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Headlines

• Academic and industrial experts agree that effective electrical energy storage 
will play a crucial role in moving to a world powered by low-carbon electricity.

• Irrespective of the need to meet climate change targets, electrical energy 
storage technologies are essential to further enable the current rapid growth 
in renewable energy technologies, alongside other technologies to balance 
supply and demand.

• The electrical energy storage technologies that will be in use on a large scale 
within 5-15 years are likely to have already been invented, unless innovation 
and commercialisation radically speeds up over historical rates.

• Such technologies include: pumped hydropower, compressed air, thermal 
storage, electrolysis, aqueous batteries (e.g. lead-acid), non-aqueous 
batteries (e.g. lithium-ion, sodium-ion and lithium-sulphur), flow batteries 
(e.g vanadium redox flow, zinc bromide redox flow), power-to-gas, 
supercapacitors and flywheels.

• On many small islands and in remote communities, renewable electricity 
coupled with electrical energy storage is already the lowest cost option for 
electricity supply.

• Reliable clean electricity can be produced at a competitive cost through a grid 
powered by a high proportion of renewable energy coupled with electrical 
energy storage, and other technologies to balance supply and demand.

• Mechanical and thermal storage technologies, such as pumped hydropower, 
compressed air or thermal storage, require less energy to build, and use 
less toxic materials than is typical for electrochemical technologies such as 
batteries, but are so far only widely used at a grid-scale. 

• Electrochemical energy storage technologies are likely to do the majority of 
balancing supply and demand ‘off-grid’, and can play an important role in 
balancing as part of a grid.

• The environmental impact of an electrical energy storage technology 
relates to the energy, and scarce and toxic materials used in producing it, 
recycling procedures and how long the device lasts. Academia, industry and 
regulators should give greater consideration to each of these environmental 
impacts in directing fundamental and applied research, product 
development and deployment.

• Accelerating the development and deployment of electrical energy storage 
technologies will require further fundamental and applied research and 
development, support to encourage deployment, removal of policy barriers 
and improvements to market structures.
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Introduction

Electrical energy storage devices are capable of storing 
electrical energy for use when supply fails to meet demand. 
These devices are likely to play an increased role in a future 
energy system, where a higher proportion of electrical energy 
is generated using intermittent renewable technologies, such 
as wind and solar. Electricity from these sources is generated 
intermittently and they cannot guarantee sufficient supply of 
electricity on demand by themselves. 

There are a number of factors that make it challenging to plan 
how electrical energy storage can contribute to a reliable, 
clean future energy system. Firstly, electrical energy storage 
technologies have not been trialled on a sufficiently large scale. 
Secondly, there are a wide range of storage technologies, and 
for many of these the costs and technical characteristics are 
not yet well-defined. Finally, there is much uncertainty around 
the structure of the future energy system so it is challenging to 
make decisions around the role for electrical energy storage. 

In this briefing paper, we explore the role that electrical energy 
storage technologies could play in supporting a cost-effective 
transition to an electricity system that emits a lower level of 
greenhouse gases – a so-called low-carbon electricity system. 
We then outline the specific technologies capable of filling this 
role. We consider the environmental impact of these technologies, 
potential routes for short- and longer-term technological 
developments, and the role of policy in supporting both their 
development and deployment. We have not considered other 
forms of flexibility, such as demand-side management, increased 
interconnectivity and heat storage in detail in this report but they 
could also play an important role in a rapid and cost-effective 
transition to a low-carbon electricity system.

An infographic comparing common technologies can be found 
on pages 12-13. These technologies are described in more 
detail in Appendix A (page 16) and a glossary of useful terms is 
provided on page 14.

What role could storage play in moving 
towards a low-carbon electricity system?

In the past, electricity has predominantly been produced by 
the combustion of fossil fuels with large ‘base load’ generators 
(e.g. coal plants) providing a constant level of supply, and other 
‘flexible’ generators (e.g. gas plants or flexible hydropower) 
that provide additional electricity at times of peak demand. 
This electricity has then been distributed to consumers via 
a grid system. In 2014, electricity production accounted for 
around 15 per cent of global energy consumption, and this 
proportion is growing rapidly. In the same year, approximately 
66 per cent of global electrical energy was produced from fossil 
fuels, and less than five per cent from solar and wind power1. 
Since emissions from fossil fuels contribute significantly to 
climate change, it is necessary to change the current system 

for producing energy in order to limit global warming to well 
below 2°C above pre-industrial levels, as stated in the 2015 
Paris Agreement2. A number of strategies that could help to 
significantly reduce greenhouse gas emissions from the energy 
sector are laid out in the UK’s 2011 Carbon Plan (summarised in 
Figure 1)3. The Intergovernmental Panel on Climate Change (IPCC) 
have established a similar set of global strategies in their 5th 
Assessment Report4.

As shown in Figure 1, one possible pathway to lowering 
greenhouse gas emissions involves generating a higher 
proportion of electricity from renewables, coupled with changes 
in peoples’ behaviour around energy use and falling costs for 
renewables and storage. Rapidly falling costs are already driving 
an increase in renewable electricity generation. For example, 
solar photovoltaic (PV) module prices fell from $2-4 per watt-
peak in 2005 to less than $1 per watt-peak in 20145. In the same 
period, global capacity increased from less than 5 gigawatts 
(GW) to more than 179 GW5, with some analysts predicting more 
than 300 GW by the end of 20166. Costs of onshore windpower 
have fallen more slowly, but remain one of the lowest cost 
sources of electrical energy, at around $0.06-0.09 per kilowatt 
hour. Cumulative installed onshore wind capacity increased 
from 193 GW in 2010 to more than 350 GW in 20145.

The International Energy Agency (IEA) states that, in order 
to limit global warming to below 2°C, rapid growth in these 
renewable energy sources must continue and that wind and 
solar PV could respectively generate 18 per cent and 16 per 
cent of global electricity by 2050. In a scenario where action on 
climate change only begins in 2030, the most economic strategy 
for meeting this target could involve deploying an additional 
130 GW per year of solar PV capacity, and 75 GW per year of 
wind power over the period 2030-20407. 

Higher 
renewables; 
more energy 

efficiency

Option 1: Step change 

in behaviour, renew
able 

technology costs 

and storage

Option 2: Step-change in 

CCS technology, in power 

and industry applications

Mixed approach

O
pt

io
n 

3:
 N

o 
ga

m
e-

ch
an

gi
ng

 te
ch

no
lo

gy
, 

co
st

 b
re

ak
th

ro
ug

h 
in

 p
ow

er

Higher CCS; 
more 

bioenergy

Higher nuclear; 
less energy 
efficiency

Figure 1: There are a range of approaches to lowering 
greenhouse gas emissions that are associated with changes to 
the energy system (adapted from UK Government 20113).  
CCS = Carbon capture and storage technologies
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Changes to the way electricity systems are operated will be 
required in order to accommodate an increasing proportion of 
intermittent renewable electricity from solar and wind power. This 
is because it is wasteful to curtail (disconnect) generators if their 
electricity is not immediately required8, and although operating 
costs are low, there is a high capital cost to build renewables so 
it is wasteful to build a significant overcapacity. In addition, it is 
important to ensure that electricity is available to meet demand, 
as well as ensuring voltages and frequency of grid electricity 
meet required standards. Electrical energy storage could play an 
important role in meeting these challenges. The IEA estimates 
that in order to limit global warming to below 2°C, the capacity 
of storage connected to the grid should increase from 140 GW in 
2014 to 450 GW globally in 2050. 

What benefits does storage bring to 
electricity systems?

Electrical energy storage can have a range of benefits9,10 
including:

Grid support, which describes a number of services that 
maintain the quality of electricity in the grid, including:

 – Frequency response: the second-by-second and minute-
by-minute balancing of supply and demand in a given. This 
maintains electrical supply at the alternating current (AC) 
frequency required by network providers’ contracts. Much 
of this need can be met by technologies able to respond 
within around a minute9, but ‘enhanced frequency response’ 
requires responses within one second10. 

 – Voltage support (also known as reactive power): the input 
or removal of power from the grid in order to maintain a 
constant voltage. This service responds to local needs, 
requiring distributed storage, and requires a very fast 
response time (milliseconds-seconds). 

 – Load following: a mechanism to ensure sufficient power is 
available to meet demand, and to respond to fluctuations in 
electrical supply and demand on timescales of 15 minutes 
up to a few hours.

 – Reserve capacity: backup generating capacity to be used in 
case of rapid loss of power (e.g. an unplanned power plant 
outage). This further classified into ‘spinning’ reserve, able 
to provide power at less than 15 minutes notice, and ‘non-
spinning’ reserve, which takes longer to start up.

Balancing intermittency, which refers to smoothing peaks and 
troughs in power supply that result from the varying output of 
renewable energy sources like wind and solar power11. These 
variations could affect voltage, frequency, and power output, and 
increase the need for all of the grid support services listed above. 

Daily peak shifting, which balances daily cycles of supply and 
demand. For example, in the UK, electricity demand tends to 
peak in the morning and evening, with a dip in the afternoon and 
at night. By contrast, output from solar PV peaks in the daytime, 
and outputs from wind power and base load generation do not 
correlate strongly with any particular time of day12. As such, there 
is a useful role for technologies that store electricity at regular 
times of excess supply, to feed back into the grid at times of 
excess demand. i  Also see Box 1.

