2 in period 2. In period 3, the system recharges. This means 
the system only contracted applications with obligations that can always be met.

KEY INSIGHT

There are four principal archetypes of revenue stacking:

 ●  Parallel stacking: Power capacity is separated into individual parts which serve 
different applications simultaneously.

 ●  Sequential stacking: The same power capacity is provided to different 
applications in different time periods.

 ●  Sequential stacking in opposite directions: The same power capacity is 
provided to different applications in different time periods. These applications 
cover both charging and discharging.

 ●  Overlapped stacking: The same power capacity is provided to multiple 
applications at the same time.

Figure 6.23 Revenue stacking through parallel provision of multiple applications. Light 
blue reflects availability for application 1. Dark blue and orange reflect active power 
provision to application 1 and 2 respectively. An example for application 1 could be 
frequency response. An example for application 2 could be wholesale market arbitrage.
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Alternatively, a storage system could indicate its availability to multiple applications and 
receive respective payments from each. This is shown in Figure 6.24, which adds the paid 
availability of power capacity for application 1 and 2 to the archetype of sequential stack-
ing (see Figure 6.20).

The storage system contracts its power capacity availability simultaneously to application 
1 and 2. This reflects the archetype overlapped stacking for power capacity availability. As 
a result, the system gets paid for reserving its power capacity to applications 1 and 2 in 
periods 1, 2, and 4. In period 2 it is also paid for actively providing power to application 1. It 
does not need to be available for application 1 in period 3 and is only paid for reserving its 
power capacity for application 2 while it charges. In period 4 it then provides active power 
to application 4.

In this particular scenario, the system can meet its contractual obligations. This is a lucky 
coincidence, however. If application 2 were called at +20 MW in period 3, the storage system 
could not provide it (SoC was at 0). Similarly, if application 1 were called again in period 4 
with +20 MW (simultaneously with application 2), the system would not have enough ener-
gy to provide for both applications. Therefore, this type of revenue stacking should not be 
called overlapped, but rather ‘overbooked stacking’.

For applications where actual activation of active power is subject to a tendering process 
‘overbooked stacking’ may be manageable. High-priced bids would mean the storage sys-
tem is not called into activation although being paid for availability. However, in most cases 

Figure 6.24 Revenue stacking through simultaneous reservation of power capacity 
availability and sequential active provision of power capacity to two applications. Light 
blue and orange reflect availability for applications 1 and 2 respectively. Dark blue and 
dark orange reflect active power provision to application 1 and 2 respectively. An example 
for application 1 could be frequency response. An example for application 2 could be 
frequency regulation.
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this type of revenue stacking would likely be illegal and result in penalties for failure to de-
liver. Also, the high level of transparency in system-relevant applications through obligatory 
real-time communication of system operation parameters may mean that customers will 
uncover overbooked stacking quickly.

When planning for revenue stacking, there are six key topics to consider:

1. Technology: The practical ability of the storage system to meet the operational 
requirements for multiple applications in the same timeframe must be assessed 
carefully (e.g. ability to manage state-of-charge) to avoid penalties when contractual 
obligations cannot be met.

2. Lifetime: Additional charge–discharge cycles of the storage system when serving 
additional applications may degrade the system disproportionately. This can 
significantly shorten its lifetime and eliminate the economic benefits of the additional 
revenue streams.

3. Timelines: Different applications may have different tendering timelines and contract 
lengths, which must be managed to ensure contractual obligations can always be met.

4. Regulation: Regulators may devise rules that forbid the provision of multiple 
applications within the same time frame or specify conditions for doing so. A prominent 
example is the California Public Utilities Commission, which published a set of rules in 
2018 for utilities to procure electricity storage services.37 These define at which network 
level applications can be provided, which applications have priority over others, and 
which information must be communicated by storage operators to utilities.

5. Counterparties: Different applications may have different counterparties with 
different contractual and technical interfaces that must be managed.

6. Connection: Different applications may require the storage system to be connected at 
the transmission or distribution network, or at the customer site. If multiple applications 
are targeted, project developers need to ensure that they can be targeted from the 
chosen connection point.

The value of revenue stacking is not quantified here as it is very case-specific, driven by the 
extent to which technology and regulations permit or prevent services from being delivered 
together.19 It should be expected that the value of stacking two services will be less than the 
sum of their individual values due to partial blocking or masking between them but will still 
be greater than the value of providing one service alone.19

In practice, project developers and operators run optimization algorithms that consider 
the operational feasibility of providing multiple applications and optimize the operational 
schedule (long term and short term) to maximize revenues.

6.6 Financial appraisal
Before energy storage projects get built, their profitability is assessed. This is usually part 
of the project development phase (see Chapter 2). It follows the same logic as any financial 
modelling of investments. However, there are some special considerations for energy stor-
age projects, which will be highlighted in this section.
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There are two approaches to choose an energy storage technology and obtain an initial view 
on a project’s profitability. In markets where storage systems target only one application 
and revenues are known, this can be done based on the application-specific lifetime cost 
(see Chapter 5). In markets where energy storage systems provide multiple  applications 
and stack revenues, this assessment is done through a combination of revenue modelling 
and financial modelling. In both cases, a financial model is the basis for the final  investment 
decision.

1. Revenue modelling: An optimization model with a high temporal resolution (e.g.  half-
hour). It uses technology performance parameters and revenue data (e.g. auction results) 
to optimize storage operation for maximum annual revenues. This can be done for one or 
multiple applications. The resulting revenues are a key input to the financial model.

2. Financial modelling: A discounted cash flow model with a low temporal resolution (e.g. 
yearly) that determines the returns of an investment in an energy storage system and 
is the basis for investors to take an investment decision. It accounts for the technology 
cost and performance parameters, the application requirements and revenues, taxation, 
subsidies, and financing parameters like equity vs debt ratio and debt interest rates.

KEY INSIGHT

The standard profitability metrics are key outputs from the financial modelling of 
energy storage projects:  net present value (NPV), internal rate of return (IRR), and 
payback period of the investment.

One particular consideration to be aware of for energy storage projects is that annual rev-
enues are usually treated with respect to power capacity (e.g. USD/kW-year). The reason is 
twofold. First, for applications that pay for delivered energy, this metric includes asset utili-
zation. Second, in many markets grid connections are difficult and costly to obtain, which is 
an incentive to optimize revenues for it.

Taxation is determined by governments and therefore highly market specific. However, 
there are key elements that persist across markets and should be considered in the finan-
cial modelling of storage systems. These are

 ●  Corporate income & business tax: Taxation of the income and/or property value of 
businesses (e.g. energy storage operators/owners) and payable to federal governments 
and/or local authorities. These need to be deducted from revenues.

 ●  Value added tax & import duties: Taxes on the purchase of goods in general (e.g. 
energy storage technology) and/or based on the import location. These need to be 
added to cost quotes of technology providers.

 ●  Power tax & levies: Taxes that usually come on top of electricity wholesale prices and 
are part of the electricity purchase price for storage systems. In some markets, however, 
storage systems may be exempt from power tax and levies to support their deployment 
and avoid double taxation.42,43

While the first two tax types are relevant to any business, power taxes and levies are par-
ticularly important to electricity storage systems due to the high consumption of electricity 
when charging.
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A particular issue to be aware of is double taxation, which can occur when electricity stor-
age systems are classified as consumers. In this case, they pay power taxes (and levies) 
when they consume electricity. However, these taxes and levies are paid again after the 
electricity is discharged and then consumed by the end-customer. Here, the electricity that 
was stored in the storage system is taxed twice.44 Similarly, if electricity storage systems 
are classified as consumers and generators since they both consume and deliver electric-
ity, they themselves may be subject to taxes and levies that apply to consumed and deliv-
ered electricity. This issue can be resolved through a clear definition of electricity storage 
systems (e.g. consumer, generator, separate category), including the taxes and levies that 
must be paid.

With respect to taxation, the depreciation period for electricity storage projects should 
also be considered.45 Similar to other technology investments, electricity storage invest-
ment cost can be depreciated over time and thereby reduce corporate income tax for this 
period.

FREQUENTLY ASKED QUESTION

I heard insurance cost can significantly affect profitability of energy storage 
projects. Is this true?
Insurance cost for energy storage projects must be accounted for in the O&M 
cost. The key insurance is fire, theft, and damage. Since energy storage systems 
are still perceived as relatively novel technology, only a handful of insurers are 
willing to underwrite these risks for storage, even in mature energy storage 
markets like Great Britain as of 2022. Insurers typically charged > 5,000 USD/MW 
per year for standard systems and > 3,000 USD/MW per year for systems that are 
optimized to minimize these risks and meet respective regulations (e.g. UL9540A). 
These premiums are likely to fall as insurers gain experience with energy storage 
technologies. The extent to which insurance affects profitability of an energy 
storage project must therefore be carefully assessed during the financial appraisal.

Energy storage is supported by many types of subsidies, including:

 ●  Grants: Provide direct cash to reduce total investment cost. Example: Great Britain’s 
Longer Duration Energy Storage Demonstration program.46

 ●  Fixed/variable tariffs or premiums: May increase revenues and provide revenue 
certainty to facilitate project financing. Example: Germany’s innovation tender scheme.47

 ●  Loans with low interest rates: Reduce financing cost. Example: Australian 
sustainable household scheme.48

 ●  Tax credits: Reduce taxation that would otherwise fully apply to the energy storage 
project. Example: US investment tax credit.49

In line with project finance in general, the financing parameter debt/equity ratio (or gearing) 
is critically important. This determines how much of the investment in energy storage pro-
jects can be financed with lower-cost debt, for example loans from banks, and how much 
must be provided as equity from investors directly. As lenders tend to be more risk-averse, 
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the ratio strongly depends on the maturity of the energy storage technology and the reli-
ability of future revenues (see the FAQ below). A higher share of debt will usually increase 
the return for investors because they need to provide less capital upfront. This, however, 
depends on the interest rate that needs to be paid on the debt.

FREQUENTLY ASKED QUESTION

How can merchant electricity storage projects provide certainty on future 
revenues in the absence of PPAs, fixed tariffs, or premiums?
Selected operators of electricity storage projects are offering price floors on 
revenue (e.g. for 7 years), which transfers the downside risk of the project from 
lenders to operators and thereby improves the project’s risk profile from the 
lender’s perspective. However, price floors come at a cost, which the operator will 
deduct from revenues. This will reduce overall profitability of the energy storage 
project, but from the equity investor’s perspective, the higher debt/equity ratio 
may outweigh this reduction.

Table 6.2 lists exemplary values for the parameters that are relevant for the financial ap-
praisal of electricity storage projects.

Table 6.2 Parameters for the financial appraisal of electricity storage projects. In 
a financial model, these need to be considered together with technology cost and 
performance parameters and application requirements.

Parameter Unit Value Consideration for energy storage 
projects

Revenues

Initial annual revenue USD/kW-year 400 Should consider all applications 
provided, usually given in USD/kW-year

Revenue escalator % p.a. 1%
Should account for future development 
of considered revenue streams and 
potential new ones

Taxation

Value added tax % 15% Must be added to technology provider 
quotes on investment cost

Corporate income tax % 10% No specific considerations

Investment cost 
depreciation period years 10

Should correspond to legally defined 
depreciation period for electricity 
storage systems if applicable

 (Continued)
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Parameter Unit Value Consideration for energy storage 
projects

Subsidies

Investment cost 
subsidy % 10%

Sample type of electricity storage 
subsidy—if applicable, deduct from 
investment cost

Financing

Equity share % 70%
Usually high for energy storage projects 
(> 50%) due to uncertainty of future 
revenues

Debt share % 30%
Usually low for energy storage projects 
(< 50%) due to uncertainty of future 
revenues

Debt interest rate % p.a. 3% No specific considerations

Loan duration years 10 No specific considerations

Figure 6.25 shows the typical annual and cumulative cash flows from a discounted cash flow 
model if these parameters are applied to the project finances of the exemplary vanadium 
redox-flow battery system providing peak capacity services introduced in Chapter 5. Panel 
a) shows the cash flows for the project in general. Panel b) shows the cash flows to the eq-
uity provider.

The project would have an NPV of ~USD 5 million (m) and a simple and discounted payback 
period of 9 or 16 years respectively. The project IRR would be ~10.5%, which is at the lower 
end of the threshold required by private sector investors in the energy storage industry.

However, only 70% of the investment cost is provided as equity. Therefore, to the equity 
provider the NPV would be ~USD 8 m and simple and discounted payback period would 
be 8 or 13 years respectively. At ~12.5%, the equity IRR would then be within the threshold 
required by private sector investors and make the project investable. That is because the 
equity provider needs to provide only 70% of the investment cost upfront and can pay 30% 
as debt service during the loan period. Debt service payments during the loan period are 
discounted. At the given interest rate of 3% per year, the sum of 70% upfront investment 
and 30% discounted debt service is lower than 100% upfront investment.

Figure 6.26 shows the results of a sensitivity analysis of key technology cost, application 
requirement and financial appraisal parameters on a) project IRR and b) equity IRR. In both 
cases, absolute changes of ±20% in annual revenue, investment cost or annual charge-dis-
charge cycles affect IRR by more than 10% (relative). Taxation and subsidies have a relatively 
small impact on IRR of less than 5% (relative). The impact of financing parameters is more 

Table 6.2 (Continued)
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Figure 6.25 Annual cash flows for exemplary vanadium flow battery project in a peak 
capacity application. (a) Cash flows on project level, (b) cash flows to equity holder. Simple 
payback period highlights the year when cumulative cash flows turn positive. Discounted 
payback period highlights the year when discounted cumulative cash flows turn positive. 
Net present value (NPV) is equal to the final value of discounted cumulative cash flows. The 
project and equity IRR is the discount rate at which respective NPV would become zero.
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KEY INSIGHT

The two parameters which most strongly affect the profitability of energy storage 
projects are the annual revenue and investment cost.

Figure 6.26 Sensitivity analysis of project profitability. Impact of ±20% change in key input 
parameters on (a) project IRR (relative) and (b) equity IRR (relative).
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pronounced for equity IRR, where the share of equity has a moderate impact of 5–10% on 
IRR similar to the electricity purchase price. Also, loan duration and debt interest rate have a 
slightly stronger impact than on the project IRR although still less than 5%.
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6.7 Discussion

6.7.1 No universal business model

If one thing is evident from this evaluation of storage services it is the substantial variability 
in revenue: across services, across markets, and across different studies. Key drivers include 
changes to the services or regulations (e.g. the pricing rules, products being created or 
withdrawn), evolution of the underlying market conditions (e.g. the amount of renewables, 
conventional capacity, and interconnection relative to peak demand), and the amount of 
storage deployed (due to its revenue cannibalization effect).

This implies that there is not a generic business model that storage developers can follow. 
If a market proves to be particularly profitable in one country, that is no indication that it 
will be in another part of the world, or that it will still offer good investment opportunities in 
subsequent years. This is seen in previous assessments of the most attractive markets for 
storage for frequency regulation or response, which tend to change from year to year.50,51 
When new pockets of profitability open up, they are quickly exploited and exhausted, so 
investors and developers must be agile.

The assessment of profitability performed in section 6.3 allows the value of services to be 
harmonized according to the key service requirements (duration and cycling frequency). 
This enables a structured comparison to technology lifetime cost (from Chapter 5) to reveal 
the operating space in which storage could be profitable. This allows several markets and 
technologies to be screened quickly and easily, yet in a systematic way.

6.7.2 Substantial variability in arbitrage

As with other services, high variability in the profits that can be gained from arbitrage across 
markets, years and technologies has been identified. The same system operating in the 
same market could expect around 25% variation in its profits from year to year. This volatility 
impacts both the ability and cost of raising capital for investment. The P90 cashflow (the 
annual profit that would be exceeded in 90% of years) is a common benchmark used to size 
the debt a project may take on,52 and for energy storage providing arbitrage in the markets 
we study, this will be around one-third lower than the central expectation (i.e. P50 profit).

Technology parameters influence the profit that is available, with more efficient and longer 
duration storage able to command the highest premium. That said, the marginal benefit of 
increasing either of these must be carefully weighed up against the additional cost of the 
technology (see the Worked Example in section 6.8).

These findings relate to energy-only markets, which remunerate storage based on the en-
ergy it delivers, and so expose it to the volatility of prices during the specific times it oper-
ates. Markets which also include capacity payments (a payment per kW of capacity for being 
available at specific times)12 will provide greater certainty over revenue between technolo-
gies and with respect to performance parameters. They may also offer lower volatility from 
year to year, depending on how the capacity payments are determined (e.g. auctioned vs 
administered).
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6.7.3 A little storage can go a long way

Storage will cannibalize its own revenue in the same way as currently seen with renewa-
ble generators, although more strongly. Each additional storage system will lower the 
profitability of those already operating in a market as well as its own. From the developers’ 
perspective, this means any investment decision must be mindful of potential future in-
stallations in their market reducing available profits. From the policy-maker’s and system 
planner’s perspective, this means less storage may be installed than would be desired for 
meeting system or environmental objectives. Forms of remuneration other than directly 
from energy arbitrage energy would help to counteract this, such as capacity payments.

6.7.4 Limitations

The assessment of revenue and profitability in markets is based on a survey of existing stud-
ies and market results. It is inevitable that the individual studies will have differences in time 
frame, scope, and the definition of available services. These differences will all contribute 
to the observed variability in anticipated revenue. The results should therefore be taken 
as a guide to what value might be available rather than a bespoke assessment upon which 
business decisions should be made. In practice, investors who conduct such a survey for 
a specific market could apply the methodology demonstrated here of mapping revenue 
onto a landscape plot to identify the combination of cycling frequency and storage duration 
which yields the greatest revenue or profitability.

The operating schedules and profitability calculated for storage arbitrage are a best-case 
scenario as they are a retrospective assessment that uses full knowledge of all past and 
future power prices throughout the year. Real-world profitability will be lower as imperfect 
forecasts of future power prices will lead to deviations from the ‘perfect’ dispatch that could 
come from having perfect foresight. Academic estimates suggest that price forecasting er-
rors could be expected to reduce storage revenues by 10–20% from those obtained with 
perfect foresight.9,53–55 Operating schedules and profits will also be influenced by dynam-
ic effects within the storage device. Round-trip efficiency is not necessarily constant, and 
for some technologies it varies with cell temperature (and thus with the recent operating 
history). High rates of self-discharge would reduce profitability, and change the optimal 
 operating schedule towards having shorter times between charging and discharging. 
Cycling- induced degradation will influence operating decisions for certain technologies, as 
they must make sufficient profit to exceed the cost of depreciating the remaining value of 
the system. This can be included indirectly via a marginal cost for charging and/or discharg-
ing. If the impact on lifetime of discharging one MWh of energy can be quantified, it can 
then be converted into a financial cost and added to the requirement for profit.

The analysis in this chapter does not quantify the opportunities for revenue stacking, where 
one device can provide multiple services at the same time and thus access multiple revenue 
streams. This is because the value that can be accessed through this approach is highly 
case-specific. Revenue stacking has proven critical in the development of financially viable 
storage projects to date and that should be an important consideration for developers.
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6.8  Worked example
In this worked example we will analyse the financial viability of providing arbitrage, thereby 
replicating some of the analysis from section 6.4. Imagine a developer wishes to build a 10 
MW battery system to provide arbitrage in Germany. They can choose between two tech-
nologies which are 78% and 82% efficient and wish to assess which is the better investment.

1. Open <www.EnergyStorage.ninja> and go to the ‘Arbitrage’ tab
2. Model the operation and profitability of providing arbitrage in Germany by:

a. Choose ‘Germany’ as country and 2018 as reference year for wholesale power prices

 
b. Choose the technology parameters to represent a 10 MW system with 6 hour duration

 
c. Set round trip efficiency to 78% and marginal cost of operation to 0 USD/MWh

 
d. Click ‘Calculate’ to perform the dispatch optimization

After a few seconds you will see a visualization of Germany’s day-ahead power prices dur-
ing 2018, including dispatch of your chosen storage system (top), and the state of charge 
(bottom):

http://www.EnergyStorage.ninja
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It is not possible to clearly visualize 8,760 hours of data on a single screen, so the chart 
shows the first few weeks of data and can be scrolled horizontally to show the rest of the 
year. Scrolling to the right reveals a week of very high prices in late November, which the 
storage system capitalizes upon:

05-Nov 12-Nov 19-Nov 26-Nov 03-Dec 10-Dec 17-Dec

05-Nov 12-Nov 19-Nov 26-Nov 03-Dec 10-Dec 17-Dec

Over the whole year, the system generates USD 285,556 profit from arbitrage, giving a spe-
cific profit of 28.56 USD/kW-year. Repeating this calculation with a round-trip efficiency of 
82% yields a specific profit of 33.62 USD/kW-year (18% higher).

This profit estimate can then be combined with financial information on the potential pro-
jects to assess their viability. If this project was to be financed at 8% with a 20-year lifetime, 
for example, these profits equate to a present value of 280 USD/kW (for 78% efficiency) or 
330 USD/kW (for 82% efficiency), as given in Equations (1) and (2). Thus, if all other elements 
of the project are held constant (e.g. O&M cost), then it would be better to purchase the 
more efficient system if its total investment cost is not more than 18% higher than the less 
efficient one.

 PV 8%  rate,  20 years,  $28.56 annually( ) =
t=1

20

Â $28.56
1+8%( )

t = $280.41 (1)

 PV 8%  rate,  20 years,  $33.62 annually( ) =
t=1

20

Â $33.62

1+8%( )
t
= $330.09  (2)

You’ve done it!
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7   System value 
Making sense

K E Y  I N S I G H T W H AT  I T  M E A N S

Total system cost accounts for the lifetime cost of 
a technology as well as the financial implications 
associated with its impact on the reliability and 
operability of a specific power system.

