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Introduction

Our electricity system is changing. New technology, 
increasing demand from electricity consumers big and 
small for more control of their power use, and a dramatic 
shift from high to low carbon sources of power, all mean 
one thing: a revolution in how we generate and use 
power. 

Electricity is a constant in our modern world, with a 
complex system dedicated to making sure that whenever 
a light, appliance or machine is turned on or up, there is 
sufficient power ready to meet that demand. 

In the old days we relied on a small number of very 
large “centralised” power stations with stocks of coal 
to fuel this demand. But over time we have diversified 
this power mix; more recently, we have seen a shift 
to “decentralised” sources such as renewable power. 
The shift to an electricity system where renewables 
are meeting most of our power needs is inevitable as 
countries work to address the threat of climate change. 
But many renewable sources such as wind and solar 
are variable. Their dependence on variable resources 
demands that they work in combination with other 
sources (such as gas power stations) which can be 
turned up or down to meet power needs. 

Where once we stored energy in strategic piles of coal 
next to our power stations or in gas holders around our 
towns and cities, in the future we will store energy by 
taking a portion of electricity and holding it in reserve for 
when we need it. 

This reserve will come in many shapes and sizes. It could 
be in a lake inside a mountain, in compressed air stored 
in deep underground mines, in massed ranks of batteries 
connected to our grid, or in legions of small batteries 
in our homes and cars. It could be in new applications 
like hydrogen, molten salt, ammonia or gravity-based 
systems. This diversity is one of the great things about 
storage: different types and scales are needed to meet 
the different challenges in this future power system. 

This Haynes Manual explains the complex world of 
electricity storage, and how our future electricity system 
looks set to be smarter, more interconnected, distributed 
and versatile. 

Introduction
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demand. When the systems operator expects a shortfall, 
it must increase prices to stimulate production of more 
electricity. Operators of storage projects can hold power 
and release it when needed, responding to these market 
signals. This price sensitivity is a tried and trusted way 
to keep the cost of power down by using price to turn 
generation on and off and drive investment in new 
sources like storage. 

System Operators such as the UK’s National Grid ESO 
work out of a Control Centre to manage our electricity 
supply and demand. They can call upon energy storage 
plants to provide energy to meet the market’s current or 
projected demands. They can also direct storage plants 
to absorb energy at time of over-supply, or as a system 
balancing service to manage frequency and avoid having 
to dump power rather than find a use for it (this is known 
as curtailment or spilling of power).

We now have a range of storage options available. Each 
has different operating characteristics and advantages: 
some are better suited for providing shorter and quick 
bursts of power to keep our electricity system topped up 
and others can fill in longer term gaps. An orchestra can 
make a richer sound than a one-man band.

While electricity storage is attracting a lot of interest, 
sources like pump storage, which has been in use since 
the Victorian era, and other sources like Compressed Air 
Energy Storage (CAES) are well proven from many years 
in use. 

In our homes we have been using storage technology for 
many years without knowing it. Domestic storage heaters 
take low cost power generated at night to generate heat 
which is then released throughout the day; hot water 
tanks are sources of thermal storage. Older readers will 
probably remember Economy 7 tariffs with two meters 
controlling power in the day and night. First introduced 
in the late 1970s, tariffs like this were there to help shift 
demand to times of lower use and households were 
encouraged to set timers of hot water tanks and electric 
storage heaters to make use of this low rate. 

Storage and a Smart Energy System

What is changing is how we are using these different 
technologies alongside new digital tools. Our grids used 
to be thought of as “dumb networks” which reliably 
moved power in one direction – from power station to the 
millions of separate electricity consumers in response to 
their needs. Our grids are getting smarter. 

Building our future electricity system

Building our future 
electricity system
Our economy depends on electricity. Thanks to the 
growth of renewables and energy efficiency, we have 
broken the link between economic growth and carbon 
emissions. This shift is essential for us to deliver on 
international climate change commitments. In the UK 
we are seeing a rapid turn off of old coal plants, with 
less coal power in use every year. Indeed, the first day 
without coal generation since Victorian times was in 
2017.  By 2019 there were 150 coal free days on the 
British power system. In 2019 we reached a tipping 
point with over half of power being low carbon (nuclear 
and renewables). Low carbon is the new normal. 
National Grid ESO, the operator of our electricity grid, 
is committed to being able to run a zero-carbon grid by 
2025. That will mean periods without gas-fuelled power 
stations, and this will in turn mean an important role for 
storage.
 