Seasonal storage, which involves the storage of electricity during 
one season for use in another season. In a UK context, this could 
mean storing excess energy, generated using solar power in the 
summer, for use during the winter, when demand for heating and 
lighting is higher. This does not require a technology with fast 
response, but does require one that is able to store very large 
quantities of electricity at a low cost. 

Off-grid services, which involve balancing intermittency and 
daily demand in a micro-grid or an off-grid setting. Technologies 
capable of meeting this application must be economical in small 
units, have a good balance between energy capacity and power 
output, and be able to respond quickly to changes in supply or 
demand. 

Electricity storage for transport, which must be mobile and able 
to provide power for electric vehicles and other transportation. 
The exact requirements vary depending on the form of 
transportation, but generally technologies for this application 
must have a high power- and energy-capacity for their mass and 
volume. For applications such as aviation and shipping where the 
storage device must be used for long periods between charges, it 
is more important to store large quantities of energy. 

Less generation and transmission infrastructure. Electricity 
storage could allow electricity demand to be met with a smaller 
generating capacity, and, if it is distributed, could reduce the 
need for expensive infrastructure to transmit electricity between 
regions13.

It helps to make a strong business case for storage 
technologies if they can acquire revenue from different markets 
simultaneously.  For example, in the UK, if a rooftop solar PV 
and lithium-ion battery system is used only to supply electrical 
energy to a single household, it takes approximately twenty years 
to pay back investment in the system. However, the payback 
time reduces to around five years if a similar system is placed on 
a community rooftop, has access to dynamic grid pricing that is 
indicative of the cost of producing a unit of electrical energy at a 
given time, and is able to provide frequency response and other 
grid support services13.

i. This is related to ‘arbitrage’, whereby electrical energy is stored when the electricity price is low (i.e. times of high supply and/or low demand) and resold when the 
electricity price is high (i.e. times of low supply and/or high demand).
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What electrical energy storage 
technologies are available?

There are a large number of electrical energy storage 
technologies available with very different technical 
characteristics. Broadly, these may be grouped as follows:

• Electrochemical storage technologies, which store chemical 
potential energy (e.g. batteries).

• Mechanical storage technologies, which store mechanical 
potential energy (e.g. pumped hydroelectric storage, 
compressed air energy storage and flywheels).

• Thermal storage technologies, which store heat energy.

• Electrical storage technologies, which store energy in 
electrical fields (e.g. supercapacitors, supermagnetic energy 
storage).

In each case here, we refer to forms of electrical energy 
storage, but drop the words ‘electrical energy’ for conciseness. 

Box 1: The California duck curve
The so-called California ‘duck curve’ (Figure 2) represents 
daily changes in the load profile on the electricity system in 
California, which are a result of rapid deployment of solar 
photovoltaic panels since 201514. The high output from solar 
panels around midday produces the duck’s ‘belly’, whilst the 
falling output, combined with rapidly increasing demand, in 
the evening, produce the duck’s ‘neck’. This trend is leading 
to an oversupply of electricity in the middle of the day, whilst 
making it increasingly challenging to meet demand in the 
evenings. Electrical energy storage could help to alleviate this 
problem by storing electrical energy during the daytime, and 
releasing it to meet rapidly rising demand during the evening.
The challenges associated with the ‘duck curve’ appear to be 
becoming manifest more quickly than was initially expected; 
On one day in 2016, the ‘belly’ of the duck already 
approached levels close to those predicted for 2020, 
although the evening demand in the ‘neck’ has not yet 
reached the predicted levels15.

Figure 2: The California ‘duck curve’ shows how an electrical 
energy system can quickly become unbalanced without 
sufficient storage technologies.

Care should be taken to avoid confusion with other forms of 
storage in other contexts (particularly around thermal storage, 
where heat may be stored and used directly, rather than being 
converted back to electricity). Figure 8 summarises the roles 
that a few of the most promising technologies could play. 
Appendix A provides a more detailed description of these 
technologies, key variants within each technology category, 
deployment status, prospects and limitations, potential for 
future developments and environmental impact.

At this time, significant uncertainties remain around the costs, 
technical characteristics, environmental impact, and therefore 
potential role for different storage technologies, because:

• Cost ranges are wide since many technologies are immature, 
and cost estimates are often restricted by a lack of clear and 
authoritative data16–18.

• Different variants of a technology may have very different 
costs and technical performance, which require a high degree 
of technical expertise to make use of.

• Details on how technologies may develop are sparse (again 
owing to technological immaturity)18.

For the reasons outlined above, there has not yet been an 
authoritative and comprehensive comparison of storage 
technologies from which to make an informed decision on future 
changes to the structure of the electricity system. However, 
a number of reports present details about the different 
technologies16–21. We explore an example of the current and 
projected costs of lithium-ion batteries in Box 4 (page 19).

Broadly, electrical energy storage technologies may be grouped 
into those most suitable for (1) storing and delivering large 
quantities of electrical energy (‘high energy’, e.g. pumped 
hydropower, compressed air, flow batteries, hydrogen, liquid 
air and pumped heat), (2) storing and delivering electrical 
energy rapidly (‘high power’ e.g. capacitors, flywheels 
and superconducting magnetic energy storage) and (3) a 
combination of both (e.g. batteries). The future electricity 
system is likely to need a range of appropriate, safe and 
affordable storage solutions to fulfill both high power and high 
energy services at a range of spatial scales22,23.

What are the alternatives to electrical 
energy storage? 

Apart from electrical energy storage, there are a number of 
other methods (‘flexibility measures’, sometimes also referred 
to as classes of ‘smart energy technology’) for providing 
services to balance and maintain the reliability of electricity on 
the grid. In some instances these will complement, and in other 
cases compete with, electrical energy storage18. A few of these 
are summarised in this section:
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Figure 3: Projected future prices of a range of 
electrochemical energy storage technologies 
indicate that a range of technologies could be cost-
effective in the future. 

Prices are separated into materials costs associated 
with energy capacity and maximum power output, 
balance of plant, and additional costs, including 
depreciation, overhead, labour, etc.35.

(Adapted with permission from reference 35)

• Increased interconnectivity is brought about by constructing 
additional transmission (between regions) and/or 
distribution (local) lines to transfer electrical power from 
one geographical location to another. An increased level 
of connectivity can help to smooth peaks and troughs in 
electrical supply and demand. This is true both at a micro-grid 
scale (where adding more households and renewable sources 
smooths the level of demand between peak times) and at a 
much larger scale (by exploiting the shift in daily peaks of 
supply and demand between regions), as well as variability in 
the level of wind and sunlight24. 

• Demand side response means adjusting electrical demand 
in anticipation of, or response to, changes in the available 
supply of electrical power from the grid. For example, at a 
household level this could involve running dishwashers or 
storage heaters at night when demand is low. At an industrial 
level it could mean shutting off parts of a factory at times 
of peak electrical demand25,26. Electrification of heating and 
transport could offer additional potential for demand side 
response.

• Flexible generation means generating power immediately 
as it is needed, using technologies such as gas turbines, 
hydroelectric and tidal power. These may be rapidly ramped up 
and down in order to react to changes in supply and demand9.

Recent analysis suggests that each of these flexibility measures 
could play an important role in a future low-carbon electricity 
system. In order to meet electricity demand in a cost-effective 
way, whilst following the ‘higher renewables, more energy 
efficiency’ pathway for the UK energy system (Figure 1), 
researchers suggest connecting up to 3-12 GW of storage to the 

grid, building new interconnections totalling 13 GW of capacity 
between the UK and Ireland, and the UK and mainland Europe, 
and building 33-69 GW of flexible generators27. Demand side 
response would also be expected to play an important role. 

Whilst not the focus of this paper, it is important to understand 
the role of storage not just in electricity systems but in whole 
energy systems. This could include generating and storing heat 
from electricity 28,29 and potentially converting electricity to 
hydrogen for transport30.

Electricity storage need not always compete with other 
flexibility measures. For example, nearly self-sufficient micro-
grids and buildings with integrated renewables and storage 
could play an important role in supporting grid power31. 

What improvements in electrical energy 
storage technologies are anticipated in 
the next 5-15 years?

Recent analysis of a range of energy and non-energy technologies 
reveals that the average time from invention to commercialisation 
is about 40 years32. Electricity generating technologies typically 
have some of the longest commercialisation times (average 48 
years), but lithium-ion batteries for consumer electronics took just 
19 years. This still implies that the electricity storage technologies 
that become widespread within the next 5-15 years will most likely 
have been through the research and development phase already, 
or perhaps will involve small changes to a technology under 
development or deployed now. 
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The potential for, and likely areas of, innovation differ greatly 
between technologies (see Figure 8). Pumped hydropower, for 
example, is relatively mature compared with other large, grid-
scale storage technologies. Future developments may allow this 
technology to operate at smaller scales and in geographies where 
they have not previously been used. Other technologies, such as 
compressed air energy storage and thermal electrical storage, 
have yet to be widely trialled at a grid scale (see case study in 
Box 2), but largely rely on established components. Here, future 
innovation may lead to new variants and components that are 
better optimised for specific applications, potentially reducing 
the devices’ cost and increasing their efficiency and lifetimes.