This considers the value of a 
technology not in isolation, but from 
a system’s perspective. It is therefore 
relevant for system planners and 
operators.

Electricity storage can reduce total system cost 
compared to conventional flexibility technologies in 
systems with high penetration of variable renewable 
energy.

This is shown by a wide range of 
studies, and is driven by a reduction 
in the operating costs to balance 
supply and demand.

The marginal value of additional electricity storage 
capacity reduces with increasing deployment of 
flexibility technologies.

This reflects the ‘cannibalization’ effect 
observed with arbitrage revenues, but 
it affects the value to society rather 
than to private investors.

The flexibility capacity required to balance systems with high shares of variable renewable 
energy (VRE) can be approximated as:

VRE generation (relative 
to electricity demand)

Energy capacity of storage 
(relative to annual demand)

Power capacity of storage 
(relative to peak demand)

50% VRE share < 0.02% < 20%

80% VRE share 0.03–0.1% 20–50%

90% VRE share 0.05–0.2% 25–75%

This shorthand provides an initial estimate for the amount of flexibility capacity a power system 
may require to ensure reliable operation with increasing VRE shares.

The requirement for electricity storage capacity in a 
power system increases exponentially with the share 
of energy coming from variable renewable sources. 
This trend is observed across dozens of independent 
studies covering four major regions.

As the share of VRE increases, it 
becomes increasingly difficult to 
integrate each additional wind or 
solar farm while ensuring that supply 
and demand balance at all times. The 
requirements for both energy and 
power capacity of storage therefore 
increase exponentially.

(Continued)
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7.1 Total system cost
The increasing penetration of low-carbon generation capacity requires more power system 
flexibility. LCOE for generation or LCOS for electricity storage technologies are an intuitive 
metric for technology-specific cost comparisons. From a system perspective, however, both 
metrics are ambiguous, because they do not account for output variability or the impact 
of a technology’s operation on the electricity system in terms of reliability and operability.1 
The concept of system value determines the value of a technology to the power system as a 
whole as the difference in total system cost (TSC) caused by the deployment of a technology.2 
The concept therefore explicitly accounts for lifetime cost and the impact on power system 
reliability and operability, but it requires comprehensive energy system models to determine 
this value. The value itself can be given as the absolute difference in TSC (%), normalized per 
annual energy demand (USD/MWhel), normalized per installed capacity of the technology 
(USD/kWhcap), or normalized and annuitized per installed capacity (USD/kW-year).

K E Y  I N S I G H T W H AT  I T  M E A N S

Deploying inflexible low-carbon generators like 
nuclear power in parallel with variable generators 
like wind and solar further increases the need for 
flexibility capacity (such as electricity storage), rather 
than reduces it.

While small amounts of nuclear 
power may help to balance supply 
and demand in systems with variable 
renewables, large capacities will lead 
to situations where excess electricity 
supply must be curtailed. This drives 
the need for electricity storage in 
cost-optimal systems.

Short-duration storage with < 4 hours discharge is 
as effective as medium- or long-duration storage at 
balancing wind and solar with demand up to 80% VRE 
share. Medium-duration storage with < 16 hours is as 
effective as long-duration storage up until 90% VRE 
share.

Long-duration electricity storage, 
with multiple days or weeks of 
discharge capacity, will only add 
value to systems with very high 
shares of wind and solar generation.

The amount of fossil fuels held by countries as 
strategic energy reserves would amount to multiple 
thousand terawatt hours (TWhs) if converted to 
electricity storage energy capacity.

This showcases the physical challenge 
of fully decarbonizing energy systems. 
Significant volumes of fossil fuel 
storage systems need to be converted 
or replaced with systems that store 
low-carbon fuels or electricity. These 
systems will only be cycled once per 
year, giving very limited revenues from 
energy-only arbitrage.

KEY INSIGHT

Total system cost accounts for the lifetime cost of a technology as well as the 
financial implications associated with its impact on the reliability and operability of a 
specific power system.
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A range of studies analyse the TSC of low-carbon power systems with variable renewable 
and flexibility technologies compared to systems with conventional, dispatchable genera-
tors. For the US, a detailed grid simulation model of the balancing areas in Colorado and 
Missouri found a system value of 145 USD2011/kW-year for electricity storage with 8 hours 
discharge duration, highlighting that the reduction of operational costs is more significant 
when the device provides capacity (i.e. frequency regulation) rather than energy services (i.e. 
following reserve).3 These results are in line with a similar model for the Texas power system, 
which found system values of 55–85, 120–200, and 160–270 USD2017/kW-year for 1, 4, and 
8 hour discharge duration respectively.4 More broadly, a capacity expansion model of the 
same power system identified a 7 to 12% reduction in electricity generation investment and 
operation cost for 90% emission reduction as a result of electricity storage deployment. Cost 
savings were achieved through increased utilization of installed resources and greater pen-
etration of lowest cost low-carbon resources.5 This translated to a value range of 286–572 
and 103–257 USD2016/kWh of installed electricity storage capacity for the first 10 GW of a 2 or 
10 hour discharge duration technology respectively.

In a set of European power supply scenarios, similar TSC was found for a system with 0% 
variable renewable electricity and one with 85% combined with electricity storage power ca-
pacity at 23% of peak demand.6 An integrated assessment model of 24 European countries 
quantified the system value of electricity storage as a 3–5 USD2016/MWh reduction in the 
integration cost of variable renewable electricity.7 A more simplified power system model 
based on long-term meteorological and load data and a 90% share of variable renewable 
electricity found long-term storage with an energy capacity equivalent to 168 average load 
hours to reduce total system cost by 10%, while more efficient short-term storage equiva-
lent to 4 load hours achieves 20%.8

KEY INSIGHT

Electricity storage can reduce total system cost compared to conventional flexibility 
technologies in systems with high penetration of variable renewable energy.

Table 7.1 lists studies that model Great Britain’s power system up to 2050 and include elec-
tricity storage. The penetration of variable renewables ranges from 0 to 87% of annual elec-
tricity demand and 0 to 91% generation capacity. Electricity storage capacity is included at 
0.004 to 0.027% of annual demand (energy) or 3 to 57% of peak demand (power). The stor-
age technologies modelled range from one generic proxy for all technologies to a full suite 
of seven different technologies. While all studies consider storage and interconnection, 
other flexibility options like demand-side response (DSR) and hydropower are not  always 
included.

In terms of system value, BloombergNEF finds a 2% reduction in total system cost by 2030 
in a scenario where an additional 4.8 GW of electricity storage capacity is deployed.10 This 
translates to a reduction of 0.7 GBP/MWh produced in the system. In comparing two sce-
narios with and without electricity storage, Heuberger et al. identify a reduction of 15%.2 
However, it is highlighted that the first GW of storage already leads to a reduction of 13%, 
thereby putting the result in line with the previous study (15% - 13% = 2%). The analyses by 
the Committee on Climate Change and the Carbon Trust determine annual TSC savings for 
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Study, Year 
(Institution)

Time 
horizon

VRE 
share*

Storage 
capacity**

System 
value

Flexibility 
options

Storage 
options

BEIS, 2017 
(Government)9

2015–
2035

25–55%
32–62%

0.007–
0.023% 
5–18%

– Storage, 
Interconnection –

BNEF, 2018 
(Industry)10

2030, 
2040

43–75% 
56–85%

0.011–
0.027% 
12–57%

2% TSC 
reduction 
or 0.7 GBP/
MWhel 
(67% VRE, 
16.5 GW vs 
11.7 GW 
electricity 
storage)

OCGT, Storage 
Interconnection, 
Hydropower, 
DSR, Other

Pumped 
storage, 
Small-scale 
batteries, 
Utility-scale 
batteries

Carbon 
Trust, 2016 
(Government)11

2020, 
2030, 
2050

25–34% 
37–48%

0.005–
0.020% 
4–23%

1.4–2.4 
GBPbn 
p.a. (net) 
(100gCO2/
kWhel target, 
deployment 
of flexibility 
options)

OCGT, Storage 
Interconnection, 
DSR

Pumped 
storage, 
Bulk 
storage, 
Distributed 
storage

CCC, 2015 
(Government)12 2030 0–83% 

0–75%

0.004–
0.024% 
3–20%

3–3.8 
GBPbn 
p.a. (gross) 
(100gCO2/
kWhel target, 
deployment 
of flexibility 
options)

OCGT, Storage 
Interconnection, 
Hydropower

Pumped 
storage, 
Other 
dedicated 
storage

Edmunds, 
2014 
(Academic)13

2020–
2030

16–39% 
24–54%

0.009–
0.027% 
4–6%

–
Storage, 
Interconnection, 
Hydropower

Pumped 
storage

Heuberger, 
2017 
(Academic)2

2035 –
49–60%

–
0–10%

15% TSC 
reduction 
or 515 GBP/
kWcap (70 
GBP/tCO2, 9.5 
GW vs 0 GW 
electricity 
storage)

OCGT,  
Storage 
Interconnection

Compressed 
air

Table 7.1 Overview of studies investigating the system impact of electricity storage and 
other flexibility options on a low-carbon power system in Great Britain. System value in 
some studies reported explicitly for electricity storage. Other studies report system value 
for deployment of flexibility options in general. VRE—Variable renewable energy.

(Continued)
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Study, Year 
(Institution)

Time 
horizon

VRE 
share*

Storage 
capacity**

System 
value

Flexibility 
options

Storage 
options

Heuberger, 
2018 
(Academic)14

2015–
2050

14–76% 
27–86%

0.007–
0.023% 
5–18%

– OCGT, Storage 
Interconnection

Pumped 
storage, 
Battery

National 
Grid, 2018 
(Industry)15

2020–
2050

26–63%
35–74%

0.007–
0.019% 
10–38%

–

Storage 
Interconnection, 
Hydropower, 
DSR

Pumped 
storage, 
Decentral 
battery, 
Grid-scale 
battery, Fuel 
cells, Liquid 
air, Vehicle 
to grid, 
Compressed 
air

Pfenninger, 
2015 
(Academic)16

– – 
85%

– 
5–25%

50–130 
GBP/MWhel 
(90% VRE, 
scenarios 
with vs 
without 
storage)

OCGT, Storage 
Interconnection, 
Hydropower, 
Tidal

Pumped 
storage, 
Grid-scale 
batteries

Price, 2018 
(Academic)17 2050 52–87% 

68–85%

0.006–
0.024% 
6–24%

– OCGT, Storage 
Interconnection,

Pumped 
hydro, 
Sodium 
sulphur

Zeyringer, 
2018 
(Academic)18

2050 49, 76% 
73, 91%

0.009, 
0.015% 
8,14%

– OCGT, Storage 
Interconnection

Pumped 
hydro, 
Sodium 
sulphur

*Upper value: Energy generation, Lower value: Power capacity
**Upper value: Energy capacity relative to annual electricity demand, Lower value: Power capacity 
relative to peak demand

Table 7.1 (Continued)

a power system with a carbon intensity of 100gCO2/kWh with flexibility technologies at GBP 
1.4–2.4 or 3–3.8 billion in 2030 compared to no flexibility options. While the former refers 
to net savings, which include investment cost of the flexibility technologies, the latter uses 
gross savings, which does not.11,12 At 90% VRE penetration, the value of electricity storage 
specifically is identified by Pfenninger et al. at 50–130 GBP/MWhel system-wide electricity 
cost (32–35% of respective TSC), when adding electricity storage at a cost of 350 GBP/kWhcap 
to a range of scenarios.16
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7.2 The driver for system value
Not all studies explicitly quantify the system value of electricity storage. System value 
 originates from the ability of storage to increase the utilization of power system assets like 
variable or inflexible generators and thereby increase their penetration.5 Therefore, some 
studies only explore this capability without quantifying its financial value.

Figure 7.1 compares the findings of 30 studies across the US, EU, Germany, and Great 
Britain (GB), regarding the required electricity storage energy capacity and power ca-
pacity in low-carbon power systems with increasing VRE shares. The energy capacity and 
power capacity requirements are displayed relative to annual electricity and peak power 
demand respectively. Most studies appear to agree that for up to a VRE penetration of 
50%, a power system requires less than 0.02% energy storage capacity and 20% power 
capacity. Taking Great Britain as an example with ~50 GW peak and 300 TWh annual de-
mand, this would amount to 10 GW and 60 GWh of electricity storage capacity.

Storage requirements increase exponentially at higher levels of VRE penetration. Moving 
to 80% and 90% penetration, the energy capacity requirement increases to 0.03–0.1% 
and 0.05–0.2% respectively (60–300 GWh and 150–600 GWh for Great Britain’s power 
system). Power capacity requirements increase to 20–50% and 25–75% (10–25 GW and 
12.5–37.5 GW). There is substantial variation between the findings of different studies, es-
pecially in terms of energy storage capacity, as the studies in Figure 7.1 cover several ge-
ographies and make their own varied assumptions about the mix of technologies which 
provide flexibility (i.e. storage vs interconnection, flexible generation, and DSR).

KEY INSIGHT

The flexibility capacity required to balance systems with high shares of variable 
renewable energy (VRE) can be approximated as:

VRE generation (relative to 
electricity demand)

Energy capacity of storage 
(relative to annual demand)

Power capacity of 
storage (relative to peak 
demand)

50% VRE share < 0.02% < 20%

80% VRE share 0.03–0.1% 20–50%

90% VRE share 0.05–0.2% 25–75%

KEY INSIGHT

The marginal value of additional electricity storage capacity reduces with increasing 
deployment of flexibility technologies.
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Figure 7.1 (a) Electricity storage energy capacity and (b) power capacity requirements 
as a function of variable renewable energy penetration. Capacity requirements are 
displayed relative to annual electricity or peak power demand respectively. Data based on 
a literature review of 30 studies modelling electricity storage requirements in low-carbon 
power systems in the US, Great Britain, Germany, and the EU.4–6,9–15,17,18,20–31 Black lines show 
log-linear regressions and shaded areas the confidence intervals. Budischak scenarios: 
GIV—Grid-integrated vehicles, National Grid scenarios: CR—Community Renewables, 
TD—Two Degrees, SP—Slow Progress, CE—Consumer Evolution. Repenning scenarios: KS 
80/95–80%/95% emission reduction.
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KEY INSIGHT

The requirement for electricity storage capacity in a power system increases 
exponentially with the share of energy coming from variable renewable sources. 
This trend is observed across dozens of independent studies covering four major 
regions.

The trends used to summarize the results in Figure 7.1 suggest that both electricity stor-
age power and energy capacity requirements increase exponentially with the penetration 
of VRE, as has been highlighted in other studies.19 Incorporating low shares of VRE is rela-
tively easy as their variability can be accommodated by slight alterations in the dispatch of 
conventional power stations. As VRE share increases further it becomes increasingly diffi-
cult to manage the balance between supply and demand. Exponentially increasing power 
capacity is needed to consume the increasing amounts of excess renewable energy for 
later discharge in most cost-efficient low-carbon energy systems. The combined impact 
of additional variable power capacity and the time it is supposed to generate electricity 
means that energy capacity requirements increase at an even higher exponential rate to 
ensure sufficient electricity is available at all times. Not only is more backup power needed 
but it is also needed for longer periods of time.

Selected studies argue that energy storage power capacity increases linearly rather than 
exponentially with increasing variable renewable energy penetration.20 That conclusion is 
drawn from 15 independent studies (compared to 30 studies in this book) which show no-
table scatter around the trend, so rather than the exact functional form of the relationship, 
the important conclusion is that other studies support the insight that the rate at which 
storage power capacity increases is smaller than for energy capacity.

7.3 Case study for Great Britain
This section analyses electricity storage power capacity and energy capacity requirements 
for Great Britain’s (GB) power system as a case in point. In this power system, nuclear is 
projected to play a significant role. The same is true for other power markets (e.g. France, 
China). Given its economic incentive for constant power output due to low fuel and high in-
vestment cost, nuclear’s impact as ‘inflexible’ technology on flexibility requirements should 
be considered as well, similar to variable solar and wind.

FREQUENTLY ASKED QUESTION

Isn’t low-carbon baseload power like nuclear an alternative to energy storage 
or other flexibility options?
Unfortunately, baseload generators are usually inflexible. That means flexible 
operation would either not be possible technically or would negatively impact 
project economics. Hence, there may be situations where variable generators 
already meet peak power demand and baseload power generators produce excess 

(Continued)
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electricity. Thus, for cost-optimal power systems increasing shares of variable 
generation should be met by increasing flexibility capacity. Flexible generators 
can produce when variable generators fall short of demand and stop generating 
when they overproduce. It is like a puzzle where different pieces need to match for 
completion.

Figure 7.2 plots the relationship between electricity storage power capacity and 
nuclear power capacity from several studies of the future GB power system (see 
Table 7.1). It shows that regardless of more variable renewables, storage capacity 
increases in line with nuclear capacity, by 0.2% for each 1% increase of nuclear 
power share, when considering all studies.
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Figure 7.2  Relationship between electricity storage power capacity normalized by 
total wind and solar power capacity, and nuclear power capacity relative to peak 
power demand for all investigated studies on scenarios for the future GB power 
system (see Table 7.1).

KEY INSIGHT

Deploying inflexible low-carbon generators like nuclear power in parallel to variable 
generators like wind and solar further increases the need for flexibility capacity 
(such as electricity storage), rather than reduces it.

Figure 7.3 displays the electricity storage requirements as modelled by various studies for 
low-carbon scenarios of the future GB power system (see Table 7.1). The required absolute 
storage power capacity in a system with up to 90% wind, solar, and nuclear generation ca-
pacity could remain at the 4 GW installed in 2021 or increase to 35 GW (panel a). A similarly 
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wide range is observed for electricity storage energy capacity. At 90% penetration of wind, 
solar, and nuclear energy generation (relative to total annual electricity demand), required 
storage capacity could be as low as today at 30 GWh or up to 140 GWh (panel b).

The electricity storage requirement range becomes more defined when accounting for dif-
fering peak power and annual electricity demand assumptions. The current power system at 
48% penetration of wind, solar, and nuclear power capacity has 8% electricity storage power 
capacity relative to peak demand. According to the studies, it could range from 5–20% at 
60% and 5–40% at 80% penetration (panel c). These values are equivalent to 2.5–10 GW 
(60%) and 2.5–20 GW (80%) electricity storage power capacity at the peak demand of 50 GW. 
Similarly, electricity storage energy capacity relative to annual electricity demand could 

(a) Absolute electricity storage power capacity (b) Absolute electricity storage energy capacity
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Figure 7.3  Electricity storage capacity requirements as a function of wind, solar, and 
nuclear penetration based on various studies modelling low-carbon generation scenarios 
in the GB power system.9–18 Panels give storage capacity in absolute (a and b) and relative 
(c and d) terms, considering power (a and c) and energy (b and d) capacity. Bulk generation 
capacity consists of wind, solar, nuclear, coal, gas (combined cycle), biomass, geothermal, 
waste, and wave. Dotted lines represent exponential fits to the complete data set. Shaded 
areas represent indicate respective uncertainty ranges excluding outliers. The formulas 
for exponential fits and uncertainty ranges are given.
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remain at the current level of 0.01% or increase to 0.015% or 0.025% at 60% or 80% wind, 
solar, and nuclear energy penetration respectively, depending on the scenario (panel d).

Both of these results for the required electricity storage power capacity and energy capacity 
in GB are at the lower end of the ranges identified by the wider selection of studies and ge-
ographies in the previous section.

The shaded areas in Figure 7.3 identify possible maximum and minimum deployment levels 
for electricity storage subject to the assumptions in the various studies and scenarios. They 
identify the possible range of electricity storage capacity requirements to enable low-car-
bon power systems with up to 90% wind, solar, and nuclear power and energy share in 
Great Britain’s power system.

However, the wide ranges also highlight that low-carbon power systems do not necessarily 
depend on electricity storage; rather, it can be a valuable enabler under certain conditions. 
This insight is supported by the fact that the observed variations in electricity storage require-
ments are not study-specific but vary by individual scenario. For example, Pfenninger et al. 
feature one scenario with 15 GW storage (25% relative to peak power demand) at 85% wind, 
solar, and nuclear power share, compared to 3 GW (5% relative to peak power demand) in all 
other scenarios.16 In these other scenarios alternative flexibility technologies like intercon-
nectors, demand-side response, gas (open cycle), hydropower, and oil and diesel generators 
balance variable and inflexible generation with demand.

FREQUENTLY ASKED QUESTION

So, is energy storage a must have in low-carbon power systems with variable 
renewable generators?
No, cost-efficient flexibility is a must-have. There are four major flexibility options:

 ●  Flexible generation, e.g. gas plants with carbon capture, hydropower
 ●  Interconnection, e.g. between power systems with different weather and 

demand patterns
 ●  Demand response, e.g. ability to flexibly adjust demand without incurring 

major cost on the demand side
 ●  Energy storage

Energy storage is only one flexibility option. Due to strong cost reductions and 
the wide range of services that storage systems can provide to power producers, 
network operators and consumers, it is the option that appears to be in public focus 
at times. However, this does not rule out other flexibility options. System planners 
should always choose the most sustainable, reliable and cost-efficient options first.