Not only are we turning to renewables to replace coal 
and gas to generate electricity, in the future we will 
use renewables to replace the gas used in our homes 
and the petrol and diesel in our vehicles. In the future, 
our energy system will change thanks to greater 
electrification or by using low-cost power to produce 
synthetic fuels to replace fossil varieties. 

While further electrification is a growing trend, electricity 
as an energy source has its limits. While heating and 
transport fuels can be easily stored and transported, 
electricity (traditionally) must be generated, transported 
and used essentially instantaneously. On windy sunny 
weekend days, we see wind and solar meeting a large 
part of our power needs. But non-windy and cloudy 
days mean that we need to top up supply from other 
sources. The growth of electricity storage technologies 
means we now have a solution to this variability. This 
Manual shows how this shift to storage is taking place.

Why our grid system is embracing storage 

The purpose of storage is to absorb energy at one 
point in time and release it at a later stage. Electricity 
storage technologies take electricity which is surplus 
to requirements and store it for later use. As domestic 
consumers we do not get to see that the cost of 
power fluctuates minute by minute; our Electricity 
System Operator (ESO), which many people simply 
call “National Grid”, seeks to balance generation with 

2.1 2.2 
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With power now decentralised – more spread out and 
varied - our grid has to manage the use and transport 
of power from all sorts of generation, from a domestic 
PV rooftop panels to large nuclear sites or offshore 
wind farms. With the adoption of smart meters and 
other digital management systems, power stations 
and grid controllers now have more tools to manage 
a sophisticated grid system. With increasing uptake 
in electric vehicles, this system will only grow more 
complex and varied. 

Combining storage technologies with a smart grid 
network will provide more economical dispatching of 
energy and easier planning methods to optimise how 
we generate, store and use power. 

The illustration below depicts a smart power grid with 
examples of generators, consumers, transmission and
energy storage technologies that can be found in many
operating grid systems today. The ESO manages all the 
stakeholders ensuring the grid is balanced,frequency is 
stable and the lights stay on.

Exhibit 1: Smart Grid with high volumes of renewable energy and energy storage

Source: fiasco.design for RenewableUK

Power demand must always equal power generated, 
or the system becomes unstable. But power demand 
changes from second to second, and the grid is 
required to respond to these demands efficiently and 
cost effectively. To do so system operators look at 
past trends, weather forecasts, economic activities 
and many other factors such as TV viewing patterns or 
upcoming big events like big football matches or royal 

weddings. For example, when William and Kate were 
married, National Grid was ready for drops in demand 
at big moments and spikes immediately afterwards 
when people turned kettles on or opened fridge doors 
ready to pop the fizz at the big kiss. 

Exhibit 2: UK electricity demand during the royal wedding, 29th April 2011 

Source: National Grid ESO 

As well as overseeing how we generate power or use 
storage technologies, smart system operators can also 
manage demand. Consumers can now save or earn 
money from agreeing to shift when they use electricity 
to avoid using power at peak times, or use more when 
it is cheap and plentiful, such as on a very windy day. 
This service is known as Demand Side Response (or 
Demand Side Management).

Grid operators must also think about the “quality” of 
electricity. Electricity networks operate on alternating 
current (for example 60 Hz in the USA, 50 Hz in Europe 
and Asia). Grid frequency needs to operate very close 
to the standard frequency at all times to maintain 
system integrity. If the frequency drops, power must 
be injected into the system or demand curtailed, and 
if the frequency rises, demand needs to increase, or 
generation drop. Changes to power quality are called 
“brown outs”. Electricity system operators traditionally 
control the output of flexible generating plant to help 
balance the system. Rotating generators provide 
system “inertia” as they rotate at the same frequency as 
the electricity system. This effectively acts as a buffer 
against rapid change as they take time to slow down or 
speed up.

Injecting power quickly into the grid has traditionally 
been achieved by allowing thermal power stations to 
operate sub-optimally as baseload or as a hot spinning 
reserve. This load matching service can take place 
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over short time periods, from fractions of a second to 
minutes. The grid needs to procure these services in 
advance from generation plants to ensure continued 
system stability. If not managed efficiently this leads to 
higher costs and increased emissions and potentially 
to system shutdowns and black outs. With fewer power 
stations and more renewables, this means a change to 
how our system maintains stability. This Manual will run 
through some of these emerging storage technologies 
which help maintain all-important system stability. 