Electrochemical technologies vary greatly in their maturity. 
For example, lead-acid batteries are mature for use as starters 
for internal combustion engines in vehicles, powering low-power 
vehicles such as milk floats in the UK, and have been widely 
deployed for stationary applications. Lithium-ion batteries are 
mature for use in portable electronic devices (such as mobile 
phones and laptops), but are less mature for larger scale 
applications (such as electric vehicles and stationary storage), 
and remain the subject of much research. These batteries 

have received an exceptionally high degree of attention from 
researchers and companies in recent years, largely driven by their 
utility in electric vehicles. In research, fundamental scientists 
are seeking new cell chemistries, and engineers are developing 
better techniques for manufacturing and managing battery 
packs. Improvements in these areas could lead to lower costs, 
longer battery lifetimes, and higher power- and energy- densities. 
However, any battery system is likely to involve some tradeoff 
between these parameters. Recent cost reductions for this 
technology are also likely to be the result of ‘learning by doing’ 
as the scale of their industrial production increases33. We go 
into more detail on the range of future cost and performance 
projections for this technology in Box 4. Many of the techniques 
discussed could be applied to other technologies, and in many 
cases the sources of innovation are likely to be similar. 

Other electrochemical technologies such as redox flow 
batteries, high temperature sodium-sulphur batteries, 
electrolysis, and electrical technologies such as 
supercapacitors, and superconducting magnetic energy 
storage, have all been successfully deployed but have not yet 
reached the broader market. Until now, most attention has 
been paid to these devices in basic research. However some are 
being produced commercially on a small scale, and scaling up 
the production of these technologies could reduce costs and 
help to ensure they are available to fulfil their potential role in 
the future electricity system. Figure 3 shows projected prices for 
a range of developing battery technologies in a future scenario 
where one per cent of all energy generated is stored in the 
battery type in question. This figure indicates that many battery 
technologies could be affordable in the long term. There are a 
number of promising electrical energy storage technologies that 
could benefit from further research, including thermal storage, 
compressed air energy storage, and a number of electrical and 
electrochemical storage technologies34.

Is it possible to provide a reliable 
electricity supply at an acceptable cost 
using electrical energy storage coupled 
with intermittent renewables?

It is becoming increasingly possible for electrical energy storage 
coupled with intermittent renewables to provide a reliable 
electricity supply at an acceptable cost. This is in large part 
thanks to rapidly falling costs of key renewable electricity 
generation technologies, as well as storage technologies.

For example, in the UK and Germany, wind turbines based 
on land (known as ‘onshore wind’ power) are now the lowest 
cost method of generating electrical energy37. Furthermore, 
in some parts of almost all countries in central and southern 
Europe, the cost of electricity from unsubsidised solar PV is 
below the retail price of grid electricity38. Analysis shows the 
UK electricity system could cost over £5 billion less per year by 
2030 if it produced only 50 grams of carbon dioxide per kilowatt 

Box 2: Grid-scale storage case study – liquid 
air energy storage pilot plant, Slough, UK

Picture reproduced with permission from Highview 
Power Storage

The firm Highview Power commissioned and operated a  
350 kW/2.5 MWh liquid air energy storage (LAES) pilot plant 
between July 2011 and November 2014. It was co-located  
with a biomass heat and power plant in Slough, UK, in order 
to make use of waste heat to improve its operating 
efficiency72. The pilot plant was connected to the grid 
and subjected to a full testing regime, and has now been 
transported to be installed at the Centre for Cryogenic Energy 
Storage, University of Birmingham. With support from the  
UK Department for Energy and Climate Change (DECC),  
a pre-commercial five megawatt demonstration plant 
(pictured) has been constructed, co-located with a landfill 
gas generation plant near Manchester. When complete, this 
plant is expected to provide short term operating reserve 
(with hours of supply at hours of notice), support during winter 
peaks, and undergo testing for the US regulation market.
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Figure 4: It is challenging to design an energy system that is 
simultaneously affordable, able to provide a reliable supply of 
energy, and does not result in unacceptably high emissions of 
greenhouse gases. This challenge is referred to as the ‘energy 
trilemma’.

hour was powered by more intermittent renewables (supplying 
approximately two-thirds of electricity) and made greater use 
of the flexible technologies – compared with a system that has 
low flexibility and no renewables (see Figure 5)36. These savings 
chiefly arise through reduced capital investment in nuclear 
power, and reduced capital investment in, and operating costs 
of, carbon capture and storage – which more than compensate 
for increased capital investment in renewable energy sources. 
The same analysis indicates that flexibility measures in the 
electricity system could lead to savings of £2-3 billion per year 

even if emissions only drop to 200 grams of carbon dioxide per 
kilowatt hour. Electricity costs for UK consumers would not 
need to be significantly higher than a system dominated by 
fossil fuels, even with renewables contributing up to 80 per cent 
of electricity supply39. 

Data from the eastern United States shows that electricity 
can be produced at 9-15 cents per kilowatt hour, with wind 
and solar PV contributing 90 per cent of electrical energy, and 
incorporating three electrical energy storage technologies 
(centralised hydrogen, centralised batteries and grid-integrated 
battery electric vehicles). This is comparable to electricity from 
the predominant fossil fuel-based system, which costs 8 cents 
per kilowatt hour, and reliably meets the same demand40. With 
sufficient advances in technology, electricity provided by solar 
PV (backed up with appropriate storage) could match the cost of 
coal power in most world regions by 202541. 

In many countries, small communities may share an isolated 
electricity system referred to as a ‘micro-grid’, often chiefly 
powered by renewables and electricity storage. Many of these 
already supply electricity at a favourable price42, and offer many 
co-benefits for quality of life, education and healthcare with 
minimal greenhouse gas emissions (see Box 3). For example, 
solar PV with electricity storage is the most economically viable 
means for electricity supply in large regions of Africa (see Figure 
6)43. Whilst in rural India, analysis suggests that the cost of 
electricity from a domestic off-grid system with solar PV and 
storage supplying more than 90 per cent of demand will meet 
the cost of off-grid diesel generation by around 2018. 

Box 3: Micro-grid case study – Isle of Eigg, Scottish Inner Hebrides, UK

 

Eigg is a small island in the Scottish Inner Hebrides with a 
population of less than a hundred. Eigg is not connected 
to the mainland electricity grid, but meets the energy 
needs of islanders using a small independent grid powered 
by an array of solar panels, four small wind turbines, a 
hydro turbine, a bank of lead-acid batteries and a diesel 
generator97. About 90 per cent of electricity used in Eigg 
comes from renewable sources. Island residents each have 
a capped load of five kilowatts, and there is a penalty if this 
load is exceeded, although this has rarely been needed. The 
cost of the energy system fell below quotes for mainland 
connection, with funding provided from a range of regional 
and European sources and by the islanders themselves, and 
government subsidy schemes for renewables represent an 
important revenue stream96. This project demonstrates that 
micro-grid systems can be designed such as to be capable 
of supporting the electricity needs of a community leading 
modern lifestyles. 

Components of the Eigg electricity system from top left: Solar 
PV arrays, wind turbines, battery bank, diesel generator, 
inverters system, hydropower turbine. Picture reproduced with 
permission from reference 96



 Imperial College London   Grantham Institute 

8 Electrical energy storage for mitigating climate change Briefing paper  No 20  July 2016

Environ. Res. Lett. 6 (2011) 034002 S Szabó et al

Figure 5. Retail fuel prices in Africa as of November 2008 (in
c$ l−1). At the time of writing, the spot-market price of crude oil is
about 53 c$ l−1 = 38 ce l−1 [20].

map reveals that the effects of fuel subsidies play a crucial role:
they change the picture of the most economically viable option
dramatically (note the huge colour variation in neighbouring
countries).

The economic analysis was extended to include the grid-
extension option at continental level.

This visual analysis identifies the areas where the
decentralized options (diesel or PV) deliver electricity below
25 ce kWh−1 (figure 6(a)) and 30 ce kWh−1 (figure 6(b)). The
green areas in figures 6(a) and (b) represent the territory where
the electricity delivered by the two technologies is higher than
the electricity cost threshold (25 or 30 ce kWh−1 respectively).
The yellow areas indicate the regions where PV is the most
competitive option, while the dark brown ones show where
diesel gensets are the competitive options. The red regions are
those where both rural electrification options are cheaper than
the electricity cost threshold (25 or 30 ce kWh−1).

The orange regions show where the extension of the grid
is the most economical option, while, in contrast, the different
blue coloured parts of the buffer zone indicate the regions
where, depending on grid-extension cost, the other rural
electrification options might be viable despite the closeness
of the existing grid. The green areas show where none of the
assessed options can deliver electricity with lower cost than the
threshold. In these regions, other rural energy service options
might improve the energy access for the rural population,
making it more important to extend the economical analysis
to other options (see introduction, e.g. biomass or hydro).

The present analysis uses a conservative estimation10

(significant distance to the existing grid) to delineate where the
10 To attain a more adjusted and realistic buffer zone, the analysis needs
reliable detailed population density, settlement and consumption data.