A more comprehensive approach to assessing the system value potential of electricity 
storage in integrating low-carbon electricity is to analyse the overall flexibility capacity re-
quirements, regardless of which technology provides them (see Figure 7.4). It shows that 
up to 40% wind, solar, and nuclear power share, less than 20% flexibility capacity relative to 
annual peak power demand is required. This increases to a range of 40–100% above 80% 
wind, solar, and nuclear power. These findings are in line with the findings in Figure 7.1.
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Figure 7.4 b shows that the share of electricity storage has no impact on the required flexi-
bility capacity. This confirms that flexibility technologies can be used relatively interchange-
ably. The analysis therefore shows the maximum theoretical potential for electricity storage. 
The practical share of each technology is determined by technology constraints (e.g. CO2 
emissions for flexible generation, limited interconnection possibilities) and their economic 
market value (e.g. electricity storage vs demand-side response).

This analysis reveals three insights. First, the requirement for flexibility power capacity ap-
pears to increase linearly with increasing shares of wind, solar, and nuclear power capacity. 
Figure 7.5 a displays linear regression trendlines as visual guides for studies with more than 
two data points and low variability.

Second, there appears to be a flexibility baseline at 20% capacity of peak demand. This holds 
from a wind, solar, and nuclear penetration of 0% up to 40% in all studies. It indicates that near-
ly half of power system electricity can come from relatively inflexible or variable sources before 
there are additional needs for flexibility.

Third, there seem to be two schools of thought in terms of modelling flexibility capacity 
requirements. This becomes evident when comparing studies from industry and govern-
ment with those from academics (see Figure 7.5 b). Academic studies suggest half as much 
impact from adding low-carbon generation: an extra 0.8% for each 1% share of wind, solar 
and nuclear, versus an extra 1.6% from industry and government studies.  This equates to 
an average of 60% versus 100% flexibility capacity at 90% VRE and nuclear share. This is 
likely the result of modelling different system margins for firm reliable capacity (i.e. all ca-
pacity except wind and solar). For most academic studies, the margin is less than 20% above 
peak demand (see Figure 7.6). Hence, this is the optimistic school of thought. Industry 

Figure 7.4  Flexibility power capacity requirements relative to peak power demand as a 
function of wind, solar and nuclear power penetration for the GB power system. (a) Results 
from individual studies. (b) Differentiation of studies by the share of flexibility power 
capacity provided by electricity storage. Bulk generation capacity consists of wind, solar, 
nuclear, coal, gas (combined cycle), biomass, geothermal, waste, and wave. Flexibility 
capacity consists of electricity storage, interconnectors, demand-side response, gas (open 
cycle), hydropower, oil, and diesel.
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Figure 7.5 Trendlines for flexibility power capacity requirements relative to peak power 
demand as a function of wind, solar and nuclear power penetration for the GB power 
system. Trendlines in (a) are given for data series with more than two data points and 
coefficient of determination of R2 ≥ 0.85. Trendline formulas are rearranged so the negative 
offset gives the x-axis intercept (i.e. the share of capacity above which flexibility is needed). 
Bulk generation capacity consists of wind, solar, nuclear, coal, gas (combined cycle), 
biomass, geothermal, waste, and wave. Flexibility capacity consists of electricity storage, 
interconnectors, demand-side response, gas (open cycle), hydropower, oil, and diesel. 
Grouping used in (b): Industry and Government: BEIS (2018), BNEF (2018), Carbon Trust 
(2016), CCC (2015), National Grid (2018). Academia: Heuberger et al. (2018), Pfenninger et al. 
(2015), Price et al. (2018), Zeyringer et al. (2018).
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Figure 7.6 Firm reliable power capacity margin relative to peak power demand as a 
function of wind, solar and nuclear power penetration for the GB power system. Firm 
reliable capacity consists of all power generation capacity except wind, solar, and wave. 
Data differentiated according to commissioning institution. Industry and Government: 
BEIS (2018), BNEF (2018), Carbon Trust (2016), CCC (2015), National Grid (2018). Academia: 
Heuberger et al. (2018), Pfenninger et al. (2015), Price et al. (2018), Zeyringer et al. (2018).

–20%

0%

20%

40%

60%

80%

0% 20% 40% 60% 80% 100%

F
ir

m
 r

e
li

a
b

le
 p

o
w

e
r 

ca
p

a
ci

ty
 m

a
rg

in
(r

el
at

iv
e 

to
 p

ea
k 

po
w

er
 d

em
an

d)

Wind, solar and nuclear power capacity  
(relative to total bulk generation capacity)

Industry & Government studies

Academic studies



7.4  Insights for the global power system 235

and government studies model more than 20%, making those the conservative school of 
thought. Section 7.6 assesses possible motivations for both approaches.

The two schools of thought can be used for two different approaches to plan low-carbon 
power systems. The more conservative one suggests that flexibility capacity is only needed 
once wind, solar, and nuclear make up 30% of the generation portfolio. It will then increase 
by 1.66% relative to peak power demand with each additional 1% of low-carbon power ca-
pacity (see Figure 7.5 b). According to this approach, a power system based only on wind, 
solar, and nuclear power would need flexibility capacity at 115% of peak demand.

The less conservative approach in academic studies suggests that no flexibility capacity is 
needed below 17% wind, solar, and nuclear power penetration. It will increase by 0.81% of 
peak power demand for each additional 1% low-carbon power capacity in the power mix. 
According to this approach, a power system based only on wind, solar, and nuclear power 
would require flexibility power capacity at 65% of peak power demand.

7.4 Insights for the global power system
The two approaches outlined in the previous section can be useful in planning low-car-
bon power systems to assess flexibility power capacity requirements that could be fulfilled 
with electricity storage. Figure 7.7 uses these approaches in a thought experiment on the 
amount of flexibility required globally if the power generation mix changes in line with pro-
jections made in the IPCC 1.5 °C report to keep global average temperature increase below 
2 °C.32–34

In 2020, wind, solar, and nuclear power penetration relative to total bulk generation capac-
ity was just over 20%, and would require nearly no flexibility capacity. The 1,300 GW hydro 
and oil-based capacity and around ~400 GW electricity storage, demand-side response and 
interconnection that is deployed amounts to nearly 40% of the global noncoincident peak 
power demand of 4,800 GW (see Chapter 8 for details).

As the power penetration of wind, solar, and nuclear increases to 76% by 2050, the flexibility 
capacity is projected to decrease from 40% to 20%. This is because peak demand increas-
es faster than projected additions for hydro- and oil-based generation, the only flexibility 
technologies explicitly listed in the database behind the IPCC reports.33,34 This reveals an 
increasing gap between flexibility requirements and installed flexibility capacity from the 
early 2030s (conservative) or late 2030s (optimistic approach) onwards. The conservative 
approach requires additional 400 GW flexibility already by 2035. For 2050, the optimistic ap-
proach suggests 2,100 GW additional flexibility capacity and the conservative another 2,600 
GW on top. At even higher penetration of low-carbon generators, Jacobson et al.’s roadmap 
for a 100% renewable energy system in 139 countries in 2050 finds flexibility capacity re-
quirements at 60% of peak power demand, which is closely aligned to the suggestion of the 
optimistic approach.35

This ‘thought experiment’ shows that, notwithstanding the limitations discussed in section 
7.6, the outlined approaches can be used for high-level approximations of maximum and 
minimum flexibility power capacity requirements for low-carbon power systems. These two 
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approaches outline the theoretical need for electricity storage, form the basis to assess its 
total financial system value, and can guide future power system planning to ensure suffi-
cient flexibility capacity.

FREQUENTLY ASKED QUESTION

Why is the demand for flexible capacity so high in low-carbon power systems?
The increase in flexibility requirements is a direct result of the low capacity credit of 
wind and solar. When aggregated, the studies for the GB power system suggest a 
credit of only 10%, in other words each additional GW of wind and solar displaces 
0.1 GW of firm reliable incumbent capacity (see Figure 7.8). This means there is a 
need for nearly 1:1 backup of variable capacity with flexibility capacity.

Figure 7.7  ‘Thought experiment’ on global flexibility power capacity requirements. 
Red line shows the evolution of global installed power capacity based on the median 
across IPCC scenarios with 50% probability of keeping global average temperature 
increase below 2 °C.32–34 Conservative and optimistic approaches reflect flexibility capacity 
requirements as identified in Figure 7.5. Red numbers indicate additional flexibility 
capacity required on top of projected capacities for hydro and oil-based power capacity 
and 2020 capacity levels for electricity storage (175 GW), interconnection (180 GW) and 
demand-side response (40 GW).36–38 In 2050, global annual electricity demand is modelled 
at 48,000 TWh, non-coincidental peak demand at 10,000 GW, total power generation 
capacity at 15,700 GW with 2,000 GW hydro and oil-based generation. For comparison, 
2020 values are 23,300 TWh (annual demand), 4,800 GW (peak), 6,300 GW (total capacity), 
1,300 GW (hydro, oil). The result from Jacobson et al. for a 100% wind, solar, and 
hydropower based energy system for 139 countries is displayed for comparison (peak: 
11,800 GW; hydropower and other flexibility power capacity: 7,060 GW).35
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7.5 Electricity vs energy perspective
Sections 7.3 and 7.4 analysed the potential electricity storage power capacity requirements 
to balance increasing shares of variable and/or inflexible low-carbon power supply.  However, 
Figure 7.1 also shows that the required energy capacity increases with rising shares of low- 
carbon power supply, and that it increases exponentially rather than linearly.

Two perspectives are important when determining the required energy storage capacities:39

 ●  Electricity sector: This perspective focuses on electricity storage needs to balance 
low-carbon electricity supply in the electricity sector (also called Power-to-Power; for 
respective studies see Figure 7.1)

 ●  Energy sector: This perspective is broader by focusing on energy storage needs to 
balance low-carbon energy supply in the energy sector overall. It includes coupling of 
the electricity to other energy sectors like heat or transport (also called Power-to-X).40–42

There is a wide range of studies that analyse the need for energy storage from both per-
spectives. Many of these studies implement very detailed assumptions on technology and 
market-specific parameters. The priority of this book is, however, to promote a fundamental 
understanding on the requirements for energy storage to decarbonize the electricity and 
overall energy sectors. The following analysis is therefore intentionally kept simple to fo-
cus on fundamental insights that are valid across energy storage technologies and power 
markets.
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Figure 7.8 Total installed power capacity relative to peak power demand as a function 
of wind and solar capacity relative to peak power demand. (a) Individual GB power 
system studies. (b) Combined trend across all studies. Shaded area represents the 
linear regression and its prediction interval for the data.
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7.5.1 Electricity sector

This section systematically investigates the impact of different electricity storage energy 
capacities and efficiencies on integrating low-carbon electricity generation. It focuses on 
variable generation from wind and solar power and uses Great Britain’s power system as 
an example. The analysis is based on meteorological wind and solar data, assumes that 
electricity can flow unconstrained from generation to consumption and that all generation 
capacity beyond wind and solar is fully flexible.

An initial step is to identify the ideal ratio of wind and solar in the generation mix that best 
matches hourly demand to minimize the need for electricity storage. Hourly wind and solar 
generation data are scaled to meet a certain share of total electricity demand overall. Hourly 
electricity demand is then subtracted from the scaled wind and solar generation. This reveals 
how much of this generation actually meets demand and is consumed, rather than curtailed.

Figure 7.9 shows that a wind:solar ratio of 85%:15% best coincides with Great Britain’s hour-
ly electricity demand pattern. If wind and solar generate 100% of total electricity demand at 
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Figure 7.9 Relationship between the share of wind and solar electricity generation and 
the share which can be consumed (accounting for mismatch between supply and demand) 
without electricity storage. Different colours refer to different shares of wind versus solar 
generation. Based on meteorological and demand data for 1991–2019 for Great Britain. 
Average annual electricity demand is ~320 TWh.
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this ratio, they actually provide 78% of hourly demand. In contrast, if the wind:solar ratio was 
0%:100%, only 41% could be consumed. Other studies confirm an ideal wind:solar ratio of 
85%:15% for Great Britain.43,44

The analysis also reveals that below 25% wind and solar generation there is only minimal 
mismatch (< 1%) with hourly demand for any wind:solar ratio. For the ideal wind:solar ratio 
this value increases to 50%. There would be no need for electricity storage to integrate ex-
cess wind and solar generation below these penetration levels.

The next step is to model the ability of storage energy capacity to integrate excess solar and 
wind generation. Figure 7.10 shows the results for different sizes of 100% efficient electricity 
storage. The capacities are given relative to the average hourly electricity demand (average 
load hours) and in absolute terms (TWh). Assuming 20% wind and solar overcapacity, such 
that total generation amounts to 120% of total electricity demand, 84% could be consumed 
without any storage (compared to 78% without overcapacity in Figure 7.9). Storage systems 
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Figure 7.10  Relationship between the share of wind and solar electricity generation and 
the share which can be consumed (accounting for mismatch between supply and demand) 
with different energy storage capacities, assuming 100% round-trip efficiency. Different 
colours refer to different amounts of energy storage capacity. Based on meteorological 
and demand data for 1991–2019 for Great Britain. Average annual electricity demand is 
~320 TWh. hours = Average load hour, indicating the average hourly electricity demand.
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that could supply average demand for four hours, a day, a week or a month would increase 
that share to 88%, 94%, 99%, or 100% respectively.

A zero-carbon electricity system could be realized with ~110% solar and wind penetration 
and an electricity storage energy capacity of 27 TWh (average demand for one month). Al-
ternatively, ~140% penetration and 6 TWh (one week) would suffice. This shows how wind 
and solar overcapacity can reduce the need for electricity storage energy capacity.

However, these values are significantly lower than the 67 TWh or 63 TWh identified in other 
studies.43,44 The reason is that electricity storage systems are not 100% efficient. Those stud-
ies assume a round-trip efficiency of 40–45% for long-duration hydrogen storage. Applying 
a 40% efficiency to the 27 TWh would increase the required energy storage capacity to 67 
TWh, putting this finding in line with those from other studies.

Figure 7.11 shows the impact of integrating wind and solar generation for energy storage 
capacities of different sizes and different round-trip efficiencies (RT). The three storage 
types could be classified as:

Figure 7.11 Relationship between the share of wind and solar electricity generation and 
the share which can be consumed (accounting for mismatch between supply and demand) 
with different energy storage capacities and round-trip efficiencies. Different colours 
refer to different sizes and round-trip efficiencies of energy storage capacity. Based 
on meteorological and demand data for 1991–2019 for Great Britain. Average annual 
electricity demand is ~320 TWh. hours = Average load hour, indicating the average hourly 
electricity demand. RT = Round-trip efficiency.
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 ● Small, short duration: Energy storage capacity of ~0.05% of total annual electricity 
demand (0.15 TWh) that can supply average demand for 4 hours at 80% round-trip 
efficiency; Example: lithium-ion battery storage

 ● Medium size, medium duration: Energy storage capacity of ~0.18% of total annual 
electricity demand (0.58 TWh) that can supply average demand for 16 hours at 60% 
round-trip efficiency; Example: compressed air storage (efficiency averaged between 
adiabatic and diabatic type)

 ● Large, long duration: Energy storage capacity of ~20% of total annual electricity de-
mand (~27 TWh) to supply average demand for 730 hours (1 month) at 40% round-trip 
efficiency; Example: hydrogen storage.

The analysis reveals that up to 80% wind and solar generation, the small, short-duration 
storage is as effective as medium- and long-duration storage (only 1.5% difference in the 
amount of wind and solar generation that can be used at the hourly level). Up to 90% 
penetration, medium-sized and medium-duration storage is as effective as long-dura-
tion storage (only 1% difference). However, to fully meet electricity demand with wind 
and solar generation, large, long-duration storage is needed along with over-building 
renewables. In this example, it would amount to ~27 TWh at 40% round-trip efficiency 
and 40% wind and solar overcapacity. Such large-scale electricity storage systems do not 
yet exist.

Table 7.2 summarizes the key insights on the role of electricity storage in integrating wind 
and solar generation for Great Britain’s power system and other major power markets.

The key insights are:

 ● There are optimal wind:solar ratios that minimize the mismatch between wind 
and solar generation and hourly demand: For markets with high wind and limited 
solar resource (like Europe) it is > 80:20. For markets with a higher solar resource, it 
changes to ~70:30.

 ● No storage is needed if the share of wind and solar generation below 25%: At this 
share, wind and solar generation can always be fully integrated with demand (condition: 
the remaining generation capacity is fully flexible)

 ● No storage is needed if the optimal wind:solar ratio is applied and their 
generation share is below 45%: At this share and ratio, wind and solar generation can 
always be fully integrated with demand (condition: the remaining generation capacity is 
fully flexible)

 ● Small, short-duration storage is sufficient to integrate wind and solar 
generation if its share is below 80%: The difference in integrating this share with 
hourly demand compared to medium-sized and -duration storage systems is < 3%

 ● Medium-sized and medium-duration storage is sufficient to integrate wind and 
solar generation if its share is below 90%: The difference in integrating this share 
with demand compared to large, long-duration systems is < 3%

 ● Large, long-duration storage systems and wind and solar overcapacity are 
required to meet 100% of demand with wind and solar generation alone: All 
markets can achieve full integration of wind and solar generation with a storage system 
sized at ~20% of total annual electricity demand and ~140% wind and solar generation 
capacity relative to total annual electricity demand.
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 ● Wind and solar overcapacity can significantly reduce the required electricity 
storage energy capacity: A 100% efficient store sized to ~20% of annual electricity de-
mand could ensure demand is fully met with 110% wind and solar generation; at 140% 
wind and solar generation this would reduce to a size of ~2%.

Great 
Britain

Germany France Australia 
(QLD)

Japan US 
(PJM)

Best wind:solar ratio, i.e. least 
mismatch between solar and 
wind generation and hourly 
demand

85:15 83:17 86:14 69:31 68:32 68:32

Share of wind and solar 
generation from which 
mismatch to hourly demand > 
1% (worst wind:solar ratio)

25% 27.5% 25% 30% 27.5% 27.5%

Share of wind and solar 
generation from which 
mismatch to hourly demand > 
1% (best wind:solar ratio)

50% 47.5% 47.5% 45% 47.5% 42.5%

∆ in solar and wind integration 
between short- and medium-
duration storage (at 80% 
generation share)

1.5% 1.7% 1.7% 2.7% 2.7% 2.8%

∆ in solar and wind integration 
between medium- and long-
duration storage (at 90% 
generation share)

1.0% 2.2% 2.0% 0.5% 1.2% 0.8%

Required solar and wind 
generation share for its 
consumption to reach 100% 
with long-duration storage

140% 140% 132.5% 140% 137.5% 142.5%

Size of required long-duration 
storage at 40% round-trip 
efficiency in TWh

27 40 40 4 75 23

Table 7.2 Key insights on wind and solar ratios and the impact of electricity storage in 
integrating wind and solar generation across different power markets. QLD—Queensland, 
PJM—Regional transmission organization in the north-east of the US.

KEY INSIGHT

Short-duration storage with < 4 hours discharge is as effective as medium- or long-
duration storage at balancing wind and solar with demand up to 80% VRE share. 
Medium-duration storage with < 16 hours is as effective as long-duration storage up 
until 90% VRE share.
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These insights are in line with other studies and confirm the findings from Figure 7.1 on 
required electricity storage energy capacity as shown in Table 7.3.39,43

This analysis is kept deliberately simple and high-level to transparently derive fundamental 
insights that hold true across power markets and scenarios. Further detail is provided in 
other studies, for example on:8,43–45

 ●  Cost optimization between generation overcapacity and electricity storage
 ●  Impact on total electricity storage capacity and cost when combining electricity storage 

systems of different sizes and efficiency
 ●  Impact of changing demand (absolute size, hourly variation) due to electrification of 

heat and transport demands
 ●  Impact of baseload generation on the required electricity storage energy capacities 

(e.g. nuclear)

Wind and solar 
penetration

Insights from academic studies 
shown in Figure 7.1

Insights from systematic 
analysis

< 50%
Less than 0.02% of electricity storage 
energy capacity relative to annual 
electricity demand needed

No storage may be needed if 
wind:solar ratio is optimized

< 80%
Electricity storage energy capacity 
of 0.02%–0.1% relative to annual 
electricity demand is needed

Small, short-duration storage 
at 0.05% of annual electricity 
demand is as effective as larger 
storage systems

< 90%
Electricity storage energy capacity of 
0.02%–1% relative to annual electricity 
demand is needed

Medium-size,-duration storage 
at 0.2% of annual electricity 
demand is as effective as larger 
storage systems

Table 7.3 Comparison of insights from systematic analysis in this section and from review 
of academic studies in Figure 7.1.

FREQUENTLY ASKED QUESTION

Do you see storage capacity being provided by large centralized systems or 
rather by local city or residential storage?
There is most likely going to be a mix of central large-scale systems and smaller 
decentral communal/commercial and residential systems. In fact, most studies 
project a ~50:50 mix between the two going forward.46,47 It is worthwhile 
differentiating by application though to understand better where centralized 
and where decentralized systems may be deployed. This is shown in Figure 3.23. 
Applications on the generation side tend to be larger and on the consumption side 
smaller. Network services could be provided by both.



Chapter 7   System value: Making sense244

For a more detailed analysis on energy storage requirements to decarbonize the energy 
sector, Table 7.4 and Figure 7.12 focus on natural gas storage in the EU and the US. They 
confirm the significant storage volumes required (> 1,000 TWhcalorific) and show the distinct 
seasonality in charge and discharge of the storage volumes (once per year), in line with the 
regional heating periods. The respective maximum charge/discharge capacities reveal that 
the gas storage systems have minimum discharge durations in the region of 2-3 months 
(energy to power ratio of > 1,300 hours).