Storage technologies can also help manage frequency. 
Batteries, for example, can deliver short fast frequency 
response services. Thermal storage can shift power 
demands, usually over hours, helping to level daily 
demand curves. Power to gas can store large volumes 
of energy over long periods of time, to be delivered 
back to the grid when necessary, providing security to 
the economy. 

Finally, the growth of variable renewables also means 
we need to look at methods for maintaining system 
inertia. Traditionally system inertia was provided by the 
large spinning, synchronous, components within power 
stations. Even if these plants developed a fault, large 
heavy components could only power down gradually 
which prevented sudden stop-starts or unexpected 
negative spikes in generation. As many of the 
renewable technologies now being to be deployed on 
large grids (wind and solar) are also non-synchronous, 
system inertia is also reducing. High system inertia 
supports grid management and helps stabilise system 
frequencies and there is increased interest in finding 
storage technologies able to provide system inertia and 
the smooth running of our network.

A look at our energy system toolbox

Different storage technologies work in different ways 
and like different tools in a toolbox, they can be 
used to help solve different issues. Having a mix of 
the best energy storage technologies to support the 
management of an efficient grid is a challenge energy 
markets will need to face when progressing towards a 
fully renewable grid. 

The graphic opposite highlights some energy storage 
technologies and corresponding market and power 
scales to which the technologies are best suited. 

Exhibit 3: Storage time against power for various technologies

Source: RenewableUK, after Siemens Energy

This shows the different types of storage technology. 
In this Manual we’ve split storage into mechanical, 
electrical, chemical and thermal types.

Right now, pumped (hydro) storage (page 14), towards 
the right-hand side of the graph, is the world leader, 
making up 95% of the world’s large-scale electricity 
storage in 2016. These are generally very large pieces of 
infrastructure which can provide large volumes of power 
(many hundreds of MW) quickly. Britain has a strong 
history of developing and operating pumped hydro 
and has four large scale plants: Cruachan, Dinorwig, 
Ffestiniog and Foyers in operation in Scotland and 
Wales. These plants are 40-50 years old, still have many 
years left in them, and are still as vital to the operation 
of our power system as when they were first turned on. 

Another large-scale energy storage technology is 
Compressed Air Energy Storage (CAES, see page 
18). This uses power to compress air at off peak 
times, which is then stored in underground caverns or 
purpose-built containers and generates power when it 
is released.  

Of course, when people talk about electricity storage, 
much of the focus is on battery storage. Batteries are 
everywhere in our modern life. They can be charged 
by plugging them into a power source and using them 
to power a device when it is not connected. Battery 
technology has progressed significantly, and in the last 
few years we have seen rapid growth of grid-connected 
batteries to our network. Advancing technology and 
falling prices mean that battery storage plants are 
popping up across the country and are going to be 
increasingly important as a second generation of 
storage technologies. 

2.3 
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Batteries (and their different types) are on the lower 
left-hand corner of the graph on the previous page; 
they are the main form of electrical storage. They are 
now being used at scale, most famously by Tesla in 
Australia after Elon Musk used Twitter to bet he could 
deliver a 100MW battery in 100 days and help solve a 
power crisis in South Australia. Batteries do not have 
significant environmental or geographical requirements 
like pumped hydro or CAES so they can be deployed 
in many locations and are able to provide frequency 
response services and are very suitable for embedded, 
or local, distribution. Individual energy users, from large 
industrial users to domestic consumers, are increasingly 
using batteries to reduce their own electricity bills and 
avoid peak charges by storing energy during periods 
when their facility demand is low. There are now 
850MW of grid-connected batteries operating plants in 
the UK, with a further 8,000MW in development.

Capacitors and super capacitors (see page 25) provide 
electrical storage for short periods and rapid response. 
These technologies as well as flywheels, which store 
energy in spinning mass (see page 17), have been 
generally deployed for the provision of frequency 
response services. 

Chemical storage (see pages 26-32), or the utilisation 
of electricity to produce synthetic gases (power to 
gas), mainly from green hydrogen, (produced using 
electricity from renewable sources) can be suitable for 
the storage of very large quantities of energy and thus 
can provide medium to long term system security of 
supply. Chemical storage is shown in the top bubble 
on the graph. The stored energy can be returned to the 
grid either through combustion engines or fuel cells. 
Synthetic fuels made with surplus renewable generation 
could also be a way to decarbonise our heat and 
transport fuel use, providing new fuels that can meet 
the energy needs of markets like shipping, road haulage 
and industrial heat.