Figure 6. (a) Geographical distribution of technologies with
electricity costs lower than 25 ce kWh−1 and conservative
assumption on grid extension. (b) Geographical distribution of
technologies with electricity costs lower than 30 ce kWh−1 and
conservative assumption on grid extension.

grid is the economically prevalent option denoted by the orange
and blue belts in figures 6(a)/(b). The boundaries for grid
extension delineate the distance where a potential extension
of the grid would be reasonable, as exact calculations of the
levelized cost of electricity would depend on the particular
conditions of each geographical area. The boundaries
estimated for high, medium and low-voltage lines are 50, 30
and 10 km respectively. For low-voltage distribution lines,

6
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Figure 3. Available geospatial dataset of existing electricity grid in
Sub-Saharan Africa and distance from the grid.

electricity lines for transmission and distribution in Sub-
Saharan Africa was collected (figure 3). The information
was gathered from freely available web sources [23],
from databases of regional institutes or from individual
experts [24, 25]. However, after the data integration, the digital
dataset of the electricity grid is still not complete, covering
unevenly 33 of the 48 countries. The costs of electricity, when
considering grid extension, are determined by the load density
(measured in households km−2), the number of households
connected and line length among others [17, 26]. For most
of the Sub-Saharan African rural areas, this information is still
available unevenly.

When planning for network extension, in addition to the
geographical location of the grid, it should be taken into
account how sensitive the market prices of grid electricity
are to global fossil fuel prices. As an example, a recent
analysis shows that the levelized cost of electricity for the
industrial sector has gone up from 8.00 to 15.00 Kenyan
Shilling kWh−1 on average [27] (approximately from 0.08 to
0.15 e kWh−1), which shows that the current rises of fossil
fuel prices accentuate its affordability limitations. Steep price
increases can be observed in many countries of the continent
due to the oil price increase and the removal of existing
energy subsidies. Nigeria and Egypt have started to remove
oil subsidies. The electricity price has been raised by 25%
in South Africa and the National Energy Regulator plans to
increase it two times at the same rate [4]. When planning
for grid extensions in cities where the grid already exists, the
cost of a connection may start at e140, while in areas where
there is no grid, construction and connection costs can exceed
e1050 [28] and the extension cost km−1 can be ten times these
values [16, 29].

Regarding the current situation of the electricity grid
in the 48 Sub-Saharan African countries, the International

Figure 4. Off-grid options: economic comparison of diesel versus
PV.

Monetary Fund reported that 30 countries suffered ‘acute’
energy shortages in recent years [30]. Regardless of the
establishment of new energy support policies to keep electricity
prices affordable to the low income population, still 550
million people—almost 75% of the population of Sub-Saharan
Africa—remain without access to electricity9 [4].

3. Mapping decentralized options for rural
electrification: diesel versus solar

The broad variety of energy resources and existing energy
infrastructure in the African regions require quite a wide
range of policy approaches and rural electrification options
to meet the different conditions. A good example of this
variety is West Africa. Many countries of this region have
already developed extensive grid infrastructures which may
render rural electrification as a complementary task in policies
concerning the extension of energy access. In contrast, in many
of the other Sub-Saharan countries, where the grid is in an
embryonic phase and so the dominant part of the population
is not connected, off-grid solutions can prove to be more
important than grid extension.

The following map (figure 4) illustrates an economic
comparison of the two off-grid options (diesel or PV): the
most economically viable option is geographically identified.
The colour blue shows the location where diesel is more
economically advantageous, while the colour orange indicates
where PV options are cheaper.

It is interesting to see the effect of the different policies
prevailing in the various African countries on the fuel
taxation/fuel subsidies (see figure 5). The diesel versus PV

9 In 2004 in East Africa, fewer than 3% of rural people and 32% of urban
residents were connected to their national grids.

5

(a) Economic electricity supply options
Area out of threshold
Solar PV under threshold
Diesel under threshold
Grid connection
Both diesel and solar PV under threshold
Both grid connection and solar PV
Both grid connection and diesel
Grid+diesel+solar PV

Threshold: 0.3 EUR per kilowatt hour
Maximum distance to grid:
    High voltage: 50km
    Medium voltage: 30km
    Low voltage: 10km

(b) Which is more 
economic?

Diesel
Solar PV

Figure 6: (a) Geographical distribution of technologies with electricity costs lower than 30 cents per kilowatt hour in 2011ii, and a 
conservative assumption of the extension of the electricity grid, (b) Off-grid options in Africa: economic comparison of diesel versus 
solar photovoltaic. (from reference 43)

ii. Costs of both solar PV and electrical energy storage technologies have decreased significantly since these data were collected, and it is likely that a similar chart produced 
today would show this as the most viable option in a greater geographic area.
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different levels of electrical energy system flexibility36
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iii. It should be noted that the ESOI metric is only suitable for assessing bulk storage technologies, and may fail to capture the value of technologies that do not store large 
quantities of energy, but are capable of supplying smaller quantities of energy very rapidly for high power services (such as flywheels or supercapacitors). It may also fail 
to capture the ability of technologies to operate at small scales probably only viable for electrochemical technologies.

How do the environmental impacts of 
electrical energy storage technologies 
compare with their alternatives?

In assessing the effect technologies have on the environment, 
we consider the energy required to build them (the ‘embedded 
energy’), any toxic components used, and how they can be 
recycled. Appendix A shows the potential environmental impact 
of several electrical energy storage technologies, although 
this is based on the limited number of scientific studies that 
have been conducted, which often rely on broad assumptions, 
or data that are limited or decades out of date45–48. As such, 
improving and updating the environmental assessments is a 
critical research priority .

One metric to measure the potential environmental impact of 
different bulk storage technologies is the energy stored on 
investment (ESOI)iii, where a higher number indicates a better 
capacity to store energy, a long operating life time (cycle life), 
or a small amount of embedded energy45.

ESOI = the amount of energy stored over the lifetime of a device  
                                                  embedded energy

Mechanical energy storage technologies, such as pumped 
hydropower and compressed air energy storage, have a much 
higher ESOI than electrochemical energy storage technologies, 
such as batteries, by a factor of 10-100 (see Figure 7)45. 
This difference is a result of the mechanical technologies’ 
lower embedded energy per unit capacity, and higher cycle 
life. Among batteries, cycle life varies greatly and this has the a 
significant effect on their ESOI. It follows that driving innovation 
to improve cycle life could be a good route towards reducing 
environmental impact. Further to this, the ESOI of a technology 
can be improved by extending its useful life, for example giving 
spent electric vehicle batteries a ‘second life’ in stationary 
applications such as grid or domestic storage49,50. 

A recent study in India showed that solar PV and storage 
systems can have significantly lower greenhouse gas emissions 
than diesel generators, even when accounting for their 
embedded energy. Here, an off-grid system produces 373-540 
grams of carbon dioxide per kilowatt hour used over its lifetime, 
using a majority of electricity from silicon-based solar PV 
combined with lithium-ion battery storage, and a backup diesel 
generator to meet around 3-15 per cent of electrical energy 
demand. This is significantly lower than emissions from a 
system reliant solely on diesel generation, which produces 1056 
grams of carbon dioxide per kilowatt hour used44. The solar 
panel currently contributes around three-quarters of the total 
emissions of this system, compared to less than five per cent 

from the lithium-ion battery. The greenhouse gas emissions of 
the system could be further reduced by more than 50 per cent 
by using non-silicon solar panels (such as cadmium telluride or, 
in the future, organic PV), which require less energy to produce. 
However, the emissions would be significantly increased by 
replacing the lithium-ion batteries with cheaper lead-acid 
batteries, which have a lower cycle life.

Additional environmental considerations for electrochemical 
technologies are the scarcity51,52 and toxicity of materials used 
in their production53,54. Effective recycling procedures exist for 
lead-acid batteries in Europe and the US, where more than 95 
per cent of lead-acid batteries are recycled at the end of their 
lives. This success has been attributed to the profitability of 
reclaimed recycled materials, the illegality of disposing of 
batteries, the simplicity of disassembling the standard design of 
batteries and the ease of recycling the components. However, a 
high incidence of lead poisoning in regions of developing world 
has been attributed to widespread informal recycling without 
proper safety equipment55–57. The World Health Organisation 
(WHO) estimates that each year lead poisoning contributes 
to 600,000 new cases of children developing intellectual 
developmental disorders, and accounts for 143,000 deaths58, 
partly attributed to informal lead-acid battery recycling.

Lithium-ion batteries could also be hazardous without 
proper recycling at the end of their useful lives53,59. Recycling 
procedures are not well established and are more challenging 
than for lead-acid batteries, owing to a more complex design 
and a wider range of materials used in their construction50. 
Whilst there are a number of proposed solutions, an insufficient 
number of lithium-ion batteries have reached the end of their 
lives for recycling to become commercially viable. In addition, 
lithium-ion battery technology is still evolving, so recycling 
procedures developed for a specific design or chemistry could 
quickly become obsolete. Broad commitment from industry and 
government will be required to meet the challenge of developing 
effective recycling procedures before large numbers of electric 
vehicle lithium-ion batteries reach the end of their useful lives50.