These facts show the sheer scale of energy storage that societies rely upon. The ‘equivalent’ 
amount of electricity storage required could be notably lower though, as the technologies 

7.5.2 Energy sector

The previous section highlighted the need to deploy TWh-scale electricity storage to enable 
100% wind and solar supplied electricity sectors. However, the challenge becomes even 
greater when expanding the perspective to the entire energy sector.

The scale of this challenge can be understood by looking at current strategic energy re-
serves in fossil fuels. For example, the US has energy storage reserves of nearly 5,000 
TWhcalorific (based on the heating value of the fuels) for petroleum, crude oil, motor fuels, 
heating and other oils, and natural gas. Assuming these fuels can be converted to electric-
ity with an efficiency of 40%, this would amount to 2,000 TWhelectric.48 This is several orders 
of magnitudes larger than the electricity storage capacities identified for decarbonization 
of the electricity sector. Not all of these strategic reserves are for use in the energy sector; 
however,  those that are used as industry feedstocks may also have to be replaced with elec-
tricity-derived chemical fuels like green hydrogen in future.

KEY INSIGHT

The amount of fossil fuels held by countries as strategic energy reserves would 
amount to multiple thousand terawatt hours (TWhs) if converted to electricity 
storage energy capacity.

European Union United States

Natural gas storage volume [TWhcalorific] 1,120 1,260

Maximum charge/discharge [GWcalorific] 840 650

Minimum discharge duration [hours] 1,350 1,940

Annual charge–discharge cycle [#] 1 1

Table 7.4 Total volume, maximum charge/discharge capacities and respective discharge 
duration for natural gas storage in the EU and the US.49,50
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Figure 7.12  Natural gas stored in the European Union and the United States between 
2011 and 2022. Total volumes for the European Union grow over time due to new facilities 
coming online and changing reporting standards.51
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for end-use conversion are more efficient. If heating is electrified via heat pumps, the 
amount of storage needed for heating demand could be a factor of 3 to 4 lower due to their 
high coefficient of performance (i.e. 1 unit of electricity is converted to 3 to 4 units of heat).52 
However, this still leaves a requirement for hundreds of TWhelectric. A similar analysis could be 
conducted for energy storage reserves for transport, yielding similar orders of magnitude 
storage requirement.

This cursory analysis provides a snapshot of the challenge with decarbonizing the whole 
energy sector. The significant volumes of fossil fuel storage systems need to be convert-
ed or replaced with systems that store low-carbon based fuels/electricity. More importantly, 
these stores are only charged and discharged once per year, which also creates an economic 
challenge.

7.6 Discussion

7.6.1 Two schools of thought

The analysis revealed a more conservative approach in industry and government than in 
academia for planning the future low-carbon power system. It should be noted that the 
academic studies focus on accurate representation of wind and solar variability using re-
source data from multiple years and high spatial and temporal resolution.14,16–18 Academic 
studies may also consider improvements in ancillary service provision which allows more 
services to be provided with less capacity.11,53,54 Both rationales may justify system ade-
quacy without the need for excessive capacity margins. However, temporal resolution is 
always above one hour, which may underestimate flexibility needs for short-term system 
balancing. On the other side, industry studies were conducted by direct stakeholders of 
the power system like the system operator, National Grid. This could mean that these 
studies use more realistic assumptions due to better industry insights and/or account for 
larger safety margins due to real-world liabilities of the stakeholders.
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7.6.2 Role of nuclear power

The role of nuclear in low-carbon power systems is highly debated. One reason is that base-
load nuclear power increases the ability to meet peak power demand, which should reduce 
demand for flexible power capacity. However, the investigated studies optimize for most 
cost-efficient energy systems. Balancing renewable supply and consumer demand cost-ef-
fectively requires the ability to quickly increase or reduce power output in light of the vari-
ability of renewables and demand, which is not technically feasible or would make nuclear 
uneconomic.55 Otherwise, there may be situations where renewables meet demand and 
nuclear produces excess electricity. Naturally, renewable generation could be curtailed in 
these situations and all studies assume this to a certain degree of it, but excessive curtail-
ment will not yield cost-optimal solutions.

This contrast between providing for peak power demand but not adjusting power output 
reflects the wider debate about the future role of nuclear in low-carbon power systems.56,57 
Recent findings suggest value in a limited amount of nuclear to decarbonize power systems 
with low overall flexibility, but highlight the preference to meet peak demand with flexibility 
capacity.53 The more detailed analysis of the investigated studies confirms that additional 
nuclear capacity in the presence of variable renewables is projected to actually increase the 
need for flexibility capacity.

7.6.3 Comparison to other flexibility options

Figure 7.4 shows no difference in flexibility capacity requirement between studies with more 
electricity storage capacity than others. It could therefore be argued that flexibility options 
can be used interchangeably. However, this conclusion neglects possible technology con-
straints in providing flexibility at certain times and durations. For example, flexible power 
provision through electricity storage is limited by its discharge duration, whereas provision 
through interconnection is limited by the spatial correlation of weather and demand pat-
terns.58 These limitations have direct financial implications. For example, the UK energy mar-
kets regulator ‘de-rates’ the capacity contribution electricity storage can make in capacity 
market auctions based on discharge duration.59 As of 2021 storage systems with 0.5 hours 
discharge duration only receive remuneration for 13% of their power capacity when bidding 
into the one-year-ahead capacity market, while systems above 5 hours receive 95%.60 This 
de-rating is supposed to reflect the equivalent firm capacity at the time and duration of peak 
net demand (gross demand minus output from variable renewables).59 However, similar 
limitations apply to other flexibility options. Interconnector capacity is de-rated at between 
10% and 97%,60 DSR at 79% and flexible generation capacity (e.g. open cycle gas turbine 
(OCGT), oil, diesel, hydro) at 91–95% based on historical station availability.

For the present analysis this has two implications. First, the modelled flexibility capacity ap-
pears to refer to equivalent firm capacity, because flexibility options are not de-rated. There-
fore, absolute flexibility capacity requirements may be higher than identified here. Second, 
the low de-rating of electricity storage with more than 5 hours discharge duration (95%) im-
plies that this flexibility option is considered to have highest system value in meeting peak 
demand for the GB power system with 40–50% of solar, wind and nuclear energy share.
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7.6.4 Long-duration storage economics

These cursory analyses of the required energy storage capacities to decarbonize the elec-
tricity and overall energy sectors, reveal the TWh-challenge of converting existing fossil 
fuel or deploying new storage systems. However, the economic case for these long-dura-
tion storage systems may be the hardest challenge to overcome. Chapter 5 shows lifetime 
cost of > 500 USD/MWhelectric for an exemplary seasonal electricity storage system by 2030-
40. The European gas network discharges up to 800 TWh over winter, which equates to 
approximately 320 TWh of electricity. Given this cost of storage, society would have to pay 
USD 160 billion per year to move electricity between summer surplus and winter shortfall, 
which will be challenging to justify. Policy-makers, business professionals, and academics 
need to study whether flexible low-carbon alternatives like flexible generation (e.g. natu-
ral gas with carbon capture and storage, geothermal generation), demand-side response 
or network expansion could be more feasible and more economic. Alternatively, regulato-
ry changes and incentive mechanisms need to be established to give the required energy 
storage capacity a viable business model.

7.6.5 Limitations

The normalization of flexibility requirements to peak or annual demand or overall power 
capacity and energy capacity are supposed to make the identified insights applicable to all 
power systems. In reality, however, differences in flexibility requirements are likely to result 
from three dimensions:

 ● Type of renewable resource—for example, flexibility capacity requirements have been 
found to be larger in solar power dominated systems20,61

 ● Temporal distribution of resource availability—for example, in systems that span 
multiple time zones, maximum solar production at noon in one zone might coincide 
with the afternoon demand peak in another, reducing overall flexibility needs25

 ● Existing power system assets—for example, a more flexible power plant portfolio (more 
combined cycle gas turbines (CCGTs) rather than coal or nuclear) could reduce flexibility 
needs

FREQUENTLY ASKED QUESTION

In light of the millions of batteries in EVs that could be used to support 
matching power supply and demand, do we need stationary storage at all?
Adapting the rate and time of charging EVs appears like a low-hanging fruit to 
support matching power supply and demand. However, supplying electricity to the 
grid may be more complex as it may affect driving schedules (the primary purpose 
of EVs) and lifetime/warranty of the battery. In addition, the evolution of transport 
must be considered where car sharing or autonomous driving may become more 
common and vehicles have less ‘idle time’ in general. As such, EVs will play a role 
in providing power system flexibility, but the degree is still highly uncertain and it 
appears unlikely they will fully replace the need for stationary storage.
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7.7   Worked example
This chapter has looked into the value that electricity storage technologies (and flexibility 
technologies more generally) provide by integrating variable renewable and other inflexible 
low-carbon electricity generators. While every power system is different based on availa-
ble renewable resources, temporal distribution of resource availability, and existing power 
plant portfolio, some general trends were identified that can help to derive initial estimates 
of electricity storage/flexibility capacity needs to integrate low-carbon energy sources. This 
worked example will guide you through the derivation of these needs.

A question:
The government in Germany plans to increase the share of renewable generated electricity 
from ~45% in 2020 to ~80% in 2030.64 How much electricity storage will be needed to ena-
ble that?

These three dimensions should serve to qualify results based on the requirements identi-
fied in this chapter to guide power system planning and ensure sufficient flexibility capacity.

The analyses on required energy storage capacities to decarbonize the electricity sector 
and the energy sector as a whole are intentionally kept simple. However, the key limitations 
that should be mentioned are:

 ● Usage of meteorological wind and solar data instead of actual generation data
 ● Assumption of unconstrained power flows within markets
 ● Assumption of fully flexible generation capacity beyond wind and solar
 ● Usage of historical demand data instead of projection of future demands
 ● Lack of differentiation between fossil fuel reserves required as fuel in the energy sector 

and as feedstock in industry

In more detailed studies that are supposed to enable direct policy or investment decisions, 
these limitations must be omitted.

FREQUENTLY ASKED QUESTION

These analyses focus on ‘developed’ electricity systems in Western and APAC 
regions. What role could storage play in the ‘developing world’?
In regions without a fully developed centralized electricity system, energy storage 
could provide energy access through the deployment of solar home systems, 
nano-grids, or microgrids. These could empower more than ~1.2 billion people 
that currently have no access to electricity.62,63 These regions could potentially 
‘leapfrog’ the development of centralized and often fossil-fuel based electricity 
systems and directly move to a network of interconnected mini-grids powered by 
decentral renewables and electricity storage systems.
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How to answer:
First, we need to identify how much of the renewable electricity will be variable. In 2020, 
32% of electricity came from wind and solar (variable) and 13% from dispatchable hydro, bi-
omass, waste incineration, and geothermal.65 Assuming that the share of the latter will stay 
constant, the share of wind and solar must increase to 67% to hit the 80% renewables target 
by 2030. Second, we need to identify total annual electricity and peak power demand. These 
stood at 570 TWh and 80 GW.65,66

1.  Open <www.EnergyStorage.ninja> and go to the ‘System need’ tab
2.  Enter the parameters of the German power system for 2020

You will see that in 2020 the German power system needed an estimated ~6 GW and ~35 
GWh of electricity storage capacity. Pumped hydro capacity stood at 6.3 GW and 37 GWh.67 
The capacity of large-scale battery storage was ~0.5 GW and ~0.6 GWh.68 Thus, there was 
sufficient storage capacity to integrate variable renewables in 2020.
3.  Now, enter the parameters of the German power system for 2030. Let’s assume peak 

power demand and annual energy demand will stay constant (although they are more 
likely to increase due to electrification of transport and heat).

This shows that electricity storage capacity would have to increase to 17 GW (14–26 GW) 
and 160 GWh (range: 120–410 GWh).
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You’ve done it!

Congratulations. You have derived a first-cut estimate of the electricity storage capacity re-
quired for the German power system to increase variable renewable electricity generation 
to 67% (and total renewable generation to 80%). You have identified that current capacity 

http://www.EnergyStorage.ninja
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(mostly pumped hydro) must triple in terms of power capacity and more than quadruple in 
terms of energy capacity. Given that suitable spots for pumped hydro in this densely pop-
ulated country are already taken, this additional capacity is likely to come from battery or 
other novel technologies used for stationary electricity storage.

However, please be aware that these values need to be taken with caution. While the studies 
underlying these results look at electricity storage energy capacity needs only, the power 
capacity needs may also be met by other flexibility technologies (see section 7.3). The need 
for energy capacity highly depends on the availability of alternative generation technolo-
gies (e.g. gas peaking plants) and potential imports from neighbouring countries.
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8  Methods 
Doing it yourself

8.1 Introduction
Chapter 1 introduces the required transformation of the energy sector and the available 
flexibility options to balance supply and demand in low-carbon power system. It also deter-
mines the amount of energy stored in fossil fuels in the UK in 2020. This is done by identify-
ing the respective stock levels of coal, crude oil, petroleum products, and natural gas in the 
UK in 2020.1 The respective amounts in tonnes or cubic metres are converted to calorific 
energy in TWh by using the lower heating values for each fuel.2 The calorific energy values 
are multiplied by 40% conversion efficiency to determine the respective electric energy that 
could be generated when burning these fuels. 40% is a high-level average of coal, oil, and 
gas-fired power stations.3

For the transport sector, it is assumed that the 32 million vehicles in the UK have a 60-litre 
petrol tank. This is compared to 200,000 battery-electric vehicles and 200,000 plug-in hy-
brid electric vehicles with battery capacities of 50 kWh and 10 kWh respectively.4

8.2 Metrics
Chapter 2 provides indicative cost contributions for key upstream and downstream value 
chain steps. These are derived in Table 8.1, including the contributions of individual compo-
nents if applicable.

Table 8.1 Cost components of a lithium-ion battery system, including indicative cost 
contributions.5–8.

Product scope Cost contribution

Cell 35%

Electrodes ~45%

Electrolyte ~15%

Separators ~15%

(Continued)
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Table 8.1 (Continued)

Product scope Cost contribution

Current Collectors ~20%

Terminals & cell container ~5%

Pack 15%

Temperature control ~10%

Wiring and connectors ~20%

Housing ~20%

Battery Management System ~50%

Balance-of system 10%

Container

Depends on project requirements
Monitors, controls

Thermal control

Fire suppression

Power control system 10%

Inverter/converter ~65%

Energy management system ~20%

Data management ~15%

System integration 5%

Assembly of components to system
Depends on project requirements

Tailoring of system to application

(Continued)
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8.3 Technologies and applications
Chapter 3 compiles values for 17 cost and performance parameters for nine electricity stor-
age technologies. Special focus is placed on using industry-validated sources that are based 
on manufacturer quotes and have a track record for realistic data. The resulting values were 
cross-checked with multiple industry experts via e-mail exchanges and direct phone calls.

The selection of sample companies active in the individual upstream product value chain 
steps for the nine electricity storage technologies is based on manufacturing of the prod-
ucts listed in Table 8.2. The companies were identified through news articles on specific en-
ergy storage projects or as market leaders in industry reports on the respective technology.

The market size values for global installed electricity storage systems by 2020 are deter-
mined using a range of data sources (see Table 8.3). The data were double-checked to en-
sure only operational storage systems were included.

The annual market for lead-acid batteries in 2020 was estimated at 415 GWh, which would cor-
respond to 3,300 GW at energy-to-power ratios of 1:8 (typical for engine starter batteries).14 
However, most of these batteries are used for automotive applications or specialized station-
ary use cases like telecom tower power provision or uninterrupted power supply. The market 
size estimate therefore only contains the stationary battery systems that are connected to 
energy networks and listed in the Department of Energy Global Energy Storage Database.12

Product scope Cost contribution

Project development 10%

Permits

Highly project specificLand acquisition

Financial and technical studies

Installation 15%

Engineering studies

Highly project specific
Procurement of system

Construction

Commissioning

Total installed system 100%

Table 8.1 (Continued)
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Table 8.2 Sample products of the upstream product value chain steps for the nine focus 
electricity storage technologies.

Materials Components Storage 
unit(s)

System integration

Pumed hydro Iron ore Turbine blades Pelton turbine Turbine + Pump + 
Pipes + Dam

Compressed air Copper Electromagn. 
coils Generator Compressor + 

Generator + Cavern

Flywheel Carbon 
fibres Rotor Flywheel Flywheel + PCS + BoP

Lead acid Lead Electrode Pack Pack + PCS + BoP

Lithium ion Nickel Electrode Cell, Pack Pack + PCS + BoP

Sodium sulphur Sodium Solid electrolyte Cell, Pack Pack + PCS + BoP

Redox flow Vanadium Electrode Cell stack Cell stack + PCS + BoP

Supercapacitor Activated 
carbon Electrode Supercapacitor Supercapacitor + 

PCS + BoP

Hydrogen Polymers Membrane Electrolyser Electrolyser + PCS + BoP

Table 8.3 Operational utility-scale electricity storage capacity in energy system 
applications by 2020.

Technology Capacity Comment Data source

Pumped hydro 158 GW n/a IHA9

Lithium ion 15 GW n/a WoodMac, IEA10,11

Flow battery < 0.1 GW Only utility-scale systems in energy system DoE database12

Supercapacitors < 0.1 GW Only utility-scale systems in energy system DoE database12

Hydrogen < 0.1 GW Only utility-scale systems in energy system DoE database12

Compressed air 0.4 GW n/a DoE database12

Flywheel < 0.1 GW Only utility-scale systems in energy system DoE database12

Lead acid < 0.1 GW Only utility-scale systems in energy system DoE database12

Sodium sulphur 0.6 GW n/a NGK Insulators13
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Chapter 3 also identifies 23 common electricity storage applications. These are allocated 
to 13 archetypal applications for which lifetime cost are modelled in Chapter 5. Allocation 
of common to archetypal applications is based on similar technical requirements, that is, 
discharge duration and annual cycles. The final requirements of the archetypal applications 
are chosen such that a broad spectrum of discharge duration and annual cycles require-
ments is covered, but the values are still within or close to the ranges given in the literature.

Table 8.4 shows the technical requirements for the 23 common electricity applications as 
given in the literature and the final archetypal values (bold).

Table 8.4 Discharge duration and annual cycle requirements for the 23 common 
electricity storage applications.15–17 Final values for archetypal applications are given in 
bold. Comments justify choice of values where necessary.

Application Discharge 
[hours]

Annual  
cycles [#]

Response 
time [s]

Comment

Frequency regulation 0.25–1 250–10,000 < 10 High cycle values  
may not refer to  
full equivalent charge–
discharge cycles,  
but individual cycles  
that do not exploit  
full depth-of-discharge

Renewables smoothing 0.25–4 >4,000 < 10

Power quality < 0.25 10–200 < 10

Frequency regulation 0.5 300 < 10

Black Start 0.25–1.0 10–20 > 10
No comment

Black start 1 10 > 10

Peak capacity 2–6 5–500 > 10
No comment

Peak capacity 4 300 > 10

Congestion relief 1–6 50–500 > 10

Load following 0.25–1 100–1,000 > 10

Congestion mgmt. 1 1,000 > 10

Ramping reserve 0.25–1 20–50 < 10

No comment
Contingency reserve 0.25–1 20–50 < 10

Inertial services 0.25–1 50–100 < 10

Frequency response 0.5 50 < 10

(Continued)
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Table 8.4 (Continued)

Application Discharge 
[hours]

Annual  
cycles [#]

Response 
time [s]

Comment

Seasonal storage n/a n/a > 10 No parameters for 
seasonal storage  
in the three  
studiesSeasonal storage 700 3 > 10

Backup power 1–4 10–100 > 10

No commentPower reliability 4–10 < 50 > 10

Power reliability 4 10 > 10

Renewables firming 2–10 5–500 > 10

No commentRenewables 
integration 8 300 > 10

Transmission deferral 2–8 10–500 > 10

No commentDistribution deferral 1–6 50–500 > 10

T&D deferral 8 100 > 10

Demand charge mgmt. 1–4 50–500 > 10
No comment

Demand charge mgmt. 1 100 > 10

RE self-consumption 2–6 150–400 > 10 100 cycles to ensure 
differentiation to 
peak capacity;  
RE - RenewablesSelf-consumption 4 100 > 10

Renewables arbitrage < 1 > 250 > 10

Parameters are highly 
dependent on power 
price volatility; ToU - 
Time-of-use tariffs

Wholesale arbitrage 2–10 300–400 > 10

Retail arbitrage 2–4 50–250 > 10

ToU bill management 3–6 400–1500 > 10

Energy arbitrage 4 700 > 10

(Continued)
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Application Discharge 
[hours]

Annual  
cycles [#]

Response 
time [s]

Comment

Voltage support – – < 10 No active power drawn 
from device

8.4 Investment cost
In Chapter 4, experience curve analysis is used to project future investment cost for elec-
tricity storage technologies. This is possible because experience curves identify the rela-
tionship between historical technology prices and cumulative capacity additions and can be 
used to extrapolate observed trends to the future.