Thermal storage technologies (page 33) use electricity 
or solar energy to heat up solids or liquids to high 
temperatures. The heat can be stored for hours or days, 
and technologies can be scaled. 

The environmental impact of storage

Like all technologies and processes, storage 
technologies need raw materials for their manufacture 
and use. The growth of renewable power, electric 
vehicles and storage technologies means increased 
demand for certain resources. Materials such as lithium, 
cobalt, nickel, manganese and graphite are all needed 
for battery production, and so-called rare earth metals 
like neodymium and praseodymium are critical in low 
energy lighting, magnets for wind turbines and electric 
vehicles.

There has been much speculation about levels of 
demand for these materials, as well as discussion 
about the impact of geopolitics on access to these 
vital materials. Many of these materials also depend 
on mining, so it is important we factor in how these 
resources are managed and extracted responsibly.
As these markets develop, we are looking at new 
technologies or processes to help mitigate impact or 
reduce demand. In the UK, GreenSpur has successfully 
tested an iron-core magnet which could one day 
supersede rare-earth magnets. In the south west, a 
mining start-up, Cornish Lithium, is hoping to begin 
extraction of lithium, pumping lithium rich water out of 
the ground instead of mining it. 

2.4 
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Mechanical 
Systems 
The main mechanical systems in use 
are based on flywheels and variants of 
pumped-hydro-electric systems.

3.1 Pumped Hydro systems

A hydro-electric storage power station can 
be powered either from the continuous 
flow from a river, or from water stored 
behind a dam. Large scale pumped 
storage plants are operated in many 
countries, with about 140GW of generating 
capacity world-wide. 

Typical plant sizes range from 250MW 
to 2000MW with four or more hours of 
discharge capability. Sites for pumped 
storage require upper and lower reservoirs 
separated vertically by at least several 
hundred metres. This restricts their use 
to mountainous regions, which are often 
away from electrical load centres, where 
their value would be higher. 

These plants store energy by using 
electricity to pump water uphill to an 
elevated reservoir. During periods of high 
electrical demand, the water is released 
back to the lower reservoir and turns a 
turbine to generate electricity. Exhibit 4 
illustrates the process for pump storage 
and electricity generation.

3 

Upper reservoirUpper reservoir

Lower reservoirLower reservoir

Underground power plant

Turbine mode
(power generation)

Pump mode
(power storage)

Pump mode
(power storage)

Maximum head 
water level

Energy transfer Minimum 
level

Minimum
water level

Energy transfer Maximum head
water level Source: Ian Moores Graphics 

for RenewableUK

Exhibit 4: A pumped hydro station
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The pumps and the turbines can be directly linked to 
the grid, and so can also provide system stabilising 
inertia to the grid both during charging and discharging. 
Pumped hydro plants are controllable when discharging 
and can compete for system service revenues, including 
frequency support services and reserve services.

Pumped hydro systems have high power and energy 
storage capability; because of their scale, they have 
high initial capital cost. Their long lifetime makes them 
useful assets on a power system if the right locations 
can be identified. These sites can make use of uphill 
lakes and dams, or could be based in coastal locations 
by pumping seawater to elevated dams or storage 
lakes. 

Case study: 
SSE Pumped storage - 
Coire Glas hydro scheme 

Coire Glas is a 1500MW pumped storage scheme, 
which is the first new large-scale pumped storage 
scheme to be developed in the UK for over 30 years. 
 
The scheme will be situated to the south west of 
Laggan Locks, near Spean Bridge in the Highlands 
of Scotland. The upper reservoir works, including the 
construction of the dam, would be accessed off the 
A87 at Whitebridge utilising existing forestry tracks 
and the creation of a new track to the dam site. The 
lower reservoir works, including the outlet area and 
excavation of rock for the underground works, would be 
accessed off the A82 at North Laggan. 

A key advantage of developing a pumped storage 
scheme at Coire Glas is the site’s proximity to a large 
lower reservoir (Loch Lochy). There is significant 
elevation of around 500m between the upper and lower 
reservoir sites over a relatively short distance. 