The rare earth metal cobalt is currently used in most lithium-ion 
batteries33. The Democratic Republic of the Congo is the source 
of 50 per cent of global cobalt, 40 per cent of which is used in 
battery production. However, its extraction from here has been 
associated with serious and systematic human rights violations 
and environmental negligence60. For this reason, some lithium-
ion battery manufacturers are seeking to use cobalt from 
other sources61, and make more use of lithium-ion cell types 
that do not use cobalt, such as iron phosphate cathodes33,iv. 
Similar challenges could arise in other electrochemical 
storage technologies, and careful attention should be paid to 
recyclability and resource use.

iv. These cell types tend to have a lower energy and power density, making them less suitable for smaller electric vehicles16.
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When considering the environmental impacts of storage 
technologies, they should be compared with the environmental 
impacts of other low-carbon energy system options. All of the 
energy system pathways proposed by the UK Department for 
Energy and Climate Change (DECC) (see Figure 1) are likely to 
lead to significant increases in land and/or water use, except 
the ‘higher renewables, more energy efficiency’ pathway, 
according to a recent study62. Worldwide, coal combustion is 
estimated to contribute to 8.2-130 deaths and 74.6-1193 cases 
of serious illness per terawatt hour, chiefly associated with air 
pollution, compared to 0.074 deaths and 0.22 cases of serious 
illness per terawatt hour associated with nuclear power. The 
health impact of renewable electricity sources have been less 
comprehensively assessed, but academics expect the impact 
of solar, wind, and tidal power to be less severe than either 
coal or nuclear power63. Whilst carbon capture and storage 
technologies have the potential to reduce the emission of some 
air pollutants from fossil fuel combustion, they reduce the 
overall efficiency of electricity production and remain immature 
so their total effect is yet to be determined64.

How can policies support innovation in, 
and deployment of, electrical energy 
storage technologies? 

In this section, we summarise a number of ways that policy 
intervention could support the innovation in and deployment of 
energy storage technologies: 

Removing regulatory barriers: A number of regulatory barriers 
currently hamper private and public sector efforts to deploy 
electrical energy storage technologies in the UK and other 
countries in Europe65,66. For example, connecting storage 
infrastructure to the grid in some countries in Europe incurs 
regulatory fees associated with generation and demand 
services, since they don’t fall neatly into either category.  
This could be alleviated by creating new regulations specific  
to energy storage65,67. 

Clarifying the end-user: In addition, since electricity is 
considered to be consumed when it is stored, and again when 
it is delivered, electrical energy passing through a storage 
device is inappropriately charged consumption levies twice at 
present67.

Policies to improve access to multiple sources of income: Many 
electrical energy storage technologies are technically able to 
fulfil a range of electricity system needs simultaneously (such 
as peak shifting, frequency response, and avoiding the need for 
additional generators). While it helps to make a strong business 
case for storage and other flexible technologies if they can 
acquire value from different markets simultaneously, some 
national contracts require technologies to be available solely to 
provide one service. Likewise, some domestic and small-scale 
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Figure 7: Environmental impact as measured by Energy 
Stored on Investment (ESOI) for a range of storage 
technologies. Mechanical energy storage technologies have 
a much higher value than electrochemical energy storage 
as a result of their lower embedded energy per unit capacity 
and higher cycle lifev.

(Reproduced with permission from reference 45)

v. ESOI estimated at three for VRFBs, but higher life time estimates raise ESOI to above ten.
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operators are unable to provide and receive income from some 
services that they have the technical potential to provide13,67. 

Market structures to improve access to multiple sources 
of income: At present, the price paid for electricity by many 
domestic users and small businesses is a flat rate, and does not 
vary with what that unit of electricity cost to generate (typically 
higher at times of peak demand). Developing market structures 
that offer providers better access the value of electricity 
generation at a given time would increase to the possible 
revenue offered by electricity storage technologies via, for 
example, energy arbitrage. This would also help to incentivise 
their deployment13,68,69. In the UK, planned moves towards smart 
metering and recording electricity use every half-hour for all 
users could help to facilitate this.

Technology support: Continuing public sector support has 
an important role to play in mitigating the risk of wasted 
capital for an investor (for example, by demonstrating lifetime 
and cost) so that the private or public sector can invest at 
a sufficient scale to meet growth in intermittent generation 
over the coming decades. This could include demonstrating 
and scaling-up technologies and ensuring their performance 
is improved through deployment and learning65. For longer-
term technologies, basic research and development, and 
demonstration support are needed to overcome specific 
identified technical barriers to improving their performance 
and cost13,34. Details of possible innovations for particular 
technologies are provided in Appendix A.

Encouraging micro-grids and community projects: Micro-
grids are likely to be an important application for renewables 
coupled with electrical energy storage, particularly in 
developing countries and remote areas. Raising capital for such 
projects can be a barrier but innovative means of financing, 
such as government- or community- financing, could have a 
positive effect, as could decreasing subsidies for fossil fuels. 
Cooperation between government, communities, businesses, 
utilities companies, and the private sector is vital to the success 
and sustainability of such projects42. 

Importance of contract length: The length of contracts is an 
important factor in how providers perceive the security of 
the electrical storage market. It also has implications for the 
technologies they chose, and investment in their development70. 
Contracts lasting just a few years allow providers the 
valuable option to replace the technology at the end of the 
contract period, and have often been chosen for this reason. 
However, some technologies have proven or projected lifetimes 
numbering tens of years, so contracts over these timescales 
could provide an incentive for investors to use and gain the 
value these technologies offer. Short contract lengths are also 
likely to promote cost-saving developments over increasing the 
lifetime of the technologies, which is potentially detrimental to 
the environment as devices are replaced more frequently. 

Regulation around environmental impact: Whilst some 
regulation exists around battery disposal, further policies and 
regulations could help to reduce the environmental impact of 
electrical energy storage technologies. These could include 
encouraging a greater focus on recyclability, embedded energy 
and device lifetime, and sourcing of resources at research and 
industry levels45,50.

Summary

Electrical energy storage will have a number of benefits as the 
electricity system becomes increasingly reliant on intermittent 
renewables. A range of storage technologies exist, that have 
different performance characteristics and costs, ranging from 
low-cost, large-scale mechanical technologies to higher-
cost electrochemical technologies. In many cases even the 
higher-cost technologies represent good propositions for a 
low-carbon electricity system, provided that their value can be 
realised across their multiple capabilities. In sunnier locations, 
off-grid systems of solar PV coupled with storage are already 
an economic proposition compared to much more polluting 
diesel generation. 

A focus on innovative research and market support could 
reduce storage costs. This would bring about significant 
benefits in reducing the cost of very low-carbon systems with 
use of intermittent renewables rivaling traditional systems 
dominated by fossil fuels. In addition, adverse environmental 
and social impacts can be minimised by ensuring recyclability, 
longer technology lifetimes and appropriate sourcing of raw 
materials for a range of storage technologies. Policymakers 
now have a critical role in designing market policies to reap the 
value from storage, in supporting innovation, and in ensuring 
environmental impacts are minimised.
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 Figure 8: Which energy storage technology can meet my needs?
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Glossary

Alternating current 
(AC)

An electric current that reverses its 
direction many times a second at 
regular intervals. Typically, electrical 
energy from rotating devices is 
supplied in this form.

Arbitrage The storage of electrical energy when 
the electricity price is low (i.e. times of 
high supply and/or low demand) to be 
resold when the electricity price is high 
(i.e. times of low supply and/or high 
demand).

Balance of plant 
(BoP)

Supporting facilities and components 
in a storage system.

Balancing Services designed to match supply and 
demand.

Base load Electrical energy delivered or 
consumed at a constant rate.

Capacity (watts or 
W)

The maximum amount of power 
generated by a fleet of electrical 
energy generation devices when 
operating under normal conditions.

CAES Compressed air energy storage.

Capital cost ($/kW, 
$/kWh)

Fixed, one-time expenses to build 
something, e.g. a storage device.

Carbon footprint (g 
CO

2
 or g CO

2
/kWh)

The amount of carbon dioxide emitted 
in building or operating a storage 
device or electricity system, often 
specified for each unit of energy 
delivered for a system, or storage 
capacity for a storage device.

Cell Single, smallest energy- or charge-
storing unit in a battery system.

Connectivity The degree of electrical connection 
between generators and consumers 
in the electricity system (also 
‘Interconnectivity’).

Cost per cycle  
($/kWh/cycle)

Cost per provided unit of electrical 
energy, over a specified number of 
cycles.

Cycle One cycle represents a single charge 
and discharge of an energy storage 
device, sometimes to a specified 
depth of discharge (also see "Depth of 
discharge" below).

Cycle efficiency (%) The proportion of energy injected into 
a storage device upon charging that is 
recovered upon discharging. 

Cycle life (# cycles) The number of complete charge-
discharge cycles before a device 
reaches the end of its useful life (may 
depend on other factors such as 
temperature, and rate and depth of 
charge and discharge).

Demand side 
management

Measures designed to influence the 
level or timing of customer demands 
for energy.

Demand side 
response (DSR)

Proactive changes in power 
consumption by utility customer to 
accommodate variability in supply.

Depth of discharge The proportion of the maximum energy 
capacity of a device that is supplied 
when discharging that device.

Direct current (DC) An electric current flowing in one 
direction only. Typically, electrical 
energy from non-rotating devices is 
supplied in this form.

Embedded energy 
(kWh or kWh/kWh)

The amount of energy required to 
produce a storage device, often 
specified for each unit of storage 
capacity.

Energy (kWh) A physical property that can be 
transferred between objects and 
between forms. In this context, energy 
may be thought of as the capacity to 
do work.

Energy density – 
gravimetric  
(kWh/kg)

The maximum energy a storage system 
can deliver, divided by its mass.

Energy density – 
volumetric  
(kWh/m3)

The maximum energy a storage system 
can deliver, divided by its volume.

Energy stored on 
investment (ESOI)

The amount of energy stored in a 
storage device over its lifetime divided 
by the energy required to produce that 
device.

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.

Frequency response 
(FR)

The ability of a system (or elements 
of a system) to respond to correct 
a change in the frequency of the 
alternating current of electricity on the 
grid.