8.4.1 Theory

Learning curves depict the improvement of a technology parameter (e.g. cost, size) as 
a function of experience (e.g. cumulative capacity or number of systems). More specifi-
cally, learning curves based on Wright describe the development of manufacturing cost 
in relation to increased cumulative production.18 They have been described as the most 
objective method to project future cost of technologies.19 Instead of manufacturing cost, 
experience curves depict product price development (i.e. investment cost) to account for 
all cost factors (e.g. research and development (R&D), sales, depreciation) and, while more 
uncertain than learning curves, are also suitable to explore future cost.20,21 The rate at 
which product prices change is termed the experience rate. Cumulative production has 
been identified as the predictor of technology cost that performs best compared to other 
variables.22

There are a range of milestones in the development of the experience-curve methodology 
and its application in the energy sector, which are listed below:

 ●  1936: Theodore Wright describes the effect of learning on manufacturing cost in the 
aircraft industry and proposes a mathematical model.18

 ●  1962: Kenneth Arrow finds that the model holds true for whole ‘capital goods industry’ 
(i.e. industrial sector) and coins ‘learning-by-doing’ as the specific cost reduction in the 
manufacturing stage.23

 ●  1968: The Boston Consulting Group extends the cost inputs to the model to include all 
manufacturing inputs as well as any other costs required to deliver the product to the 
end user and coins the term ‘experience curve’.20

 ●  2000: The International Energy Agency publishes learning curves for the most 
prominent energy generation technologies.24

 ●  2000+: A rich body of literature evolves on learning curves for energy technologies, with 
individual curves, reviews, and comparisons.24–28

Table 8.4 (Continued)
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Strengths of experience curve analysis
The experience curve model is appealing for several reasons. The idea that firms learn from 
experience in the past seems intuitive, models can be easily tested with empirical datasets, 
the high goodness-of-fit shows it works, and by reducing the complex process of innovation 
into a single parameter, the model is simple.29

The underlying reasons for cost reductions as a result of learning-by-doing in manufac-
turing are identified as spreading overhead cost over larger volumes (economies of scale), 
reducing inventory cost, cutting labour cost with process improvements, achieving greater 
division of labour, and improving efficiency through greater familiarity with the process.30 
Similar models were developed to account for these underlying reasons more specifical-
ly, like Moore’s Law (power law of time); Goddard’s Law (power law of annual production); 
Sinclair, Klepper, and Cohen’s Law (power law of annual and cumulative production), and 
Nordhaus’ Law (power law of time and cumulative production).22

Weaknesses of experience curve analysis
A common critique of experience curve analysis is the lack of causation and accountancy 
to the various cost reducing factors. Experience curves show how cost may reduce over 
time, but provide no explanation for the underlying reasons beyond its relationship to cu-
mulative output (in the case of one-factor curves).31 Additional cost reducing factors are 
R&D expenditures (learning-by-searching), improvement of product characteristics via 
user feedback (learning-by-using) and network relationships between research laborato-
ries, industry, end-users, and political decision-makers that can lead to spill-over effects 
(learning-by-interacting).27,32 Some authors suggest that experience curves largely reflect 
economies of scale.33 While it has been shown that cumulative production is a suitable pre-
dictor for costs of solar PV modules, other factors than experience in manufacturing are 
responsible for this, namely plant size (economies of scale), efficiency improvements, and 
commodity costs.34 It has also been argued that individual experience effects of single com-
ponent improvements together may explain an aggregated form of experience for a prod-
uct.35 Component-specific experience rates could account for these individual effects, but 
separate production and cost data are difficult to obtain.21

Two-factor experience curves aim to disentangle two important learning factors: cumula-
tive output (learning-by-doing) and knowledge stock (learning-by-searching).36 They have 
been used to explain cost reductions for wind, solar, and conventional generation technol-
ogies as well as the 2017–2020 plunge in lithium-ion battery prices.27,37,38 However, it has 
been argued that this approach is less robust than the proven concept of one-factor experi-
ence curves due to challenges in resolving the collinearity between cumulative output and 
knowledge stock, in choosing a proxy for knowledge stock (e.g. patents, R&D investment), 
and in obtaining the necessary data (e.g. private R&D investment).21,36

The use of price data as a proxy to reflect all cost input factors makes the analysis sensitive 
to pricing policies (i.e. the rationale behind determining product prices within a company 
based on product costs, customer demand, and market competition).30

High data variance can lead to significant variations of experience rates across studies and 
datasets. Depending on the spread of the data, it is possible to calculate different rates by 
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changing the start and end point of the analysis and by including or excluding outliers.21 In 
particular when price data are used, a period of at least 10 years’ worth of historical data 
should be available for price trends to be reliably reflective of cost trends.29

Experience curves are incapable of predicting step-change innovations or accounting for 
product changes that might improve performance at the same cost.30,34 It has been argued 
that radical product changes constitute new products that exhibit new experience rates.21 
Moreover, in situations with significant product changes, other indicators than the specific 
investment cost may be more appropriate to reflect learning outputs, such as product func-
tionality or levelized cost of electricity for a power generation technology.36,39

The idea of experience improvement at a constant rate is also critiqued. Some argue that 
costs fall more rapidly during the R&D phase due to radical discontinuities (i.e. innovations 
leading to new technology features).35,40 Others argue that learning might be stronger in 
the commercial phase due to competition.41 What is clear though is that experience rates 
cannot project cost indefinitely and cost floors exist. Following the logic that relative cost 
shares of components with high experience rates decrease over time, a reduction of the ag-
gregated rate for products over time appears feasible.35 This can be represented in energy 
system models with ‘kinked’ (i.e. piece-wise linear) curves or experience rates that depreci-
ate with time.42–44

Finally, a distinction between products that require extensive on-site construction and 
those mass-produced in centralized factories must be made, due to the often highly specif-
ic, custom-built nature of the former resulting in lower experience rates.31

8.4.2 Methodology

Experience rates (ER) are derived according to Wright’s Law18

 P x( )= A xb  (1)

ER=1−2b  (2)

with P x( ) the product price, that is the total investment cost, at the cumulatively installed 
energy capacity or power capacity x of that technology. The normalisation factor A and ex-
perience factor b are obtained through a linear regression of the logarithms of the given 
price and capacity data. The trendline for the linear regression is the experience curve.

The normalisation factor A is obtained by determining the product price at the cumulative 
installed capacity of 1.

 P 1( )= A 1b = A  (3)

If P(1) is not known, the intercept of the experience curve in logarithmic values with the y-ax-
is can be determined since log P 1( )( )=0. The respective formula for A  then becomes

 log P 1( )( )= log A( )+b log 1( )  (4)

A=10log P 1( )( )  (5)
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The experience factor b is the slope of the experience curve, that is the linear regression of 
the logarithmic values of product price and cumulative capacity data.

 b = 
log P x

2( )( )− log P x
1( )( ) 

log x
2( )−log(x1)

 (6)

Figure 8.1 exemplifies this approach for the example of lithium-ion EV battery pack price 
data and the respective product prices and cumulative capacity.

With respect to equation (6), it is important that the experience curve is based on a linear 
regression of the logarthmic values of product price and cumulative capacity. It should not 
be based on specific data points, for example the initial and latest point. Drawing a line 
between initial and latest data point in Figure 8.1 would yield a line with a reduced slope 
that would convert into an experience rate of 22% and therefore underestimate the actual 
cost-reduction trend.

Experience rate uncertainty reflects the 95% confidence interval based on the linear regres-
sion of the logarithmic values for product price and cumulative capacity. The confidence 
interval using the mean μ and standard error σ of the linear regression is calculated as:

 µ±1.96 σ  (7)
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Figure 8.1 Experience curve for lithium-ion EV battery packs showing the methodology to 
derive experience parameters.
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8.4.3 Data

Technology price and cumulative deployment data for the electricity storage technolo-
gies in this book are taken from peer-reviewed literature, research and industry reports, 
news items, electricity storage databases, and interviews with manufacturers (see Table 
8.5). In the literature, learning rates (based on manufacturing cost) and experience rates 
(based on product price) are often used interchangeably. Therefore, the sources in the 
referenced literature are double-checked to ensure the use of actual product price data for 
consistency.

The geographic scope of the analysis is global. Where cumulative deployment data are 
available on company or country level, the data are scaled to global level with validated 
assumptions for the respective global market size. Regarding price data, it is assumed the 
global marketplace ensures that these are globally applicable.36

Product scope is differentiated into cell, pack, and installed system. Installed system in-
cludes the cost for project development, engineering and procurement, transportation, 
installation, and commissioning. Electrolyzers and fuel cells that are not yet equipped with 
other balance-of-system components are usually referred to as electrolyzer or fuel cell 
stacks. For simplicity, they are referred to as ‘packs’ in this book as the technology scope is 
comparable to battery packs. Additional information on the cost components included at 
each level can be found in Table 8.1.

Three application categories are distinguished in this analysis with subgroups to indicate 
technology size: portable (< 1 kWh), transport (hybrid electric vehicle: < 5 kWh; electric vehi-
cle: > 25 kWh), and stationary (residential: < 30 kWh; utility: > 100 kWh).

Currency conversions are performed in two steps. First, historical prices are deflated in 
local currency with OECD Consumer Price Indices45 and then converted to USD2020 with 
OECD exchange rates based on Purchasing Power Parities for gross domestic product 
(GDP).46,47

Conversions from energy-based to power-based data (USD/kWh, GWh vs USD/kW, GW) are 
performed using the reported power-to-energy ratios for each technology (see Table 8.5).

Technical and economic maturity assessments of electricity storage technologies in the lit-
erature are compared to the cumulative installed capacities in the present analysis.48,49 It is 
found that those technologies termed ‘Research & Development’ or ‘Developing’ had just 
around 1 GWh installed (flow batteries, fuel cells), ‘Demonstration & Deployment’ or ‘Devel-
oped’ less than 100 GWh (sodium sulphur) and ‘Commercialization’ or ‘Mature’ more than 
100 GWh (pumped hydro, lead acid, lithium ion, electrolysis) in 2020. If applicable, the eco-
nomic maturity assessment is prioritized. Maturity categories are renamed to ‘emerging’, 
‘growing’, and ‘mature’.

8.4.4 Future investment cost

Future product prices of the analysed electricity storage technologies are determined 
using Wright’s Law (equation (1)) with projected values for cumulative installed capacity. 
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Table 8.5 Overview of product price and cumulative installed capacity data sources, 
indicative power-to-energy ratio, and comments on individual technology dataset.

Pumped hydro

Product scope Installed system

Application Stationary, utility-scale

Price data

2000–2020: Average price data for run-of-the-river and pumped 
hydro plants reported to IEA by OECD member states, South Africa, 
Brazil, and China.50–531980–2000: Based on mean price and experience 
rate for large and small hydro.26Scaling factor of 0.6 applied to all 
run-of-the-river data points to convert to pumped hydro cost. Factor is 
based on comparing run-of-the-river cost to pumped hydro cost.

Capacity data
Capacities and commissioning dates of plants listed in DoE 
database.54 Validated with information of International Hydropower 
Association.9

Power-to-energy 
ratio

Power-to-energy ratio is 1:9.7, based on weighted average discharge 
duration of plants listed in DoE database,54 excluding values > 100 
hours.

Comment

The data are biased towards OECD countries, because majority of 
data points come from OECD member states. This could overestimate 
cost since construction of pumped hydro plants is labour-intense and 
labour cost in OECD countries is high.

Lead acid (pack)

Product scope Pack

Application Multiple

Price data
US producer price index for lead-acid batteries larger than BCI 
dimensional group 8D (Applications: uninterruptable power supply, 
heavy duty vehicles, etc.).55

Capacity data
Lead end-use statistics in US, assuming 80% of consumption for 
battery production.55 US data scaled-up to global data based on US 
share of 30% in global lead end-use.56

Power-to-energy 
ratio

Power-to-energy ratio is 8, given the vast majority is produced for the 
transport sector.57

Comment
Data taken from peer-reviewed study.55 No economy-wide data 
on lead-acid battery production or sales available, so US lead 
consumption is used as proxy.

Lead acid (system)

Product scope Installed system

Application Stationary, residential
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Price data Observed prices for systems < 30 kWh in German residential market 
2013–2016.58

Capacity data
Based on information from German KfW incentive program.59,60 Scaled 
to global market assuming German residential storage market is ~1/3 
of global.10

Power-to-energy 
ratio

Power-to-energy ratio is 1:3, based on the average value for 
residential lead-acid batteries sold in Germany.61,62

Comment Basically no lead-acid battery systems were deployed in residential 
application after 2016.58

(Continued)

Lithium ion (cell)

Product scope Cell

Application Portable

Price data
Japanese Ministry for Economy, Trade and Industry statistics on 
lithium-ion consumer batteries 1995–2011,63 Avicenne market reports 
for 2011–2016.64

Capacity data Annual production data for consumer electronics lithium-ion 
batteries.64–66

Power-to-energy 
ratio Power-to-energy ratio is 1:3.64

Comment Dataset refers to cells used in portable consumer electronics—
different from cells used in EV battery packs (see below).

Lithium ion (pack)

Product scope Pack

Application Transport, electric vehicle

Price data Annual battery pack price index for 2010–2021.67

Capacity data Annual figures for EVs sold and respective battery pack size.68

Power-to-energy 
ratio

Power-to-energy ratio is assumed to be 1 (average between max. 
burst power output, max. charging power, and max. power output at 
most energy-intense steady-state driving mode).

Comment No comment

Lithium ion (residential system)

Product scope Installed system

Application Stationary, residential
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Table 8.5 (Continued)

Price data Observed prices for systems < 30 kWh in German residential market 
2013–2021.58

Capacity data
Based on installed systems and average system size in Germany.58 
Scaled to global market assuming German residential storage market 
is ~1:3 of global.10

Power-to-energy 
ratio

Power-to-energy ratio is 1:3, based on average value for residential 
lithium-ion batteries sold in Germany.69

Comment Dominant technology in Germany with market share of 99%, up from 
~50% in 2013.70

Lithium ion (utility-scale system)

Product scope Installed system

Application Stationary, utility-scale

Price data
Observed prices for stationary systems for 2010–2021 validated 
with industry experts and corrected for power-to-energy ratio where 
necessary.8,71–73

Capacity data Systems listed in the DoE database until 2012 and industry reports on 
deployment figures until 2021.10,74

Power-to-energy 
ratio

Power-to-energy ratio is 1:4 based on latest data source and most 
likely average ratio for systems installed in the 2020s.8

Comment –

Nickel-metal hydride

Product scope Pack

Application Transport, hybrid electric vehicle

Price data
Modelled for 1997–2014 with annual car sales data and price 
projections for annual production levels.75 Checked against official 
company statements on price reductions.

Capacity data Toyota Prius sales figures76 and battery specifications.77 Toyota Prius 
sales make up ~50% of total global HEV sales.78

Power-to-energy 
ratio

Power-to-energy ratio is 15.6:1, based on Toyota Prius Generation III 
battery specification.77

Comment
Approach taken from peer-reviewed study.79 Price data deflated in 
Japanese Yen and then converted to USD2020. Price reduction of 75% 
from 1997–2010 in line with official Toyota statement from 2010.80
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Sodium sulphur

Product scope Installed system

Application Stationary, utility-scale

Price data Industry reports, news items, and manufacturer interviews for 
2007–2021.15,81–87

Capacity data Systems deployed by NGK.87–90

Power-to-energy 
ratio Power-to-energy ratio is 1:6 as specified by NGK.15,85

Comment NGK dominates market for sodium-sulphur systems.54 No experience 
rate modelled due to very high standard error of underlying data.

Vanadium redox flow

Product scope Installed system

Application Stationary, utility-scale

Price data Reported vanadium redox-flow system prices for 2008–2019.85,91–93

Capacity data Vanadium redox-flow systems listed as operational by 2017 in DoE 
database and annual market size for 2018 and 2019.74,94

Power-to-energy 
ratio

Power-to-energy ratio is 1:4 based on weighted average of systems 
listed in DoE database.74

Comment Uncertain database due to high variety of sources for price and 
capacity data.

Electrolysis—Utility, Pack Fuel cells—Residential, Pack

Product scope Pack (stack) Pack (stack)

Application Stationary, utility-scale Stationary, residential

Price data

1956–2002: Industry reports 
and academic publications.95 
2002–2019: Manufacturer 
quotes.96–99

Japanese Enefarm-type 
systems,100,101 i.e. Solid oxide 
(SOFC) and polymer electrolyte 
fuel cells (PEFC).

Capacity data

1956–2002: Industry reports 
and academic publications.95 
2002–2019: Based on USD 100m 
market size.102

Sales numbers for Japanese 
Enefarm-type systems and 
average system size of 700 
W.100,101

Power-to-energy 
ratio

Power-to-energy ratio is assumed at 1:10; appears feasible given 
average residential electricity consumption of 10 kWh/day and 
residential fuel cell system size of ~1 kW.

(Continued)
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Electrolysis—Utility, Pack Fuel cells—Residential, Pack

Comment

Data based on alkaline 
technology—most mature 
electrolysis technology with 
longest record of price and 
capacity data.

Average of PEFC and SOFC 
systems.101

The normalization factor A and experience factor b were determined using historical 
data. Experience rate uncertainty is accounted for by using upper and lower values of 
the 95% confidence interval for the experience factor and the resulting normalization 
factor.

8.4.5 Raw material cost

The raw material cost for each storage technology is calculated by multiplying reported 
material inventories with commodity prices.105–109 Commodity prices are drawn from peer- 
reviewed literature, the Bloomberg database, and a bottom-up engineering model.5,55,110 
For most commodities, monthly average price data were identified from 2010 to 2020. 
Based on this data, average, minimum, and maximum prices were determined. Monthly av-
erage price data represent supply contracts of battery manufacturers better than daily spot 
prices. They may even overestimate price fluctuations as raw material supply contracts can 
also cover multiple years. For those raw materials with insufficient data, only single price 
figures were used. Raw material cost uncertainty is based on variations in reported material 
inventories and commodity prices.

Table 8.5 (Continued)

Solar PV Modules

Price data Solar PV module price data for 1980–2020.103

Capacity data Global cumulative capacity for 1980–2020.103

Comment –

PV Inverters

Price data Inverter price data for 1990–2013.104

Capacity data Global cumulative PV shipments for 1990–2013.104

Comment PV inverters < 20kWp
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8.4.6 Time frame

In order to relate cost projections at future cumulative deployment levels to time, deploy-
ment curves as a function of time need to be produced. This is done using a logistic growth 
function for electricity storage application subgroups (i.e. consumer electronics, hybrid and 
battery electric vehicles, residential and utility storage).

 
A
n
=

A
sat

1+
A
sat
− A

base( )
A
base

e−r  n
 (8)

Where An is the annual market capacity in a particular year, Abase is the initial capacity, and 
Asat the maximum annual market capacity that will be reached long-term, in other words 
the saturation capacity. r is the growth rate and n the number of periods after the start 
period. Abase and Asat are based on the literature or own assumptions. r is fitted to historical 
and projected data points for annual market capacity from the literature through non-linear 
regression. The non-linear regression also yields the standard error of r to measure good-
ness-of-fit. Growth rate uncertainty is based on the maximum and minimum r determined 
in a Monte Carlo analysis of the non-linear regression.

The resulting annual market growth projections are used to relate future cumulative ca-
pacities to time to interpret projected cost reductions. That means it is assumed that each 
electricity storage technology obtains 100% market share in its respective application sub-
group. On the one side, this shows the potential for cost reductions assuming ‘the winner 
takes it all’. On the other side, it may lead to overly optimistic cost projections as not 100% 
of the market is captured by only one technology. Table 8.6 displays the resulting sigmoid 
curves (i.e. S-curves) for the modelled applications.

Table 8.6 Growth projections for various electricity storage application subgroups. The 
listed growth rates refer to the parameter ‘r’ of the logistic growth equation. Initial and 
saturation capacity refer to Abase and Asat respectively.

• Initial capacity: 1.0 GWh p.a. (1995)63

• Saturation: 60 GWh p.a. (2050)
• Growth rate: 0.214 (0.19–0.23)
• Literature estimates based on Avicenne and 

Citibank reports63,66,111

Comment: Saturation capacity determined 
assuming that 90% of a total of 10bn people 
have on average one portable device with a 20 
Wh battery that lasts for 3 years.
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• Initial capacity: 1.0 GWh p.a. (2010)112

• Saturation: 4,000 GWh p.a. (2050)113

• Growth rate: 0.34 (0.31–0.42)
• Literature estimates based on BNEF and IEA 

global EV outlooks68,114

Comment: Saturation capacity based on 
assumption that all 75m cars that are sold per 
year (average in 2010–2020) are fully electric 
and have a 55 kWh battery in 2050

• Initial capacity: 0.06 GWh p.a. (1998)76

• Saturation: 65 GWh p.a. (2050)113

• Growth rate: 0.21 (0.20–0.22)
• Literature estimates based on Avicenne and 

Toyota66,76,113

Comment: Saturation capacity refers to 
alternative scenario where 50m hybrid electric 
cars are sold per year in 2050, all with a 1 kWh 
battery only

• Initial capacity: 0.13 GWh p.a. (2013)
• Saturation: 50 GWh p.a. (2050)
• Growth rate: 0.37 (0.36–0.44)
• Literature estimates based on WoodMac10

Comment: Saturation capacity based on 
assumption that 5% of all households globally 
(125m) will have a 6 kWh battery system with a 
15-year lifetime by 2050

• Initial capacity: 0.10 GWh p.a. (2012)
• Saturation: 150 GWh p.a. (2050)115

• Growth rate: 0.41 (0.26–0.57)
• Literature estimates based on WoodMac 

and BNEF10,115

Comment: Rate of deployment highly 
dependent on rate of cost reductions as these 
unlock further applications for electricity 
storage.
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8.4.7 Cumulative investment

The amount of cumulative investment required to deploy the projected volumes of cumula-
tive capacity are calculated through the integral of equation (1). It determines the cumulative 
spend required to go from the current installed capacity x1 to some future amount x2, thus 
installing the amount x2 – x1 while product prices reduce:

 Cumulative Spend   X( )=
X1

X2

∫ A X−b( )dx    (9)

Calculating this integral, while subtracting a target price (Ptarget, i.e. what consumers are will-
ing to pay) from the product price, returns the cumulative subsidy required to deploy a 
defined amount of storage capacity at a subsidized target price.