• Located at Loch Lochy in the Highlands of Scotland 
• Up to 1500MW scheme (subject to Scottish 
 Government consent for revised project proposals) 
• Coire Glas would double current GB storage  
 capacity from c.30GWh to c.60GWh
• The scheme could provide 1500MW of power to the 
 grid for 24 hours non-stop or 5 units could be 
 optimised accordingly so 1 unit of 300MW could run 
 for 112 hours if required

3.2 

• Coire Glas can provide security of supply during 
 windless days; but also manage days of excess 
 wind without having to curtail; helps to avoid costly 
 transmission investment north to south; could 
 provide full range of ancillary services
• £1bn+ capex with construction period of 5 years 
• Project is expected to have a lifetime of 40 years 
 plus 
• The societal benefits, which could bring customers 
 value for money, valued at around £70m per annum 
 in 2030 
• The project would reduce the cost of curtailing 
 generation and reduce the investment required in 
 transmission network reinforcement 
• Coire Glas would have black start capacity 

Flywheel systems

Electrical energy can be used to drive a motor to turn a 
rotor (or flywheel) at high speed, and thereby store the 
kinetic energy in the rotating mass. When required, the 
energy can be recovered by using the flywheel to drive 
a generator. 

Flywheel systems tend to be modular: installations of 
10MW or more are easily installed using several self-
contained flywheel modules. Flywheels can have low 
operating costs, high reliability and can deliver high 
power. They have high speeds of response, high ramp 
rates and good cycle lifetime. They can be easily sited 
as there are not usually any environmental barriers to 
their use. 

Exhibit 5: A flywheel energy storage system.

3.3 
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for RenewableUK
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A typical design consists of a flywheel mounted on 
bearings. Modern fly wheels use magnetic bearings to 
reduce friction and carbon fibre composites to allow 
the wheel to turn at greater speeds, thus storing more 
energy.

Compressed Air Energy Storage (CAES)

CAES technology is based on gas and steam turbine 
platform designs. The first large scale CAES plant was 
built in 1978 in Hundorf, Germany, in an area where 
pumped hydro was not an option. The salt strata 
beneath the ground was mined, creating two large 
caverns that could store pressurised air. 

Exhibit 6: CAES plant with Salt cavern storage 

Source: RenewableUK, after Sinovoltaics

Above is a diagram of a standard CAES plant. The 
compressor systems on the left are driven by an 
electrical motor directly connected to the grid. The 
motor is a dispatchable load and can provide systems 
services and inertia to the grid. The compressed air is 
injected into the salt caverns and stored. When gasses 
are compressed, they heat up and when expanded 
again there is a cooling effect.  CAES needs to provide 
heat as part of the expansion cycle.  In some cases, 
CAES is coupled with thermal storage to improve 
overall efficiency.

3.4 

When compressed air from the caverns is released, it 
passes back through the turbines to generate electricity. 
A turbine operating on pre-compressed air can achieve 
higher efficiencies, faster dynamic responses and lower 
stable minimum generation load points when compared 
to standard gas turbines. 

The plant can also provide system inertia and can 
compete for system services both during charging and 
discharging.

A variant of CAES is the use of liquefied rather than 
compressed air. Liquid air can be stored safely, at low 
cost in containers. It is currently in widespread use in 
factories and other industrial facilities worldwide. 

The technology is scalable and is suited to installations 
in the 5MW or greater range. A version suitable for use 
in cars and commercial vehicles has been developed, 
but is not yet being deployed for commercial storage 
applications. 
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ELECTRICAL SYSTEMS 
These systems do not convert electricity into chemical, 
mechanical or other energy; instead they directly store 
electrical energy.

Batteries

Batteries come in many shapes and sizes and our 
modern lifestyles and industrial processes all depend 
on battery technology. They can be primary (single 
use) or secondary (rechargeable). Batteries which can 
be continually charged, discharged and recharged are 
those that can be used for electricity storage, and there 
are a number of different types in use. 

Exhibit 7: A basic battery

Source: RenewableUK

A basic battery is made up of two terminals made of 
different chemicals (typically metals), the anode and 
the cathode; and the electrolyte, which separates 
these terminals. The electrolyte is a chemical medium 
that allows the flow of electrical charge between the 
cathode and anode. When a device – a light bulb or the 
electricity grid – is connected to a battery the chemical 
on the anode releases electrons to the negative terminal 
and ions in the electrolyte. At the positive terminal, the 
cathode accepts electrons, completing the circuit. The 
electrolyte is there to put the different chemicals of 
the anode and cathode into contact with one another, 
converting stored chemical energy into useful electrical 
energy.

4 

4.1 

Exhibit 8: Energy storage solutions in the UK

Source: RenewableUK Project Intelligence 

Lead acid batteries

The lead acid battery is the most used secondary 
battery technology. You will find one inside almost every 
petrol or diesel vehicle engine in the world as well as in 
many other applications. Small installations in domestic 
or in remote areas may use one or more batteries for 
standby applications but many larger systems with 
hundreds of battery cells have been constructed, with 
power ratings of more than 10MW. 