Interconnectivity See ‘Connectivity’.

Intermittency Uncontrollable variation in power 
supply or demand.

LAES Liquid air energy storage.



Levelised cost of 
energy (LCOE)

Cost per unit of electric energy 
provided over a specified period 
number of years (often the useful 
lifetime of a device).

Li-Ion Lithium-ion battery.

NaS Sodium-sulphur battery.

Pack A battery system consisting of a 
number of connected battery cells, 
together with power electronics, a 
battery management system, housing, 
and temperature control.

PbA, LA Lead-acid battery.

Peak shifting Shifting electrical power consumption 
from periods of maximum demand to 
other times.

Penetration The proportion of a specific technology 
(or specific technologies) relative to all 
technologies that form a system.

PHES Pumped heat energy storage.

PHS Pumped hydropower storage.

Power (W) The rate at which energy is delivered.

Power density – 
gravimetric (kW/kg)

The maximum power a storage system 
can provide, divided by its mass.

Power density – 
volumetric (kW/m3)

The maximum power a storage system 
can provide, divided by its volume.

Quality of electricity The reliability of electrical supply 
in terms of power, voltage, and 
consistency of frequency of alternating 
current.

Quality of supply See ‘Quality of electricity’.

Ramp rate (MW/
minute)

The rate at which power output of a 
storage device can be increased or 
decreased.    

Response time 
(seconds)

The length of time between the point 
when a device delivers no power, and 
the point when it delivers its maximum 
power.

Round trip 
efficiency (%)

See ‘Cycle efficiency’.

Seasonal storage The ability to store energy for days/
weeks/months to compensate 
for seasonal supply and demand 
variability, or a long term supply 
disruption.

Self-discharge rate 
(%/day)

Unintended discharge of stored energy 
that occurs while a storage system is 
idle.

SMES Superconducting magnetic energy 
storage.

Stationary storage Energy storage systems providing 
services from a fixed geographical 
location (as opposed to mobile storage 
used in transport).

Useable energy 
capacity (kWh)

The maximum actual amount of energy 
that can be stored by a device, relative 
to its nominal energy capacity.

VRFB Vanadium redox flow battery.

Watt peak (Wp) The maximum power provided by an 
electrical energy generation device 
under normal conditions (e.g. a solar 
panel in full sun).

ZnBr Zinc bromine battery.
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Box 4: How much will lithium-ion batteries cost in the future, and how do we know?
To give some idea of the state of research into the current and future costs of storage technologies, we outline some recent work 
relating to lithium-ion batteries. These batteries are a widespread and mature technology for portable electronic devices such 
as mobile phones and laptops. They became so within about 19 years of their invention, which is exceptionally fast for an energy 
technology32. However, lithium-ion batteries remain a niche technology for higher power, higher energy applications such as 
electric vehicles and stationary storage. A large amount of private sector investment is currently being put into scaling up and 
reducing the cost of lithium-ion batteries for these applications, and they are also the subject of a significant volume of academic 
research. Innovations are likely to arise from both routes. 

Projections of future costs of lithium-ion batteries have been made using a number of different approaches, the quantitative 
results of which are summarised in the chart below. Note that these costs are specified for battery packs alone, and do not 
include peripheral components such as inverters and battery controllers, which are required to integrate with the grid or with 
other components in an off-grid electricity system.
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Box 4: How much will lithium-ion batteries cost in the 
future, and how do we know? (continued)
Lithium-ion batteries for electric vehicles have been the focus of two 
‘expert elicitation’ studies, which collate the opinions of a range of 
experts in the absence of reliable and authoritative data. In 2010, Baker 
et al.87 interviewed academic and industrial battery experts in the US on 
the probabilities of lithium-ion batteries reaching a number of cost and 
technical performance thresholds by 2050, and the impact of increased 
R&D funding on these probabilities.  

In 2013, Catenacci et al.88 interviewed a series of policy and battery 
technology experts on how public research, development, and 
deployment (RD&D) funding in the EU should be divided between 
battery technologies, and between basic, applied, and demonstration 
funding for each technology, and on the range of possible electric 
vehicle battery costs that could be achieved by 2030, following a range 
of RD&D funding. Here, the expert responses indicated that funding 
should be spread across a range of technologies, and at a range of 
research, development, and deployment stages. In a scenario where the 
current level of investments in RD&D is maintained constant through 
2030, roughly half of the experts expected battery cost between $200 
and $400 per kilowatt hour for battery electric vehicles. The remaining 
experts provided more pessimistic projections. 

In 2012, Cluzel and Douglas33 published a detailed study of historical, 
current, and projected future lithium ion battery costs. The authors use 
a ‘bottom-up’ engineering model of battery cost and performance, which 
allows the design of a battery to meet given specifications based upon 
input data on cost and performance of materials and other components 
used. This bottom-up model is informed by expected future price trends 
in materials, cost savings associated with scaling up of production, 
and technological breakthroughs anticipated by battery experts. The 
authors conclude that improvements in fundamental chemistry and 
manufacturing improvements associated with scaling up of production 
are both likely to be important factors in battery development and cost 
improvement by 2020 and 2030.

Nykvist and Nilsson94 recently published a report drawing together costs 
and prices of lithium-ion batteries from manufacturers and academic 
and industrial literature. They suggest that battery costs may already 
be below what many analysts have predicted in 2020, and even 2030. 
These results demonstrate a significant level of uncertainty in current 
and future costs, estimated market-leader costs below most 2020 
projections, and a cost reduction rate that would result in battery 
costs of market leaders and the industry as a whole falling to $220 
per kilowatt hour before 2020. However, whether such cost trends are 
sustainable is unclear, and some analysts have suggested they may be 
the result of an oversupply of lithium ion cells in anticipation of a larger 
future market for electric vehicles95. 

In summary, lithium-ion batteries could well cost in the range $130-600 
per kilowatt hour by 2030, compared to today’s cost of $250-800 per 
kilowatt hour. This significant reduction would be driven by increased 
volume of production, technical improvements and greater learning and 
automation in production. 

References

1. The Shift Project Data Portal. Breakdown of 
Electricity Generation by Energy Source. at 
http://www.tsp-data-portal.org/Breakdown-
of-Electricity-Generation-by-Energy-
Source#tspQvChart

2. United Nations Framework on Climate Change. 
Adoption of the Paris Agreement. FCCC/CP, 
(2015).

3. HM Government. The Carbon Plan: Delivering our 
low carbon future. (2011).

4. IPCC. Summary for Policymakers. Clim. Chang. 
2014 Mitig. Clim. Chang. Contrib. Work. Gr. III to 
Fifth Assess. Rep. Intergov. Panel Clim. Chang. 
1–33 (2014). doi:10.1017/CBO9781107415324

5. International Renewable Energy Agency. 
Renewable power generation costs in 2014. 
(2015).

6. Renewable Energy Focus. Cumulative global 
installed PV to reach 310 GW by end of 2016. 
at http://www.renewableenergyfocus.com/
view/43835/cumulative-global-installed-pv-to-
reach-310-gw-by-end-of-2016/

7. Gambhir, A. et al. Assessing the challenges of 
global long-term mitigation scenarios – AVOID 2 
WPC2a. Avoid 2 1–37 (2015).

8. Bird, L., Cochran, J. & Wang, X. Wind and Solar 
Energy Curtailment : Experience and Practices 
in the United States Wind and Solar Energy 
Curtailment : Experience and Practices in the 
United States. Natl. Renew. Energy Lab. (2014).

9. International Energy Agency. in Energy 
Technology Perspectives 239–276 (2014).

10. National Grid. Keeping the Electricity Transmission 
System in balance.

11. Heptonstall, P., Gross, R. & Steiner, F. UKERC 
Technology and Policy Assessment Intermittency 
II Project. 2, (2015).

12. J. Skea, D. Anderson, T. Green, R. Gross, P. H. 
and M. L. Intermittent renewable generation and 
the cost of maintaining power system reliability. 
Gener. Transm. Distrib. IET 1, 324 (2007).

13. Lever, A. et al. Can storage help reduce the cost of 
a future UK electricity system? Carbon Trust. Imp. 
Coll. London 121 (2016).

14. California Independent Service Operator. What 
the duck curve tells us about managing a green 
grid. Available from: https://www. caiso.com/
Documents/FlexibleResourcesHelpRenewables_
FastFacts.pdf



Grantham Institute   Imperial College London 

21Electrical energy storage for mitigating climate change Briefing paper  No 20  July 2016

15. Fowlie M. The Duck has Landed. Energy Institute at Haas. 
2016. Available from: https://energyathaas.wordpress. 
com/2016/05/02/the-duck-has-landed/

16. Luo, X., Wang, J., Dooner, M. & Clarke, J. Overview of current 
development in electrical energy storage technologies and 
the application potential in power system operation. Appl. 
Energy 137, 511–536 (2015).

17. Akinyele, D. O. & Rayudu, R. K. Review of energy storage 
technologies for sustainable power networks. Sustain. 
Energy Technol. Assessments 8, 74–91 (2014).

18. The Parliamentary Office of Science and Technology. Energy 
Storage. POSTnote (2015).

19. International Energy Agency. Energy Storage Technology 
Roadmap. (2014).

20. Carbon Innovation Coordination Group. Electricity Networks 
& Storage (EN&S) Summary Report. Technology Innovation 
Needs Assessment ( TINA )

21. Deloitte & Touche LLP. Energy storage: Tracking the 
technologies that will transform the power sector. (2015).

22. Brandon, N. Storage technologies/research, from physics and 
chemistry to engineering. Present. SolaStor Conf. 12th April, 
(2016).