Figure 8.2 visualizes the approach to calculate cumulative spend. The entire shaded area 
reflects the cumulative spend to deploy ~999 GWh of vanadium redox-flow battery systems 
and increase cumulative deployed capacity from ~1 GWh to 1,000 GWh. As a result, product 
price reduces from P1 to Ptarget. If deployment of these electricity storage systems is subsi-
dized at Ptarget, the cumulative spend of the subsidy provider is shown by the dark area and 
the cumulative spend of the subsidy receiver by the light area.
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Figure 8.2 Visualization of the approach to calculate cumulative spend to reduce product 
price for vanadium flow battery systems from P1 = 800 USD/kWh to P2 = 200 USD/kWh. 
Dark-yellow area: cumulative spend of subsidy giver. Light-yellow area: Cumulative spend 
of subsidy receiver. Note that the size of the areas is not proportional to the total economic 
value due to the use of logarithmic axes, and the dark shaded area extends further below 
the axis to 0 USD/kWh.
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8.4.8 Total cost of ownership

To assess the competitiveness of an energy storage technology in a specific application rel-
ative to existing alternatives, all cost and performance parameters relevant throughout the 
technology’s lifetime must be considered.

For mobility applications, the metric total cost of ownership can be used. This metric sums 
all cost incurred by purchasing and operating the vehicle throughout its lifetime and divides 
it by the total mileage driven. It is based on the formula:116

 
TCO = 
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with RV the residual value at the end of life, r the discount rate, N the lifetime in years, mile-
age the distance travelled per year, and CRF the capital recovery factor, itself a function of 
discount rate and lifetime:

 CRF =
r   1+ r( )

N

1+ r( )
N
−1

 (11)

The capital recovery factor converts a present value into a constant rate of cash flows over 
a given time frame (i.e. annuity), accounting for the discount factor r and the total payment 
periods N (lifetime in years in this case). In mathematical terms, it reflects the reciprocal of 
the annuity factor, itself the sum of the geometric series that constant, discounted cash 
flows represent.

By considering only fuel tank or battery pack and gasoline or power price, the formula for 
cost of ownership (CO) is specified as:
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with Pfuel the gasoline or power price, ηfuel the fuel efficiency, η the round-trip efficiency of the 
energy storage device, DoD the depth of discharge, and Deg the annual degradation of the 
storage device, defined as the fraction of usable storage content lost per year. All inputs for 
these parameters can be found in Table 8.7.

The US is chosen for this example to complement studies that focus on electrification of 
personal vehicle transportation in this country.117 A gasoline price of ~2 USD/gallon is cho-
sen based on a reference crude oil price of around 40 USD/barrel, which was the average in 
2020. This price, however, is at the lower bound of average prices over the last 20, 30, and 
40 years (USD 54, USD 45, and USD 47).118

Lifetime cost for residential storage is calculated based on the formulas presented in sec-
tion 8.5 with the input parameters in Table 8.7. Charging cost are modelled as the LCOE for 
a residential solar PV installation. The 2020 German retail power price is taken as reference 
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power price up to 2040, with Germany chosen for this example, because recent growth in 
residential installations shows that it is a promising market for this application.58

In both applications (EV transportation, residential storage) recent deployment data show 
lithium ion as most common technology. Therefore, calculations are provided for this 
technology.58,67

8.4.9 Other cost projection methods

Chapter 4 compares projections based on experience curves to estimates made by experts. 
These estimates were obtained in structured discussions with experts. They rely on cogni-
tive heuristics and are therefore subject to bias.121

Table 8.7 Parameters and references used for lifetime cost analyses.

Gasoline fuel tank Lithium-ion 
battery pack

Residential lithium-
ion system

Investment cost USD 180 USD 4,500 (2020)* USD 9,000 (2020) *

Capacity (distance) 17 gallons (510 mi) 30 kWh (107 mi) –

Experience rate 0%119 24% ± 2% 13% ± 3%

Growth Rate – 0.34 (0.31, 0.42)** 0.37 (0.36, 0.44) **

Residual Value 0% (of capital cost) 0% (of capital cost) 0% (of capital cost)

Warranted lifetime 100,000 miles/ 
8 years

100,000 miles/ 
8 years

3,500 cycles/ 
10 years

Fuel Price 2.12 USD/gallon 0.13 USD/kWh120 <0.1 EUR/kWh (LCOE 
of solar PV)

Round-trip 
efficiency 100% 90% 92%

Depth-of-discharge 100% 80% 80%

Fuel efficiency 30 miles/gallon 4.46 miles/kWh*** –

Annual degradation 0% (of capacity) 2% (of capacity) 0.5% (of capacity)

Discount rate 5% 5% 5%

Retail power price – – 0.43 USD/kWhe (2020)

* Capacity × Price = 30 kWh × 150 USD/kWh (EV) or 6 kWh × 1,500 USD/kWh (residential)
** r parameter from equation (8)
*** Distance per capacity/(Capacity × Depth of discharge) = 107 miles/(30 kWh × 80%)
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Several methods recommended in the literature aim to minimize the use of heuristics and 
resulting biases in expert elicitations. While the comprehensive, visual presentation of all 
necessary evidence can minimize availability bias, asking for extreme values first and al-
lowing for refining these before making a best guess can help to avoid anchoring bias.121 
It appears more challenging to minimize overconfidence bias. Here, neutrally formulated 
questions and diligent interview conduction with probing questions that allow the expert 
to justify estimates are useful tools.121,122 Face-to-face interviews as opposed to telephone 
interviews or online surveys facilitate this evaluation of given probabilities and may ensure 
the elicitation is taken more seriously by experts.123 These best-practice recommendations 
from the literature are implemented to obtain representative results and minimize cogni-
tive heuristics and bias (see Table 8.8).

The estimates were obtained as follows (see Table 8.9). Before the interview, potential ex-
perts were contacted and, upon agreement of participation, an elicitation protocol was sent 
2 weeks before the interview. The elicitation protocol outlines the motivation for the study, 
compiles background material on technological and economic aspects of the technology, 
describes the expert elicitation technique, and contains the elicitation questionnaire. Iterat-
ing this protocol with internal experts allowed for capturing the latest available and relevant 

Table 8.8 Cognitive heuristics and bias and recommended countermeasures121,124.

Description Countermeasure

Anchoring

Tendency to rely too heavily on 
a first piece of information (the 
‘anchor’) and adjust relatively 
conservatively from this when 
making probabilistic decisions, 
rather than fully considering factors 
which may influence a quantity of 
interest, leading to overconfident 
estimates (i.e., too narrow ranges).

• Informing interviewee about 
heuristic

• Asking for extreme estimates 
first (90th, 10th percentiles), 
then for median estimate 
(50th percentile)

• Asking for reasons for 
estimates to lie outside of 
indicated range

Availability

Heuristic procedure of making a 
decision according to the ease with 
which one can imagine an event 
occurring, which may for example 
bias judgements towards recent 
trends or events.

• Informing interviewee about 
heuristic

• Asking for reasons for 
estimates to lie outside of 
indicated range

Overconfidence

Heuristic procedure of making 
confidence intervals according 
to the span of ad-hoc imaginable 
outcomes that are too narrow due 
to limited information availability.

• Neutrally formulated 
questions

• Probing questions allowing 
expert to justify estimates

Representativeness Judgement based on insufficiently 
representative information.

Providing background material 
to compile latest data and 
research insights from multiple 
sources.
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information, phrasing unambiguous questions, and identifying academic and industry ex-
perts in the field.

During the interview, the first hour was spent discussing the background material to mini-
mize any availability bias. The second hour was spent introducing the case studies to limit 
technical ambiguity and eliciting the values of interest. Experts were asked for 10th, 50th, 
and 90th percentile estimates with extreme values being identified first to minimize any 
anchoring bias.121 Using probing questions, they were supported in critically assessing, re-
fining, and verifying the given values. By eliciting distinct parameters (e.g. investment cost), 
instead of aggregate parameters that require implicit calculations (e.g. levelized cost), un-
certainty was further minimized.121,125 Audio recordings were made with the experts’ per-
mission to ensure all responses were captured correctly. After the interview, responses 
were transcribed into a spreadsheet and potential implications were derived based on the 
elicited values in a separate document. Both were sent to the expert to allow for adjust-
ments, point out potential inconsistencies, ask for additional comments and receive final 
approval of the elicited values.

Eleven experts were interviewed on lithium-ion battery packs.126 While 10 is a common num-
ber of experts to interview,127 there is no one rule for the correct number of interviewees 
required. However, it is important to select a set of experts who adequately represent the 
diversity of expert opinion in the area.123,128 As such, equal numbers of experts were select-
ed from academia and industry. All experts come from the UK, which limits the represented 
perspective of that technology to the UK. The interviews took place between October 2015 
and June 2016.

The resulting investment cost estimates for 2020 and 2030 are compared to projections 
based on previously identified experience curves for lithium-ion batteries. An experience 
rate of 16 ± 4% is used. This rate is based on price and cumulative deployment data from 
2010 to 2015 and thereby reflects the available information at the time of expert elicitation 
interviews.129

Estimates were elicited in EUR (2016) or EUR (2015). The conversion to USD (2020) is per-
formed using the Eurozone consumer price index inflation and the GDP-based power pur-
chase parity exchange rate for 2020.45,46

Table 8.9 Elicitation procedure.

Phase Interactions with expert Timeline/Duration

Before interview
1.  Making initial contact
2.  Sending elicitation protocol 

(background material, questionnaire)

-
2  weeks before interview

During interview
3.  Discussing background material
4.  Eliciting values of interest with 

questionnaire

1 hour during interview 
1 hour during interview

After interview 5.  Sending elicited values and possible 
implications for final approval

1 week after interview
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8.5 Lifetime cost
In Chapter 5, the lifetime cost methodology for energy storage technologies is introduced 
and applied. This approach is appropriate to assess the economic case for energy storage 
technologies because lifetime cost account for all technical and economic parameters af-
fecting the cost of delivering stored energy or power.

8.5.1 Methodology

Lifetime cost sum all cost incurred by a technology over its lifetime and divide those by the 
total output produced over its lifetime. They thereby reflect the minimum remuneration re-
quired for the project to have a net present value of zero. For energy storage technologies, 
there are two forms of lifetime cost. Levelized cost of storage (LCOS) quantifies the cost for 
discharging energy, in other words what you need to get paid for each MWh. Annuitized 
capacity cost (ACC) quantifies the cost of providing power capacity per year, that is, what you 
need to get paid for each kW in a year. Table 8.10 derives the equations for both metrics.

Table 8.10 Derivation of formulas for levelized cost of storage and annuitized capacity 
cost. NPV—net present value, Eout(n)—electricity discharged per year, Capp, nom—nominal 
power capacity, n—year, N—lifetime in years, r—discount rate. For simplicity, construction 
time is neglected.

Levelized cost of storage (LCOS) Annuitized capacity cost (ACC)

NPV = 0 NPV = 0

NPV  of  cost = NPV  of  revenue NPV  of  cost = NPV  of  revenue

cost n( )
1+ r( )

n
n

N

∑ =
revenue n( )
1+ r( )

n
n

N

∑
cost n( )
1+ r( )

n
n

N

∑ =
revenue n( )
1+ r( )

n
n

N

∑

cost n( )
1+ r( )

n
n

N

∑ =
E
out

n( )⋅LCOS
1+ r( )

n
n

N

∑
cost n( )
1+ r( )

n
n

N

∑ =
Cap

p,nom
⋅ ACC

1+ r( )
n

n

N

∑

cost n( )
1+ r( )

n
n

N

∑ = LCOS ⋅
E
out

n( )
1+ r( )

n
n

N

∑
cost n( )
1+ r( )

n
n

N

∑ = ACC ⋅
Cap

p,nom

1+ r( )
n

n

N

∑

LCOS =
n

N
∑

cost n( )
1+ r( )

n

n

N
∑

E
out

n( )
1+ r( )

n

ACC =

n

N
∑

cost n( )
1+ r( )

n

n

N
∑

Cap
p,nom

1+ r( )
n



8.5  Lifetime cost 281

Levelized cost of storage (LCOS) divides all cost incurred throughout the lifetime of the 
technology by the total discharged electricity. Annuitized capacity cost (ACC) divides all cost 
incurred throughout the lifetime of the technology by the power capacity and discounted 
lifetime. In both metrics, not only the cost but also the output need to be discounted as it rep-
resents future revenue. Equation (13) and equation (14) display the formulas for LCOS and 
ACC including all cost components. The unit for LCOS is USD/MWh and USD/kW-year for ACC.
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The equations incorporate all elements required to determine lifetime cost: Investment, 
replacement, operation and maintenance (O&M), charging, and end-of-life cost divided 
by electricity discharged (E

out
) or power provided (Cap

p,nom
) during the lifetime. They sum 

ongoing cost in each year (n) up to the lifetime (N), discounted by the discount rate (r).

For simplicity, equations (13) and (14) introducedN as the lifetime. This value differs de-
pending on the component of the equation that is being calculated. It can refer to the con-
struction timeT

con
, operational lifetime of the storage systemN

op
 or the sum of two, the pro-

ject lifetimeN
project

.
 N

project
= T

con
+ N

op
 (15)

Project lifetime can be set to a pre-defined value representing an investment horizon (e.g. 
20 years) or determined by calculating operational lifetimeN

op
based on the temporal (Deg

t
)  

and cycle degradation (Deg
c
) of the storage system and a pre-defined degradation thresh-

old (EoL).

 N
op
=

log EoL( )
log 1-Deg

t( )+Cycpa ◊ log 1-Deg
c( )

 (16)

The unit for ACC has the subscript ‘year’ because power is the rate of work with respect to 
time. In equation (14) it is discounted over its lifetime given in years, which means ACC refer 
to an annual cost. In contrast, energy is the ability to do work, irrespective of time. LCOS 
therefore refer to the cost of a specific output unit (e.g. MWh).

Investment cost account for nominal power (Cap
p,nom

) and energy capacity (Cap
e,nom

) and spe-
cific power (C

p,inv
) and energy storage capacity cost (C

e,inv
). If construction of the technology 

takes multiple years T
con( ) , then the costs are discounted to reflect their present value with 
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respect to the year in which they are spent. The assumption is made that equal shares of the 
total investment cost are spent in each construction year.

 
n

N

∑ Investment

1+ r( )
n
= 

n=1

Tcon

∑
C
p,inv
⋅Cap

p,nom
+ C

e,inv
⋅Cap

e,nom

1+ r( )
n−1  (17)

FREQUENTLY ASKED QUESTION

Does it matter if the power of the discount factor equation (1 + r) is set to n or 
(n – 1)?
Setting the power to (n – 1) slightly overestimates the present value of the 
investment cost. It determines the discount factor as of the beginning of each year. 
Example: in the initial year, there is no discounting since (1 + r)(1–1) = 1. However, 
the value of money will reduce throughout the initial year. Alternatively, setting 
the power to n will reflect discount factor values at the end of each year. Example: 
in the initial year, there would already be discounting since (1 + r)(1) = (1 + r). This 
would then underestimate present values. The approach could be optimized by 
determining an average discount factor based on beginning of year and end of 
year values. For simplicity, the analyses in this book follow the approach of setting 
the power to (n – 1).

Replacement cost account for specific replacement cost for power (C
p,rep

) and energy stor-
age capacity (C

e,rep
). There are two options to account for these.

Option 1: The cost could be accounted for in the specific year in which the replacement 
occurs. In this case, the replacement interval Trep( ) reflects the number of years after which 
replacement is necessary and is determined based on the number of cycles after which 
replacement Cyc

rep( ) is required relative to annual cycles   Cyc
pa( ). The variable k reflects the 

replacement occurrence and the variable R the total number of replacements throughout 
the lifetime of the technology.

 
n
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∑Replacement

1+ r( )
n
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k=1
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∑
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p,rep
⋅Cap

p,nom
+C
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⋅Cap

e,nom

1+ r( )
Tcon+k⋅Trep

 (18)

with

T
rep
= 
Cyc

rep

Cyc
pa

 (19)

and

R= 
N
op

T
rep

 (20)

Option 2: Replacement cost can be converted into an annual cost reflecting upfront pay-
ments into a savings account dedicated to future replacements to avoid large one-off 
 expenses when actual replacements occur. In effect, the annuitized payment required to 
 cover replacement cost through the lifetime of the system is charged each year. The NPV of 
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this cost is given by (18) except that the constraint that R takes an integer number is relaxed 
(i.e. the total number of replacements can be  a fractional number).

The analyses in this book determine replacement cost based on Option 2.

O&M cost account for power and energy specific operation and maintenance cost (C
p,om

andCe,om) relative to nominal power capacity and annual charged electricity (E
in
). Annual 

charged electricity accounts for the nominal energy capacity, the depth-of-discharge (DoD),  
round-trip efficiency (ηRT), cycle degradation (Deg

c
), and time degradation (Deg

t
).

 O&M cost
1+ r( )

nn

N∑ =
n=1

Nop

∑
C
p,om
⋅Cap

p,nom
+ C

e,om
⋅ E

in
n( )

1+ r( )
n+Tcon−1

 (21)

 E
in
n( )= 

Cap
e,nom
⋅DoD ⋅Cyc

pa( )
η
RT

⋅ 1−Deg
c( )

(n−1)⋅Cycpa
⋅ 1−Deg

t( )
(n−1)

 (22)

Cycle degradation accounts for a predefined end-of-life threshold (EoL) relative to nominal 
energy storage capacity (e.g. 80%) and cycle lifetime (Life

cyc
) of the technology. It can be de-

rived as follows:
 Cap

e,nom
⋅ 1−Deg

c( )
Lifecyc = EoL ⋅Cap

e,nom 
 (23)

 Deg
c
=1−EoL

1
Lifecyc  (24)

Similarly to discount factors, setting the power of the degradation factor equations to n−1( ) 
will slightly underestimate degradation and thereby overestimate charged electricity (see 
the earlier Frequently Asked Question).

Charging cost are determined by multiplying electricity price (P
el
) with the annual charged 

electricity.

 Charging

1+ r( )
nn

N∑ =
n=1

Nop

∑
P
el
⋅ E

in
n( )

1+ r( )
n+Tcon−1

 (25)

End-of-life cost consider specific cost (or residual value) for the power (C
p,eol

) and energy 
components (C

e,eol
) at their end-of-life. Nominal energy capacity needs to account for cycle 

and temporal degradation during operational lifetime. The costs are discounted towards 
the end of technology lifetime.
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nn
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1+ r( )
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 (26)

Discharged electricity (E
out

) is determined by multiplying annual charged electricity with the 
technology’s round-trip efficiency and self-discharge (ηself ), and discounting the product 
over time.

 
n

N

∑
E
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n( )
1+ r( )

n
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n=1

Nop

∑
E
in
n( ) ⋅ ηRT ⋅ 1−ηself( )
1+ r( )

n+Tcon−1
 (27)
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The analysis uses proxy values for self-discharge that reflect the ability of the individual stor-
age technologies to keep charge in idle state. The actual self-discharge depends on the us-
age of the technology in the modelled application and should be further specified in more 
detailed analyses. Since losses incurred through self-discharge depend on operation of the 
storage system, these are not accounted for in the given values for nominal energy capacity 
of the storage system.

Power provided is determined by discounting nominal power capacity over the lifetime.

 
n

N

∑
Cap

p,nom

1+ r( )
n = 

n=1

N

∑
Cap

p,nom

1+ r( )
n+Tcon−1

   (28)

8.5.2 Modelled technologies

In Chapter 5, the most cost-efficient electricity storage technologies for the chosen archetype 
applications are identified. However, not all technologies are modelled in each application. 
Pumped hydro and compressed air have response times of larger than 10 seconds and are 
usually built-in systems larger than 1 MW power capacity. They are therefore not modelled 
for fast response services: frequency regulation, frequency response, and high-cycle, and 
not for consumer-side services: self-consumption, demand reduction, and power reliability.

8.5.3 Investment cost assumptions

The modelled lifetime cost projections account for future investment cost projections. 
These are determined using experience curve analysis for the total investment cost of elec-
tricity storage systems (see Chapter 4). For those technologies where no experience rate 
is available, assumptions on future cost reduction have been made. The resulting relative 
investment cost reductions (see Table 8.11) are applied to the 2020 specific investment cost 
input parameters in Table 3.2.

8.5.4 Monte Carlo analysis

Monte Carlo simulations generate random samples from a given probability distribution 
to estimate or simulate expectations of mathematical functions under that distribution.130 
This method was first used systematically during the 1940s to investigate properties of 
neutron travel through radiation shielding as part of the Manhattan Project.131 It is said to 
be named after the Monte Carlo Casino in Monaco, drawing a comparison between the ran-
dom sampling for mathematical simulations and the random sampling in gambling games 
like roulette. The method is now used as scientific tool for mathematical problems that are 
analytically intractable and for which experimentation is too time-consuming or costly.131

To perform a Monte Carlo analysis, a subjective probability distribution must be assigned to 
the given, uncertain parameters. The distribution can be uniform (where data is limited but 
uncertainty is low), triangular (when a midpoint exists), log-uniform or log-normal (when 
uncertainty exceeds a factor of 10).132 Other distributions such as normal or empirical are 
also common as they often reflect the distribution of real-world data. Various others like 
Poisson, Weibull, or discrete distributions can be used as well.



8.5  Lifetime cost 285

In this book, simple random sampling is used as Monte Carlo method. That means for 
each iteration, a random sample is taken from within the distribution that is specified for 
an uncertain parameter. Other methods like Latin Hypercube Sampling can be more effi-
cient, in terms of required iterations for a meaningful result, but are less straightforward to 
understand.132

For the lifetime cost calculation, a Monte Carlo simulation is conducted to account for the 
uncertainty of technology input parameters. A normal distribution is attributed to a tech-
nology parameter, x, based on its central estimate, µ, and standard deviation, σ. A normal 
distribution is assumed to best reflect the variation of input parameters.

The parameters subject to variation are:

 ● Specific investment cost (C
p,inv

,C
e,inv

)
 ● Specific O&M cost (C

p,om
,C

e,om
)

 ● Specific replacement cost (C
p,rep

,C
e,rep

)
 ● Round-trip efficiency (ηRT )
 ● Cycle life (Life

cyc
)

For simplicity, the same standard variation is assumed for all technologies and parameters, 
increasing over time. Table 8.12 shows this variation as coefficient of variation, which is the 
standard deviation, σ, divided by the mean, µ. This metric allows expressing the value for all 
technologies and parameters.

The Monte Carlo analysis simulates 1000 lifetime cost calculations per technology applying 
the variation to the respective parameters. Extreme values are excluded by taking the 90th 
percentile of the results and excluding the 10th percentile.

Table 8.11 Investment cost projections relative to 2020.

2015 2020 2025 2030 2035 2040 Comment

Pumped hydro 100% 100% 100% 101% 102% 103% Experience rate projection

Compressed air 100% 100% 100% 100% 100% 100% Assumption

Flywheel 165% 100% 70% 53% 44% 40% Assumption

Lithium ion 197% 100% 52% 33% 25% 22% Experience rate projection

Sodium sulphur 165% 100% 70% 53% 44% 40% Assumption

Lead acid 165% 100% 70% 53% 44% 40% Assumption

Vanadium redox 
flow 226% 100% 59% 42% 34% 31% Experience rate projection

Hydrogen 122% 100% 55% 38% 29% 25% Experience rate projection

Supercapacitor 165% 100% 70% 53% 44% 40% Assumption
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8.5.5 Probability analysis

The probability (P) of a technology exhibiting lowest lifetime cost in each application reflects 
the frequency with which each technology exhibits minimum cost when accounting for un-
certainty in the Monte Carlo simulation.

If lifetime cost for technology A, B, andC are {a1; a2; . . . ; a1000}, {b1; b2; . . . ; b1000}, and {c1; c2; 
. . . ; c1000} respectively, up toN technologies, then

P a
i
=min LCOS( )= P a

i
<b

k
, k ∈ 1;1000⎡
⎣⎢

⎤
⎦⎥( ) ⋅P a

i
<c

k
, k ∈ 1;1000⎡
⎣⎢

⎤
⎦⎥( )⋅… (29)

    P A=min LCOS( )= 1
1000N

⋅
i=1

1000

∑ a
i
<b

k
, k ∈ 1;1000⎡
⎣⎢

⎤
⎦⎥ ⋅ ai <ck , k ∈ 1;1000

⎡
⎣⎢

⎤
⎦⎥ ⋅…  (30)

with |X| the cardinality of set X.

So, if the maximum of the lifetime cost distribution for technology A is below the minimum of 
all other technologies, technology A is set as the cheapest option with 100% probability (see 
Figure 8.3a). However, if the intersection between the LCOS distributions is not an empty set, 
the probability is lower (see Figure 8.3b). The approach then counts the occurrences when 
technology A exhibits lower lifetime cost than all other technologies and divides by all occur-
rences (1000N) to arrive at the probability of the technology exhibiting the lowest lifetime cost.

8.5.6 Lifetime cost landscape

To explore the sensitivity of lifetime cost to discharge duration and annual cycles, the LCOS 
or ACC of each technology is determined for each year between 2015 and 2040 using the 

Lifetime costLifetime cost

Technology A Technology B

P
ro

b
a

b
il

it
y

P
ro

b
a

b
il

it
y

(a) (b)

Figure 8.3 Schematic for probability assessment. (a) Technology A has 100% probability 
of lower lifetime cost than technology B. (b) Technology A has 83% probability of lower 
lifetime cost than technology B.

Table 8.12 Coefficient of variation assumed for each technology and parameter subject to 
variation.

2015 2020 2025 2030 2035 2040

Coefficient of variation 20% 25% 30% 35% 40% 45%
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central estimate for technology inputs, fixed electricity price (50 USD/MWh), and discount 
rate (8%), while varying discharge duration and annual full equivalent discharge cycle re-
quirements. Discharge duration and cycle requirements are varied in 1,000 steps on a loga-
rithmic scale between 0.25 to 1,024 hours and 1 to 10,000 cycles respectively.

Technologies with the lowest lifetime cost at a specific discharge duration—annual cy-
cle combination is represented by the respective colour. Lighter areas are contested be-
tween at least two technologies, while darker areas indicate a strong cost advantage of 
the prevalent technology. White spaces mean LCOS of at least two technologies differ by 
less than 5%.

8.6 Market value
In Chapter 6, the revenue that storage may earn from providing services is assessed across 
four major world markets. Revenue is harmonized according to the service requirements, in 
terms of cycling frequency and discharge duration to create a ‘landscape chart’ for revenue, 
which is then compared to the levelized cost and annuitized capacity cost from Chapter 5 to 
analyse the potential profitability of storage across the full spectrum of application require-
ments. Arbitrage is then considered in more depth, introducing an algorithm for finding the 
profit-maximizing storage dispatch and applying this to historical electricity prices from 36 
markets.

This section outlines the methodology to assess the economic market value for electricity 
storage in various power system applications and the capacity required to integrate varia-
ble or relatively inflexible low-carbon generation.

8.6.1 Market value for any application

The economic market value of electricity storage in providing various applications is as-
sessed using review data compiled by Balducci for the US and Housden for Great Britain, 
Germany, and Australia.133,134 These values were matched to the discharge duration and 
annual cycle requirement ranges that were used in the review to differentiate between 
applications.133,135

Due to the lack of data for long-term storage applications, the value of seasonal storage was 
modelled using the storage dispatch algorithm developed by Ward et al. based on whole-
sale price data from each market (see section 8.6.2).136 The algorithm finds the maximum 
profit that could be achieved by buying and selling power into the wholesale day-ahead 
market, assuming energy-only pricing (i.e. no capacity market payments). It was run for an 
80% and 30% efficient technology with discharge durations of 512, 768, and 1,024 hours, 
returning discharge frequencies between 1.75 and 4.65 full equivalent cycles per year and a 
value range of 1–179 USD/kW-year.

The ranges of economic values, duration and frequency requirements for each application 
were used to determine the economic value of any potential application with a discharge 
duration between 0.25 to 1,024 hours and 1 to 10,000 annual discharge cycles. Duration 
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Figure 8.4 Allocation of market values to the entire frequency-duration space based on the variation in value, duration and frequency 
requirements of specific applications and a nearest neighbours’ algorithm. Top panels (a, b, c): Three sample Monte Carlo trial results 
where each of the 13 applications is assigned an economic value, discharge duration and frequency from within their given range and 
each point on the duration-frequency matrix is assigned the value of its nearest application. Bottom panels (d, e, f): Gaussian smoothing 
kernel applied to Monte Carlo trial result.
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and frequency were varied in 1,000 steps on a logarithmic scale to obtain this spectrum. A 
Monte Carlo simulation with 1,000 trials sampled across three dimensions of uncertainty: 
(i) the identified economic values and within the (ii) discharge and (iii) frequency ranges for 
each application.133,135 Thus, for each trial there were 13 applications with a unique eco-
nomic value and requirements for discharge duration and frequency. Each point on the 
duration-frequency matrix was then assigned the value of its nearest application, creating a 
Voronoi diagram for each Monte Carlo trial, as shown in Figure 8.4(a–c).

The discrete nature of the results from individual Monte Carlo trials lead to sharp discon-
tinuities between the values of adjacent cells, so the resulting data from each trial were 
smoothed using a Gaussian kernel across the frequency-duration space (i.e. so that the 
data in each cell become an average of the original data across all surrounding cells). This is 
transformation is shown in Figure 8.4(d–f).

Finally, mean, 25th and 75th percentiles were determined for the entire spectrum based on 
the 1,000 Monte Carlo trials.

This analysis was conducted for economic market values (MV) in power (USD/kW-year) as 
well as energy terms (USD/MWh). Conversion was performed with the product of discharge 
duration, DD, and annual cycles, Cycpa, of the respective application.

 MV
energy
=
MV

power
×103

DD×Cyc
pa( )

 (31)

In an alternative approach, economic market values were not sampled from the explicit lit-
erature values identified, but instead randomly chosen between 25th and 75th percentiles 
of those values. This was performed to test the robustness of the analysis.

8.6.2 Arbitrage value

The operation of storage systems is widely modelled using historical time series of pow-
er prices or modelled prices produced by electricity market models, where the aim is to 
maximize profit from arbitrage.137–142 Storage operation is also incorporated directly into 
numerous power and energy system models, where the aim is instead to minimize total sys-
tem cost.143–146 The latter is relevant to transmission system operators and system planners, 
whereas the former is more relevant to investors and developers of storage.

Linear optimization techniques are commonly used to find the schedule of charging and 
discharging, also called the dispatch of storage systems.137,138,142,147–149 Several other meth-
ods have been explored, including Monte Carlo (testing random dispatch schedules and 
iterating towards ones that maximize profit),140 approaches from game theory (to consider 
behaviour of storage operators in markets with limited competition),150–152 the use of cali-
brated moving averages (to model the role in smoothing renewables output or demand),153 
and functional algorithms (which hard-wire the ‘rules’ for finding maximum profit).147,154

The model we demonstrate here fits into the fourth category: it uses simple logic to iden-
tify the most profitable actions to take, within the constraints of the system’s operation. 
For a given time series of prices, it finds the dispatch schedule that maximizes the profit 
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from arbitrage. The algorithm was first proposed by Lund and was extended by Staffell and 
Ward.136,154,155

Its key advantages are speed and simplicity. The hourly dispatch schedule across a whole 
year can be found within seconds (as can be demonstrated on the ‘Storage Dispatch’ tab of 
<www.EnergyStorage.ninja>). It also does not require general-purpose optimization solvers 
(such as CPLEX or Gurobi), and can be run as a standalone algorithm or easily incorporated 
into other models. The disadvantage is that the algorithm is not guaranteed to find the 
global optimum solution when considering thousands of time periods (e.g. 1 year of hourly 
data), and may instead settle on one of many similar local optima. However, the local optima 
Ward finds are within 0.2% of the global optimum.136

The algorithm works by pairing periods of time together when charging and discharging 
should occur. It begins with the periods of maximum and minimum price, as these will 
yield the greatest arbitrage profit. Those prices are then removed from the time-series as 
the storage is now operating at its limits (charging or discharging at maximum power). It 
then seeks the next best periods to pair together, starting from the next-highest price for 
discharging and repeats the process. It may not be possible to connect this next-highest 
price with the absolute lowest price remaining in the time series because of constraints on 
the system’s state of charge. The algorithm prevents any pairings that would either raise 
the state of charge over the maximum storage capacity (because charging occurs before 
discharging, and at some point between the two the system is already fully charged); or 
ones which would lower the state of charge below zero (because recharging occurs af-
ter discharging, and at some point the system is already depleted). The impact of these 
constraints is shown in the example of Figure 6.9. Arbitrage profit is then calculated as 
the total revenue from discharging (energy sold in each period multiplied by the price in 
that period) minus the total cost of charging (energy bought in each period multiplied 
by its price), minus any marginal costs of operation which can be specified by the user. A 
summary of the algorithm’s operation is given in Figure 8.5, while full descriptions of the 
algorithm along with open-access code implementations are available from Staffell and 
Ward.136,154

The analysis of arbitrage value presented in Chapter 6.3 is based on historical electricity 
prices in 36 markets around the world, which were chosen based on data availability and 
quality (specifically having data with hourly resolution or better, covering at least two years, 
with less than 1% missing or corrupted values). This includes 25 national markets in Eu-
rope, five regional markets in the US, five in Australia, and national average prices Japan. A 
full list of coverage and data sources is given in Halttunen.156 We use day-ahead wholesale 
prices for each market, following Zipp,157 as these markets have the highest liquidity and 
greater similarity in their setup (hence more representative prices than real-time spot mar-
kets), along with greater data availability. All prices were converted to USD using market 
exchange rates with daily resolution.158 Scandinavia, the US, and Italy use nodal or zonal 
pricing, meaning that prices within a market at any given time can differ strongly by loca-
tion. Prices were aggregated to market level using load-weighted averages, which will tend 
to homogenize prices in these markets, and thus may underestimate the value of arbitrage. 
The analysis presented here could be repeated with prices from specific markets or nodes 
within a market using the tools at <www.EnergyStorage.ninja>.

We model the impact of storage on power prices, and the impact of price cannibalisation 
on storage operation, by coupling the algorithm described above with a simple electricity 

http://www.EnergyStorage.ninja
http://www.EnergyStorage.ninja
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Figure 8.5 An algorithm for finding the profit-maximizing dispatch of energy storage 
for a given time-series of prices. The algorithm finds the change in the state of charge 
(dC/dT) at all time periods by iteratively identifying the time of minimum and maximum 
prices (Tmin and Tmax), assessing the selling price (Pmax) relative to the cost of production (a 
function of Pmin and the storage performance parameters), and operating constraints that 
restrict when charging and discharging can occur (to prevent state of charge exceeding its 
technical limits). See Ward for further details.136

market model. A structural market model, MOSSI,159–161 is used to discover the least-cost 
dispatch of power stations and storage to meet half-hourly demand in the British electric-
ity market. A supply curve is created from the short-run marginal cost of every power sta-
tion, and the intersection of this with the demand curve in each half-hour period of time is 
used to determine the generation mix and resulting wholesale price. The model ignores 
inter-temporal constraints on power station operation (such as extended start-up and shut-
down times), and ancillary service markets (which account for ~1% of the cost of genera-
tion).160 In doing so, it gains the advantage of speed, thus allowing one year of half-hourly 
dispatch to be calculated within ~2 seconds, versus several minutes to hours from more 
complex market models. A particular focus on the model is to generate an accurate rep-
resentation of market prices, both in terms of their hourly level and also their variability, 
which is of particular importance for valuing arbitrage services.136,160

Storage can be integrated into this (and any other type of model) by an iterative hard-linking 
approach.136 The storage capacity is divided into a number of smaller units (e.g. of 10 MW 
each). The market model is first run without any storage to generate an initial series of pow-
er prices. The storage algorithm is then run with this set of prices, and used to determine 
the dispatch profile for the first unit of storage. The output of this storage is then subtracted 
from demand, and the market model rerun to generate a new series of prices. The second 
unit of storage is then dispatched with these prices, and so on. Revenues, costs, and profits 
for the entire storage fleet are calculated from the final prices which emerge after all stor-
age units have been dispatched. Even though the first units of storage are dispatched us-
ing the wrong prices (as they were calculated without the influence of subsequent storage 
units), this is corrected for by later iterations, and with a sufficiently small step size, errors in 
the final dispatch (and thus profit) are negligible.136 Alternative methods are possible, such 
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as providing the storage algorithm with knowledge of the relationship between storage 
output and price (i.e. the market-wide supply curve), so that it implicitly chooses the correct 
dispatch for the entire storage fleet first time. This is shown by Ward to yield the same end 
results with lower computational time, at the cost of more complexity for the user in inte-
grating the storage algorithm into the electricity market model.136

8.6.3 Finances of energy storage projects

The finances of energy storage projects are described by standard profitability metrics: net 
present value (NPV), internal rate of return (IRR), and payback period.

NPV determines the present value of the sum of all cash flows over the life of a project. All 
revenue and cost cash flows are discounted and summed. The sum of all discounted cost is 
then subtracted from the sum of all discounted revenues (equation (32)). If the NPV is great-
er than 0, the project will be profitable.

 NPV =
n

N

∑
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1+ r( )

n −
n

N

∑
cost n( )
1+ r( )

n
 (32)

Using the variables already defined in the previous sections as well as the price for each unit 
of energy discharged P

e
(e.g. USD/MWh) and the price for each unit of power provided per 

year Pp (e.g. USD/kW-year), the NPV formula for energy storage projects can be tabulated as 
equation (33).
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The internal rate of return represents the discount rate r that returns an NPV of 0. It must 
be calculated iteratively through trial and error or by using software programmed to calcu-
late IRR.
 NPV = 0=

n

N

∑
revenue n( )
1+ IRR( )

n
−

n

N

∑
cost n( )
1+ IRR( )

n
 (34)

The payback period describes the time it takes to recover the cost of an investment. It is the 
year (and month, depending on modelling granularity) at which the cumulative cash flows 
(revenue and cost) turn positive. If there is an initial investment and fixed cash flows thereaf-
ter, the payback period can be determined as follows.

 Payback  period   in  years( )= Initial  investment
Annual  cash  flow

 (35)

However, for energy storage projects as well as most other investments, cash flows are not 
constant. Therefore, models that determine the cash flows in each time period are required 
to determine the payback period.
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Payback period can be determined as simple or discounted payback period. Simple pay-
back period is determined without discounting future cash flows. Discounted payback peri-
od is determined by discounting future cash flows.

Further details on these standard methodologies to determine the finances of an invest-
ment can be obtained from textbooks on corporate and project finance or respective online 
webpages.162,163

8.7 System value
Chapter 7 looks into the system value that energy storage provides in integrating variable 
and inflexible low-carbon power sources into power systems.

8.7.1 Great Britain case study

The value of electricity storage in enabling low-carbon power systems is investigated in a 
meta-analysis by reviewing multiple academic, industry and government studies conducted 
that model the future evolvement of Great Britain’s (GB) power system.

The value that electricity storage offers to power systems is a function of three study dimen-
sions: the power system set-up (e.g. renewable, nuclear, flexibility capacity), model type (e.g. 
temporal and spatial resolution, technology detail), and input assumptions (e.g. technology 
cost, carbon and fuel prices). An additional study would likely be limited to one viewpoint on 
all of these aspects and could not present a consensus view. Instead, considering openly 
available studies in a meta-study approach allows heterogeneity across all study dimen-
sions and enables identification of trends and a consensus view (if one exists).

The GB system is suitable for assessing the system value of electricity storage due to:

 ● High data availability from multiple studies by various institutions
 ● Ambitious targets for decarbonization of the power system164

 ● Increasing penetration of low-carbon electricity1

 ● Limited interconnection to neighbouring countries (4 GW in 2020)1

The chosen studies employ power system models and optimize for lowest cost under car-
bon emission and technology penetration constraints. The study by Edmunds et al. (see 
Table 7.1) is not considered because installed electricity storage capacities do not reflect re-
quirements for system adequacy but the specific potential of two newly proposed pumped 
hydro storage sites only.165

All scenarios in the reviewed studies are assessed for installed capacity and generation of 
all electricity technologies (i.e. coal, gas, wind, solar, hydro, nuclear, biomass, geothermal, 
waste, wave, electricity storage, demand-side response (DSR), interconnection, open cycle 
gas turbine (OCGT), oil, diesel), and peak demand.
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Electricity technologies are grouped into three categories:

1. Bulk generation capacity: Coal, gas combined cycle gas turbine (CCGT), wind, solar, 
nuclear, biomass, geothermal, waste, wave

2. Flexibility capacity: Electricity storage, DSR, interconnection, OCGT, oil, diesel, hydro
3. Firm reliable capacity: All, except wind and solar (and wave)

Missing information were inquired directly from the authors of the studies. If CCGTs are 
modelled with less than 100 full load hours per year, they are categorized as flexibility and 
not bulk generation capacity. Respective values for the existing GB power system in 2020 
for comparison are taken from the Digest of UK energy statistics report.1

The resulting data are assessed for modelled electricity storage, flexibility, and total capac-
ity relative to the share of wind, solar, and nuclear power capacity and energy generation. 
These three low-carbon technologies are chosen as dependencies because of their variable 
(i.e. solar, wind) or relatively inflexible (i.e. nuclear) generation pattern, creating the need for 
flexibility capacity such as electricity storage (see Chapter 1).

To account for varying peak demand values across power systems, the requirements for 
electricity storage, flexibility, and total capacity are normalized for this factor. The modelled 
dispatchable capacity relative to peak demand is also assessed.

In addition, the impact of the following variables on electricity storage and flexibility require-
ments in general were tested: nuclear penetration, electricity storage discharge duration, 
the ratio of wind to solar.

8.7.2 Global power system

The analysis of global flexibility capacity requirements in the so-called thought experiment 
is based on projections for the power sector of the Integrated Assessment Modelling Con-
sortium (IAMC) to 2100 used for the IPCC 1.5 °C report in scenarios with a 50% likelihood to 
limit average global surface temperature increase to below 2 °C.166–168

Global non-coincident peak demand in each year was determined by dividing total global 
annual electricity demand by 8,760 hours to compute average demand and multiplying 
that by 1.8. This factor of 1.8 is the ratio between average and peak demand, identified by 
comparing average demand in 2005 to 80% of total generation capacity. The year 2005 was 
chosen because wind and solar capacity only formed 1% of total generation capacity. It is 
also implied that only 80% of the generation capacity is supposed to meet peak demand, 
assuming a system margin of 20%. The ratio between average (440 GW) and noncoincident 
peak demand (770 GW) in the US is also 1.8,169 which confirms the ratio assumed in this 
analysis.