23. Spataru, C., Chung, Y., Barrett, M., Sweetnam, T. Techno-
Economic Assessment for Optimal Energy Storage Mix. 
Energy Procedia, 83, 515–524 (2015).

24. Macdonald, A. E. et al. Future cost-competitive electricity 
systems and their impact on US CO

2
 emissions. Nat. Clim. 

Chang. 1–6 (2016). doi:10.1038/NCLIMATE2921

25. Strbac, G. Demand side management: Benefits and 
challenges. Energy Policy 36, 4419–4426 (2008).

26. Palensky, P. & Dietrich, D. Demand Side Management: 
Demand Response, Intelligent Energy Systems, and Smart 
Loads. IEEE Trans. Ind. Informatics 7, 381–388 (2011).

27. Strbac, G. et al. Understanding the balancing challenge: 
Report for the Department of Energy and Climate Change. 
(2012). at http://www.nera.com/publications/archive/2012/
understanding-the-balancing-challenge.html

28. International Energy Agency. Energy Technology Perspectives. 
(2014).

29. Energy Research Partnership. Delivering flexibility options for 
the energy system: priorities for innovation. (2012).

30. Offer, G. J., Howey, D., Contestabile, M., Clague, R. & Brandon, 
N. P. Comparative analysis of battery electric, hydrogen fuel 
cell and hybrid vehicles in a future sustainable road transport 
system. Energy Policy 38, 24–29 (2010).

31. Coma, E. & Jones, P. ‘Buildings as Power Stations’: An Energy 
Simulation Tool for Housing. Procedia Eng. 118, 58–71 (2015).

32. Hanna, R., Gross, R., Speirs, J., Heptonstall, P. & Gambhir, A. 
Assessment Innovation timelines from invention to maturity. 
UKERC Technol. Policy Assess. (2015).

33. Cluzel, C. & Douglas, C. Cost and performance of EV batteries. 
(2012).

34. Brandon, N. P. et al. UK Research Needs in Grid Scale Energy 
Storage Technologies. (2016). at http://energysuperstore.
org/wp-content/uploads/2016/04/IMPJ4129_White_
Paper_UK-Research-Needs-in-Grid-Scale-Energy-Storage-
Technologies_WEB.pdf

35. Darling, R. M., Gallagher, K. G., Kowalski, J. A., Ha, S. & 
Brushett, F. R. Pathways to low-cost electrochemical energy 
storage : a comparison of aqueous and nonaqueous 
flow batteries. Energy Environ. Sci. 3459–3477 (2014). 
doi:10.1039/C4EE02158D

36. Strbac, G. et al. Value of Flexibility in a Decarbonised Grid and 
System Externalities of Low-Carbon Generation Technologies. 
Imperial College London, NERA Economic Consulting (2015). 
doi:10.13140/RG.2.1.2336.0724

37. Bloomberg New Energy Finance. Wind and solar boost 
cost-competitiveness versus fossil fuels. (2015). at http://
about.bnef.com/press-releases/wind-solar-boost-cost-
competitiveness-versus-fossil-fuels/

38. Shah, V. & Booream-Phelps, J. Crossing the Chasm. Solar 
Grid Parity in a Low Oil Price Era. F.I.T.T. for investors (2015). 
doi:http://www.climatecouncil.org.au/uploads/ed4518226c
655546cc529390c7cd4a8f.pdf

39. Pfenninger, S. & Keirstead, J. Renewables, nuclear, or fossil 
fuels? Scenarios for Great Britain’s power system considering 
costs, emissions and energy security. Appl. Energy 152, 
83–93 (2015).

40. Budischak, C. et al. Cost-minimized combinations of wind 
power, solar power and electrochemical storage, powering 
the grid up to 99.9% of the time. J. Power Sources 225, 60–74 
(2013).

41. King, D. et al. A global apollo programme to combat climate 
change.

42. IEA – Renewable Energy Technology Deployment. Renewable 
energy for remote areas and islands. (2012).

43. Szabó, S., Bódis, K., Huld, T. & Moner-Girona, M. Energy 
solutions in rural Africa: mapping electrification costs of 
distributed solar and diesel generation versus grid extension. 
Environ. Res. Lett. 6, 034002 (2011).

44. Sandwell, P. et al. Off-grid solar photovoltaic systems for 
rural electrification and emissions mitigation in India. 
Sol. Energy Mater. Sol. Cells 1–10 (2016). doi:10.1016/j.
solmat.2016.04.030

45. Barnhart, C. J. & Benson, S. M. On the importance of reducing 
the energetic and material demands of electrical energy 
storage. Energy Environ. Sci. 6, 1083 (2013).

46. Barnhart, C. J., Dale, M., Brandt, A. R. & Benson, S. M. The 
energetic implications of curtailing versus storing solar- and 
wind-generated electricity. Energy Environ. Sci. 6, 2804 
(2013).



 Imperial College London   Grantham Institute 

22 Electrical energy storage for mitigating climate change Briefing paper  No 20  July 2016

47. Sullivan, J. L. & Gaines, L. Status of life cycle inventories for 
batteries. Energy Convers. Manag. 58, 134–148 (2012).

48. Daniel Hsing Po, K., Mengjun, C. & Ogunseitan, O. A. Potential 
Environmental and Human Health Impacts of Rechargeable 
Lithium Batteries in Electronic Waste. Environ. Sci. Technol. 
47, 5495–5503 (2013).

49. Tong, S. J., Same, A., Kootstra, M. A. & Park, J. W. Off-grid 
photovoltaic vehicle charge using second life lithium 
batteries: An experimental and numerical investigation. Appl. 
Energy 104, 740–750 (2013).

50. Gaines, L. Sustainable Materials and Technologies The future 
of automotive lithium-ion battery recycling : Charting a 
sustainable course. Sustain. Mater. Technol. 1-2, 2–7 (2014).

51. Wadia, C.; Albertus, P.; Srinivasan, V. Resource Constraints 
on the Battery Energy Storage Potential for Grid and 
Transportation Applications. J. Power Sources 196 (3), 
1593–1598 (2011).

52. Gruber, P. W. et al. Global Lithium Availability A Constraint for 
Electric Vehicles? J. Ind. Ecol. 15, 760 – 775 (2011).

53. Daniel Hsing Po, K., Mengjun, C. & Ogunseitan, O. A. Potential 
Environmental and Human Health Impacts of Rechargeable 
Lithium Batteries in Electronic Waste. Environ. Sci. Technol. 
47, 5495–5503 (2013).

54. Sullivan, J. L. & Gaines, L. Status of life cycle inventories for 
batteries. Energy Convers. Manag. 58, 134–148 (2012).

55. Worland, J. How Lead Poisoning Is Devastating Countries 
Around the World. Time Magazine (2016). at http://time.
com/4227906/lead-poisoning-global-impact/

56. Tian, X., Gong, Y., Wu, Y., Agyeiwaa, A. & Zuo, T. Management 
of used lead acid battery in China: Secondary lead industry 
progress, policies and problems. Resour. Conserv. Recycl. 93, 
75–84 (2014).

57. Haefliger, P. et al. Mass lead intoxication from informal used 
lead-acid battery recycling in Dakar, Senegal. Environ. Health 
Perspect. 117, 1535–1540 (2009).

58. World Health Organisation. Lead Poisoning and Health. Fact 
Sheet No379 (2015). at http://www.who.int/mediacentre/
factsheets/fs379/en/

59. Hawkins, T. R., Singh, B., Majeau-Bettez, G., Strømman, A. 
H. Comparative Environmental Life Cycle Assessment of 
Conventional and Electric Vehicles. J. Ind. Ecol. 17 (1), 53–64. 
(2013).

60. Scheele, F., Haan, E. De & Kiezebrink, V. Cobalt blues. SOMO 
Cent. Res. Multinatl. Corp. (2016).

61. Kaskey, J. & Casey, S. Tesla to Use North American Material 
Amid Pollution Worry. Bloom. Technol. (2014). at http://www.
bloomberg.com/news/articles/2014-03-28/tesla-to-use-
north-american-material-amid-pollution-worry

62. Konadu, D. D. et al. Not all low-carbon energy pathways are 
environmentally ‘no-regrets’ options. Glob. Environ. Chang. 
35, 379–390 (2015).

63. Markandya, A. & Wilkinson, P. Electricity generation and 
health. Lancet 370, 979–990 (2007).

64. European Environment Agency. Air pollution impacts from 
carbon capture and storage (CCS). Tecnical Report (Number 
14) (2011). doi:10.2800/84208

65. Ugarte, S. et al. Energy Storage: Which market design and 
regulatory incenctives are needed? Rep. Eur. Parliam. Com. 
Ind. Res. Energy 1–5 (2015). doi:10.1007/s13398-014-0173-7.2

66. European Commission. The future role and challenges 
of Energy Storage. DG ENER Work. Pap. 1–36 (2013). at 
http://ec.europa.eu/energy/infrastructure/doc/energy-
storage/2013/energy_storage.pdf

67. Bradbury, S., Hayling, J., Papadopoulis, P. & Heyward, N. 
Smarter Network Storage. UK Power Networks (2013).

68. Hirth, L. & Ziegenhagen, I. Balancing power and variable 
renewables : Three links. Renew. Sustain. Energy Rev. 50, 
1035–1051 (2015).