An implicit assumption in the ‘thought experiment’ is that hourly demand profiles remain 
unchanged compared to 2005. However, selected studies suggest this profile will change 
in future, projecting an increase of 20–25% in peak demand relative to average demand by 
2050 in selected countries,170 due to increasing electrification of heat and transport.

Projections for hydro- and oil-based generation capacity are considered as flexibility capac-
ity, in addition to 2020 installation levels of electricity storage (175 GW), interconnection 
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(180 GW) and demand-side response (40 GW) since these are not projected into the 
future.9,11,171

The results are compared to the flexibility capacity modelled in the study by Jacobson et al. 
for a 100% wind-, water-, and sunlight-based energy system in 2050.172

8.7.3 Energy perspective

The analysis on the role of electricity storage in integrating wind and solar generation is 
based on the approach laid out by Weitemeyer et al. in 2015.173

It assumes representative data on power generation from windW t
i( ) and solar S t

i( ) re-
sources and load data L t

i( ) at discrete times t
i
. The accumulated energy generated or 

consumed is based on the generation/load data and the interval between t
i
and t

i+1
. In the 

present analyses this interval is one hour.

In order to express wind and solar generation relative to electricity demand, it is normalized 
using

 〈X t( )〉t :=
i=1

N

∑ X t
i( )

N  (36)

to yield

 w
t
:=

W
t

〈W t( )〉t
〈L t( )〉t  (37)

 s
t
:=

S
t

〈S t( )〉t
〈L t( )〉t  (38)

If γ sets the total electricity produced from wind and solar and α or α−1set the respective 
shares of wind and solar generation, then the mismatch in generation from wind and solar 
and energy demand at time t can be defined as

 Δ
α,γ

t( ) := γ αw t( )+ 1−α( )s t( )( )−L t( )  (39)

Without any energy storage, wind and solar generation need to be curtailed in times of 
overproduction Δ

α,γ
t( )>0( ), whereas negative mismatches (Δ

α,γ
t( )<0) need to be bal-

anced by flexible generation. The total amount of curtailed energy relative to electricity de-
mand can be determined by the overproduction functionOP

 OP α,γ( )=
max 0,Δ

α,γ
t( )⎡

⎣⎢
⎤
⎦⎥ t

L t( )
t

 (40)

The share of wind and solar energy generation that can be consumed or integrated in elec-
tricity demand accounting for curtailment can then be calculated as renewable integration 
function RE.

 RE α,γ( )=
γ αw t( )+ 1−α( )s t( )( )

t
−OP α,γ( )L t( )

t

L t( )
t

= γ−OP α,γ( )  (41)
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Adding energy storage capacities of limited sizeHmax (relative to L t( )
t) and round-trip effi-

ciency η allows to determine the storage state-of-charge time seriesH
α,γ
η t( )as

 H
α,γ
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 (42)

The initial charging level of the storageH
α,γ
η t =0( ) has to be specified when the approach is 

applied to actual data.

The total amount of unusable energy due to storage size limitations and efficiency losses 
can be expressed as the adapted overproduction functionOP

H
η (relative to L t( )

t)

 OP
H
η α,γ( )=
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t( )− (Hα,γη t( )−Hα,γη t−1( )⎡
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The respective share of wind and solar electricity generation that can be integrated with 
electricity demand, that is consumed, can then be determined as adapted renewable inte-
gration function RE

H
η

 RE
H
η α,γ( )= γ−max y−1,OP

H
η α,γ( )⎡

⎣⎢
⎤
⎦⎥  (44)

Table 8.13 indicates the data sources for wind and solar generation and electricity load in 
the respective power markets. All data are at hourly resolution, and aggregated to national 
level, not considering limitations of the electricity network, exports/imports, or other limita-
tions of the existing power station portfolio. Historically metered data were used for load, 
as this is reasonably static, with only 1–2% change from year to year. In contrast, wind and 
solar generation data were taken from the Renewables.ninja model,174,175 simulating the 
output of the present-day fleet of wind and solar farms operating with the weather from 

Table 8.13 Data sources and time frame for solar and wind reanalysis and electricity load 
data of the power markets studied.

Market Solar and wind data Load data Time frame

Great Britain Renewables.ninja174,175 National Grid176,177 1991–2019

Germany Renewables.ninja ENTSO-E178 2006–2014

France Renewables.ninja ENTSO-E178 2006–2014

Australia (Queensland) Renewables.ninja AEMO179 2013–2015

Japan Renewables.ninja Various156 2012–2015

US (PJM) Renewables.ninja PJM180 2013–2015
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previous years. This has two advantages over using historical metered data, which repre-
sents a continually evolving fleet of farms (and thus does not provide consistency between 
years), and is typically only available for more recent years (and thus does not give a long 
time-series to explore year-to-year variability).

All time-series are normalized to total electricity load. Hence, the factor γ=1corresponds to 
scenarios where the total electricity produced by wind and solar resources in the respective 
time frame is identical to the overall electricity load in that time frame.

For the analysis of natural gas reserves in the EU and the US, data on the respective fill levels 
provided by the Aggregated Gas Storage Inventory for the EU on a daily and by the Ener-
gy Information Administration for the US on a weekly basis is used.181,182 The total storage 
volume is determined by using the average working gas volume in 2021 for the EU and the 
peak demonstrated for the US in 2021.181,183 Maximum charge/discharge capacity is deter-
mined by dividing the daily fill level changes by 24 hours (EU) or the weekly fill level changes 
by 168 hours (US). These are averages and may not represent the actual maximum charge/
discharge rates. However, these are still reasonable approximations given that these ener-
gy stores are used for very long duration interseasonal storage.  Energy-to-power ratio or 
discharge duration of the respective natural gas reserves is determined by dividing total 
storage volume over maximum charge/discharge rate.
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9   Conclusion 
Wrapping it all up

The ambition of this book is to provide you with a comprehensive toolkit to assess how the 
benefits of energy storage stack up against its costs. This conclusion reinforces how the 
individual chapters contribute to this ambition, reflects on the wider implications of the de-
rived insights for energy storage, and draws out how you can use the insights and methods 
to assess whether energy storage makes money.

The first part of the book introduced you to energy storage: the need for it, the means of 
assessing it, and the many technologies and applications in the sector.

Chapter 1 provided you with the wider context of why electricity storage is needed and 
the potential scale that is required. It showed that electricity storage provides the required 
flexibility when decarbonizing the electricity and the transport sectors with renewable gen-
erators and electric vehicles. This underlines the multiple roles that electricity storage will 
play in the twenty-first-century energy system and gives you confidence that, regardless 
of specific market forecasts, there is a fundamental need for terawatt-hours of storage ca-
pacity in getting to net-zero emissions, which is orders of magnitude more than is available 
today. This can help you to clearly communicate the expected need for energy storage in 
future energy and transport systems.

Chapter 2 provided the fundamental grounding in both technology metrics and financial 
performance metrics that are used to assess energy storage technologies. It showed that a 
comprehensive set of metrics is needed to reflect the unique characteristic of energy stor-
age technologies to consume, store, and deliver energy. It introduced application-specific 
lifetime cost as the appropriate approach for assessing energy storage technologies, con-
sidering all relevant cost and performance metrics. This chapter therefore equips you with 
the ‘language’ to interact with other stakeholders in the energy storage industry and ena-
bles you to verify the validity and comprehensiveness of storage cost assessments.

Chapter 3 structured the range of technologies, industry activity, and the many applications 
that exist for energy storage. It showed the existing dominance of selected technologies 
in stationary and transport applications, and the evolution of application requirements in 
future, which may create room for alternative technologies. It also provided insights on 
the future market size for energy storage technologies and concentration of power with-
in specific companies and countries. As such, this chapter provides you with the holistic 
 understanding of the sector required to engage with other stakeholders.

The second part of the book dived into the methods for assessing the cost and value of en-
ergy storage, and the insights that flow from them.
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Chapter 4 introduced experience curves as an objective method for measuring historical 
cost reductions and projecting future investment costs for energy storage technologies. Ap-
plying this method provides strong evidence that technology costs are falling rapidly across 
several energy storage technologies as the industry scales up. As a result, the one technolo-
gy that brings most capacity to market is likely to be the most cost-effective one. Limitations 
to this approach are that cost reductions flatten once raw material cost dominate, radical 
step-change innovations may not be captured, and that the method is ill-suited to provide 
short-term price forecasts. In the short term, prices fluctuate around the long-term trend 
due to supply and demand dynamics in raw materials, components, and manufacturing ca-
pacities. For you, this method is a tool to derive your own objective long-term price forecasts 
for distinct technologies based on ever-changing market growth projections. The insights 
derived in this chapter can help you classify and interrogate statements on current and pro-
jected investment cost for different technologies.

Chapter 5 used lifetime cost, the method of choice for assessing the cost of energy storage. 
It applied this method to the nine most widely deployed technologies in 13 archetypical 
applications using future investment cost estimates derived in Chapter 4. The strongest 
drivers of lifetime cost were shown to be investment cost, application requirements, and 
financing conditions. Lifetime cost can be minimized if capital efficiency is optimized, i.e. 
total cost is minimized and distributed over as many charge–discharge cycles and as many 
lifetime years as possible. By 2030, lithium ion is projected to provide the lowest cost of any 
technology for applications with short to medium discharge duration and most power-fo-
cused applications. Alternative technologies may struggle to gain market share and achieve 
cost reductions through scale-up in these applications due to the existing dominance of 
lithium ion and its continued wide-scale deployment. By understanding and applying the 
lifetime cost method yourself, you can conduct economic assessments of energy storage 
technologies using bespoke technology cost and performance assumptions. The insights 
from this chapter on dominant technologies in different application categories can act as a 
first guide in focusing technology selection when planning storage projects.

Chapter 6 shifted focus from cost to value assessment. It reviewed the revenue potential 
of energy storage applications in different markets around the world, and introduced the 
method to compare these revenue potentials with lifetime costs to assess profitability. 
 Energy arbitrage promises to be one of the largest markets in future. Analysis of its  revenue 
potential revealed the impact of technology performance characteristics on profitability 
and the role of electricity price variability as predictor for profitability. The concept and many 
approaches of ‘revenue stacking’ to increase profitability were introduced, along with the 
method to conduct financial appraisal of energy storage projects. The analyses  highlighted 
that there is no outstanding best market or application, rather ‘pockets of opportuni-
ty’ where profitability is likely. There is no universal business model to profit from energy 
storage, bespoke plans are required, and multiple revenue streams should be considered 
to optimize economic performance and hedge against potential revenue cannibalization 
through new assets. These insights allow you to fast-track your identification of profitable 
energy storage business cases, and the tools the chapter provides enable you to assess 
their profitability properly.

Chapter 7 focused on the system value of energy storage: what benefits it provides to so-
ciety by reducing the total cost of providing secure, low-carbon electricity. A comprehen-
sive review of previous studies showed that across academic and industry studies there is 
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a consensus that electricity storage reduces the total system cost of achieving high pen-
etrations of variable renewable energy compared to conventional flexibility technologies. 
The chapter then introduced methods to assess the amount of energy storage power 
capacity and energy capacity needed to fully decarbonize power systems. Applying these 
methods to various power systems confirmed the substantial scale-up of energy storage 
needed to support deep decarbonization. It also showed that long-duration storage with 
discharge durations beyond 16 hours will be required in systems where more than 90% of 
electricity comes from variable renewable generators. These insights enable you to assess 
the relevance of distinct energy storage technologies at different stages of power system 
 decarbonization, and equip you with an understanding of the amounts of storage that may 
be needed, and by when. You can also use the derived methods to determine the amount of 
energy storage needed in the power systems of your interest.

The third part of the book, Chapter 8, provided additional depth on the methods applied 
and the input data used. It serves to support you in replicating the analyses performed in 
the previous chapters for the technologies, applications, and markets of your choice using 
your own assumptions and hypotheses.

Finally, it is unavoidable that the numbers presented in this book will become outdated 
as the storage industry continues to grow and innovate. They also do not represent every 
novel technology that is currently at the early stages of development, or perhaps has not 
even been invented yet. That is why we have built the <www.EnergyStorage.ninja> website 
to complement all the analyses found within this book. The website features up to date 
technology cost, performance, and deployment data. Its tools are flexible and interactive, 
allowing you to model results with your own data and consider new technologies, applica-
tions, and markets, taking the analyses we explain in this book in new directions.

There is no shortage of profound statements about the ‘next big thing’, be it artificial intelli-
gence, automation, 3D printing, or plant-based foods. Energy storage may seem mundane 
in comparison, with limited ability to transform and improve the human condition or gener-
ate a vast and profitable new industry. However, there is an inevitable need for energy stor-
age driven by the economic and environmental shift towards clean electricity and vehicles.

Energy storage, like many other technologies and services, can provide flexibility to energy 
systems; however, it is unique among them in that mass manufacture, economies of scale, 
and the power of learning by doing have already achieved substantial cost reductions, and 
will continue doing so in the coming decades. The energy storage industry is in its expo-
nential growth phase across multiple sectors (residential, utility, transport) with deployment 
doubling year on year. New business opportunities become viable with ongoing cost reduc-
tions, but the breadth, heterogeneity, and complexity of the technologies, the applications 
they serve, and the markets they operate within mean it is no easy task to exploit these 
business opportunities successfully.

We hope this book has helped to increase transparency on how to monetize energy stor-
age, both from the developer/investor perspective of making a profitable business case, 
and from the societal/governmental perspective of minimizing the cost of transitioning to 
clean energy. Energy storage will undoubtedly play a major role in this transition! We believe 
the toolkit and the insights this book provides, alongside the <www.EnergyStorage.ninja> 
website, will empower you to actively shape how energy storage takes this role, and benefit 
from it.

http://www.EnergyStorage.ninja
http://www.EnergyStorage.ninja
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Term  Definition
Ancillary services  Services that support the generation and transmission/

distribution of electricity.
Annuitized capacity cost  Cost per unit of electric power provided by an electrical de-

vice for a specified time period.
Anode  Electrode in an electrochemical cell where electrons are re-

leased (i.e. electrons flow out).
Balance of plant  Supporting facilities and components in a storage system.
Balancing services Services designed to match supply and demand.
Baseline  Operating point in terms of power capacity of an energy 

storage system.
Baseload Electrical energy delivered or consumed at a constant rate.
Behind-the-meter  Position of an energy system behind the end user's electric 

meter with electricity not having to pass through it before 
consumption.

Black start  Application where energy storage restores power plant 
operations after a network outage without external power 
supply

Bulk generation capacity  Power generators that operate either whenever the re-
source is available (i.e. wind, solar, wave), or near-continu-
ous,  (i.e. nuclear, coal, combined-cycle gas, biomass, geo-
thermal, waste).

Calendar life  Number of years before end of usable life at no operation.
Capital cost  See investment cost.
Cathode  The electrode in an electrochemical cell where electrons 

are consumed (i.e. electrons flow in).
Cell  Single, smallest energy- or charge-storing unit in a battery 

system.
Charging cost  Cost to charge a storage system with energy.
Congestion management  Application where energy storage mitigates risk of over-

loading and optimizes operation of existing infrastructure 
by smoothing renewable output and demand patterns.

Construction time  Duration to construct a storage system from ground- 
breaking to completion.

Cost floor  Lower limit below which cost is unlikely to fall.
Cumulative installed capacity  All capacity ever installed up to a certain point in time.
Cycle  Represents a single charge and discharge of an energy 

storage device.
Cycle life  Number of full charge-discharge cycles before end of life 

threshold is reached.
Degradation  Rate of loss in energy capacity incurred by cycles and/or 

time lapse.
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Demand reduction  Application where energy storage reduces demand sup-
plied by the network during periods of highest network 
charges.

Demand side response  Proactive changes in power consumption by consumers to 
accommodate variability in power supply.

Depth-of-discharge  Amount of energy capacity that can be charged/discharged 
without severely degrading nominal energy capacity.

Discount rate  Rate at which future costs and revenues are devalued in 
present-day terms.

Electricity storage  Energy storage that consumes electric energy and delivers 
electric energy.

Electrolyte  Medium containing ions that is electrically conducting 
through the movement of those ions, but not conducting 
electrons.

End-of-life cost  Cost to dispose technology at its end-of-life.
End-of-life threshold  State-of-health at which storage system is taken out of 

operation.
Energy applications  Applications where electricity storage systems are reim-

bursed per MWh of energy delivered.
Energy arbitrage  Application where energy storage purchases (renewable) 

power in low-price periods and sells in high-price periods
Energy density - gravimetric  Nominal energy capacity divided by system mass.
Energy density - volumetric  Nominal energy capacity divided by system volume.
Energy-to-power ratio  Usable energy capacity divided by nominal power capacity.
Experience curve  Trendline through historic product price data against cu-

mulative installed capacity of respective product.
Experience rate  Percentage change in product price with each doubling in 

cumulative installed capacity.
Firm reliable capacity  Power generators that can actively increase or decrease 

generation capacity (i.e. all except solar, wind and wave).
Flexibility options  Services to balance and maintain the quality of electricity 

on the grid.
Flexible generation  Electrical energy generation technologies that are able to 

rapidly increase or reduce their output.
Flow battery  Batteries that use two liquid electrolytes as energy carriers.
Frequency regulation  Application where energy storage automatically corrects 

the continuous changes in supply or demand within the 
shortest market interval.

Frequency response  Application where energy storage automatically stabilizes 
network frequency after instantaneous changes in supply 
or demand.

Front-of-the-meter  Position of an energy system in front of the end user's 
electric meter with electricity having to pass through the 
meter before consumption.

Half-cell  Structure that contains one electrode and a surrounding 
conductive electrolyte.

Investment cost (specific)  Cost to add energy capacity or power capacity respectively.
Investment cost (total)  Cost of all energy capacity and power capacity components.
Levelized cost of energy  Cost per unit of electric energy generated for a specified 

time period.
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Levelized cost of storage  Cost per unit of electric energy discharged from an energy 
storage device for a specified time period.

Lifetime cost  Cost metric accounting for all cost incurred throughout 
the lifetime of a technology as well as all relevant perfor-
mance parameters.

Max. C-rate  Maximum rate to discharge storage system relative to its 
usable energy capacity.

Min. discharge duration  Duration to discharge usable energy capacity at nominal 
power. Inverse of max. C-rate.

Net zero  No net greenhouse gas emissions, i.e. human-made emis-
sions to the atmosphere are balanced by removals from it.

Nominal energy capacity  Rated amount of energy that can be discharged from an 
energy storage device.

Nominal power capacity  Rated amount of power that can be charged and dis-
charged by an energy storage device.

O&M cost  Cost to operate, insure, and periodically service technolo-
gy components.

Pack  Structure consisting of multiple electrochemical cells and 
balance-of-plant components.

Peak capacity  Application where energy storage ensures availability of 
sufficient generation capacity at all times.

Pockets of opportunity  Time-limited opportunities for highly profitable energy 
storage use cases.

Power applications  Applications where electricity storage systems are reim-
bursed per kW-year of power provided.

Power density - gravimetric  Nominal power capacity divided by system mass.
Power density - volumetric  Nominal power capacity divided by system volume.
Power reliability  Application where energy storage fills sustained gaps be-

tween supply and demand.
Power system flexibility  The extent to which a power system can modify electricity 

production or consumption in response to variability, ex-
pected or otherwise.

Power-to-energy ratio  Nominal power capacity divided by usable energy capacity.
Power-to-Power  Energy storage approach that consumes and discharges 

electrical energy.
Power-to-X  Energy storage approach that consumes electrical ener-

gy and discharges another form of energy (e.g. thermal, 
chemcial).

Product price  Price payable for a product. See investment cost (total).
Redox  Chemical reaction in which reduction and oxidation occur 

at the same time.
Renewables integration  Application where energy storage stores large amounts of 

excess renewable electricity to be used at a later time.
Replacement cost  Cost to replace major technology components not ac-

counted for in O&M cost.
Replacement interval  Time interval for replacement of major technology 

components.
Reserves  Amount of a geological commodity that has been discov-

ered, has a known size, and can be extracted at a profit.
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Resources  Amount of a geologic commodity that exists in both 
discovered and undiscovered deposits.

Response time Time between idle state and maximum power.
Revenue cannibalization  Worsening of the profitability of all existing storage 

due the smoothing of power prices.
Round-trip efficiency  Proportion of energy discharged over energy re-

quired to charge for a full charge-discharge cycle.
Sealed battery  Batteries that use two electrodes as energy carriers.
Seasonal storage  Application where energy storage compensates 

longer-term supply disruptions or seasonal varia-
bility in supply and demand.

Self-consumption  Application where energy storage increases self-con-
sumption of energy produced by non-dispatchable 
distributed (renewable) generators.

Self-discharge  Unavoidable loss of state-of-charge while a storage 
system is idle.

Shared Socioeconomic Pathways  Scenarios of projected socioeconomic global chang-
es up to 2100 that are used to derive greenhouse gas 
emissions scenarios with different climate policies.

State of charge  Fraction of energy stored at a point in time.
State of health  Actual energy capacity relative to nominal energy 

capacity.
Stationary storage  Energy storage system providing services from a 

fixed location.
System value  The value of a technology to the energy system as a 

whole.
T&D deferral  Application where energy storage defers, reduces 

or avoids transmission and/or distribution network 
upgrades when peak power flows exceed existing 
capacity.

Usable energy capacity  Energy capacity that can be discharged accounting 
for depth-of-discharge.

Utilisation  Actual operation relative to maximum possible 
operation.

Variability  Difference between supply (or demand) peak and 
trough.
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