69. National Infrastructure Commission. Smart Power. Leadersh. 
Excell. 26, 18 (2016).

70. TECHNOFI. Minutes of stakeholder debates (lessons learned) 
for nine knowledge sharing workshops. in GRID + STORAGE 
2016, (2016).

71. Barbour, E., Wilson, I. A. G., Radcliffe, J., Ding, Y. & Li, Y. A 
review of pumped hydro energy storage development in 
significant international electricity markets. Renew. Sustain. 
Energy Rev. 61, 421–432 (2016).

72. Highview Power Storage. Projects. (2016).

73. Isentropic. Technology. (2016). at http://www.isentropic.
co.uk/Technologies

74. Oberhofer, A. & Meisen, P. Energy Storage Technologies & 
Their Role in Renewable Integration July 2012. (2012).

75. Zhong, C. et al. Electrolytes for Electrochemical 
Supercapacitors. (Taylor & Francis Group, 2016).

76. Shin-Ich, I. (IEA). Prospects for Energy Storage in 
Decarbonised Power Grids. (2009).

77. Decourt, B. & Debarre, R. Electricity Storage – Factbook. 
Decourt, Benoit Romain Debarre (2013). doi:10.1007/978-88-
470-1998-0_8

78. IEC. Electrical Energy Storage – White Paper. (2011). 
doi:10.1007/s00247-002-0666-y

79. Bhandari, R., Trudewind, C. A. & Zapp, P. Life cycle 
assessment of hydrogen production via electrolysis –  
A review. J. Clean. Prod. 85, 151–163 (2014).

80. Alotto, P., Guarnieri, M. & Moro, F. Redox flow batteries for 
the storage of renewable energy : A review. Renew. Sustain. 
Energy Rev. 29, 325–335 (2014).

81. Weber AZ, Mench MM, Meyers JP, Ross PN, Gostick JT, Liu 
Q. Redox flow batteries : a review. J Appl Electrochem. 
2011;41:1137 -64.



Grantham Institute   Imperial College London 

23Electrical energy storage for mitigating climate change Briefing paper  No 20  July 2016

82. Akhil, A. A. et al. DOE / EPRI 2013 Electricity Storage 
Handbook in Collaboration with NRECA. Sandia National 
Labooratories (2013).

83. Matteson, S. & Williams, E. Residual learning rates in lead-
acid batteries: Effects on emerging technologies. Energy 
Policy 85, 71–79 (2015).

84. Arup. Five minute guide – Electricity Storage Technologies. 
(2012). doi:10.1007/978-88-470-1998-0_8

85. Hueso, K. B., Armand, M. & Rojo, T. High temperature sodium 
batteries: status, challenges and future trends. Energy 
Environ. Sci. 6, 734 (2013).

86. NGK. Sodium-Sulfur Battery – Renewable Applications & NAS 
Battery. (2015).

87. Sandia National Laboratories. DOE Global Energy Storage 
Database. (2015).

88. Baker, E., Chon, H. & Keisler, J. Technological Forecasting 
& Social Change Battery technology for electric and hybrid 
vehicles : Expert views about prospects for advancement. 77, 
1139–1146 (2010).

89. Catenacci, M., Verdolini, E., Bosetti, V. & Fiorese, G. Going 
electric : Expert survey on the future of battery technologies 
for electric vehicles. Energy Policy 61, 403–413 (2013).

90. Nykvist, B. & Nilsson, M. Rapidly falling costs of battery packs 
for electric vehicles. Nat. Clim. Chang. 5, 329–332 (2015).

91. TESLA. Powerwall – Energy Storage for a Sustainable Home. 
(2016). at https://www.teslamotors.com/en_GB/powerwall

92. Hensley, R., Newman, J. & Rogers, M. Battery technology 
charges ahead. McKinsey Quaterly (2012). at http://www.
mckinsey.com/business-functions/sustainability-and-
resource-productivity/our-insights/battery-technology-
charges-ahead

93. International Energy Agency. Global EV Outlook: 
Understanding the Electric Vehicle Landscape to 2020. 1–41 
(2013). at http://www.iea.org/publications/freepublications/
publication/name-37024-en.html\nhttp://scholar.google.
com/scholar?hl=en&btnG=Search&q=intitle:Global+EV+O
utlook:+Understanding+the+Electric+Vehicle+Landscape+
to+2020#0

94. Nykvist, B. & Nilsson, M. Rapidly falling costs of battery packs 
for electric vehicles. Nat. Clim. Chang. 5, 329–332 (2015).

95. Boslet, M. Lithium Battery Oversupply Debate Rages. 
Greentech Media (2010). at https://www.greentechmedia.
com/articles/read/lithium-battery-oversupply-debate-rages

96. Chmiel, Z. & Bhattacharyya, S. C. Analysis of off-grid 
electricity system at Isle of Eigg (Scotland): Lessons for 
developing countries. Renew. Energy 81, 578–588 (2015).

97. Eigg Electric. Eigg Electric. at http://www.isleofeigg.net/
eigg_electric.html

98. Gimeno-Gutiérrez, M. & Lacal-Arántegui, R. Assessment of the 
European potential for pumped hydropower energy storage : 
A GIS-based assessment of pumped hydropower storage 
potential. (European Commision – Joint Research Centre, 
2013). doi:10.2790/86815

99. Luo, X. & Wang, J. EERA Technical Report – Overview of 
current development on compressed air energy storage. 
(2013).

Acknowledgements

The authors would like to thank Prof Nigel Brandon 
(Imperial), Prof Goran Strbac (Imperial), and Prof Jenny 
Nelson (Imperial), Dr Jeff Hardy (Ofgem), Prof Peter Taylor 
(University of Leeds), and Dr Linda Gaines (Argonne National 
Laboratory) for their thoughtful and incisive suggestions 
as reviewers. We would also like to thank Dr Jacqueline 
Edge (Imperial) for her contributions to the Energy Storage 
glossary, Prof Anthony Kucernak (Imperial) for his useful 
feedback on the infographic in Figure 8, and Sally Fenton 
(Department of Energy and Climate Change) and Dr Greg 
Offer (Imperial) for useful discussions. Last but not least, 
we would like to thank Alyssa Gilbert, Simon Levey and Alex 
Cheung for providing their support, patience, and ideas in 
shaping and editing this briefing paper and the infographic 
in Figure 8. 



 Imperial College London   Grantham Institute 

About the Grantham Institute – 
Climate Change and the Environment

The Grantham Institute is committed to driving research 
on climate change and the environment, and translating 
it into real world impact. Established in February 2007 
with a £12.8 million donation over ten years from the 
Grantham Foundation for the Protection of the Environment, 
the Institute’s researchers are developing both the 
fundamental scientific understanding of climate and 
environmental change, and the mitigation and adaptation 
responses to it. The research, policy and outreach work 
that the Institute carries out is based on, and backed up by, 
the worldleading research by academic staff at Imperial.

www.imperial.ac.uk/grantham

About Imperial College London

Consistently rated amongst the world’s best universities, 
Imperial College London is a science-based institution with 
a reputation for excellence in teaching and research that 
attracts 13,000 students and 6,000 staff of the highest 
international quality.

Innovative research at the College explores the interface 
between science, medicine, engineering and business, 
delivering practical solutions that improve quality of life and 
the environment—underpinned by a dynamic enterprise 
culture. Since its foundation in 1907, Imperial’s contributions 
to society have included the discovery of penicillin, the 
development of holography and the foundations of fibre 
optics.

This commitment to the application of research for the 
benefit of all continues today, with current focuses 
including interdisciplinary collaborations to improve health 
in the UK and globally, tackle climate change and develop 
clean and sustainable sources of energy.

www.imperial.ac.uk

Contact us

For more information about this subject, to discuss how the 
issues covered affect you and your work, or to contact the 
authors, please email us at: grantham@imperial.ac.uk

About the authors

Dr Sheridan Few 
Sheridan Few is a Research Associate in Mitigation 
Technologies at the Grantham Institute. Sheridan is 
interested in how we can make a rapid and sustainable 
transition to a low carbon energy system. His current 
research focuses on understanding the potential role 
of a range of energy storage technologies for balancing 
renewables on a grid, and an off-grid scale. Sheridan is 
using integrated assessment models of the energy system, 
informed by expert elicitation, to address these questions.

Sheridan completed his PhD on the computational 
modelling of organic photovoltaic materials in the Physics 
department of Imperial in 2015, under the supervision of 
Professor Jenny Nelson. Prior to this, Sheridan worked with 
Solar Press (now part of SPECIFIC), scaling up production 
of organic photovoltaic devices, and completed a BA in 
Physics at the University of Oxford.

Oliver Schmidt 
Oliver is a PhD student at the Grantham Institute.  
His research focusses on the potential for innovation of 
energy storage technologies and the value of storage 
in low-carbon energy systems. He aims to derive sound 
assumptions on future costs of storage technologies and to 
assess the financial value drivers of storage applications in 
future energy systems. His methods include learning curve 
analysis, expert elicitations and bottom-up engineering 
assessments as well as modelling energy storage in power 
system and integrated assessment models.

Ajay Gambhir 
Ajay Gambhir is Senior Research Fellow at the Grantham 
Institute. His research focuses on the economic and policy 
implications of low-carbon pathways and technologies. 