Lead acid batteries continue to be used as standby 
batteries, for example in telephone exchanges or for 
power quality applications such as data centres. Over 
95% of a lead acid battery can be recycled, which 
makes it a sustainable technology. 

Exhibit 9: A 1 MW, 1.2 MWh lead acid battery energy storage system at Stadtwerke 
Herne, Germany, installed in 1996

Source: 
Swanbarton 
Limited 
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Lithium Batteries

Lithium is the lightest metal and has a high 
electrochemical reduction potential (it easily loses or 
gains electrons), which makes it a popular choice for 
many types of primary and secondary battery systems. 
Being lightweight, they are the go-to choice for mobile 
devices and electric vehicles, and this popularity has led 
to innovation and cost reduction.

Many manufacturers produce a range of cells matched 
to different types of application. Lithium batteries used 
for large scale applications on the power network 
will be configured for low cost of maintenance and 
high lifetime. The cells will usually be combined into 
modules, and the modules assembled and installed into 
racks.

Exhibit 10: The 
inside of the 6 
MW, 10 MWh 
lithium ion 
battery, supplied 
by Samsung, 
installed by UK 
Power Networks 
at Leighton 
Buzzard 

Source: 
Swanbarton 
Limited

Nickel Cadmium Batteries

Nickel cadmium (NiCd) batteries have nickel oxide 
hydroxide and cadmium electrodes. They are used 
where a longer lifetime and greater durability than lead 
acid batteries is required, and often used for back-up 
power supply.

High-temperature batteries

Sodium sulphur (NAS) batteries operate at a high 
temperature, using an electrolyte of beta alumina and 
electrodes of molten sodium and molten sulphur, which 
are contained in a stainless-steel case. 

These batteries have a high level of efficiency and 
good reliability, and are one of the most widespread 
advanced battery systems in terms of commercial 
deployment. This type of battery is particularly suited 
to larger scale applications in the range 5MW or more, 

although many 1MW size installations have been 
installed.

Exhibit 11: NAS 
battery supplied by 
NGK Insulators Ltd to 
Younicos, Berlin. 
This configuration 
shows an 
enclosure installed 
inside a battery 
demonstration facility
 
Source: Swanbarton 
Limited

Sodium nickel chloride batteries are also high-
temperature batteries and share some characteristics 
with the sodium sulphur battery, but have different 
operational parameters. The battery has been 
developed for the electric vehicle and railway 
transport market as well as stationary energy storage 
applications. 

Flow batteries

A flow battery is a rechargeable battery in which 
electrolyte flows through one or more electrochemical 
cells, and the electrolytes are stored outside the cell in 
one or more tanks. They have the advantage of being 
easily scalable, and a can be charged and discharge 
many times without impacting performance.

Large-scale installations may be assembled from 
individual components or from sub-assemblies. Several 
flow battery systems have been installed in Asia, 
Europe, Australia and North America. At present, these 
systems are at the demonstration and early commercial 
stages.

Exhibit 12: 
A containerised 
flow battery 
system installed 
on the island 
of Pellworm, 
Germany. The 
flow cells are at 
the upper level, 
the electrolytes 
are installed in 
the containers at 
the lower level. 

Source: Swanbarton Limited
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Future battery technologies

Battery storage is expected to be the dominant form 
of energy storage in the future as more and more 
electrically powered technologies enter the market. 

There is significant research into the application of 
battery technologies like metal air and flow batteries 
to electricity storage. There are also novel approaches 
under development using materials or technologies like 
graphene, gold nanowire, micro-supercapacitors and 
copper foam. 

Case Study: 
The Northern Islands project
Northern Isles New Energy Solutions (NINES) 
aims to deliver a secure, affordable and 
reliable energy system for Shetland.

Testing on an island grid provides a great opportunity 
to understand the limits of energy storage as a service 
provider. These tests coincided with the ability and 
desire of the islanders to meet more of their energy 
needs from renewable sources.

The Shetland Islands are comprised of more than a 
hundred islands, with just fifteen of them inhabited. 
Around 23,000 people live on the islands.

The Islands are faced with a significant energy supply 
challenge. They are located some 130 miles to the 
north of the British mainland. Demand for electricity on 
the islands ranges from a minimum of around 11MW 
to a peak of about 48MW. There is no gas supply 
to properties on the islands, and heating needs are 
met by oil and electricity.

NINES trialled several ground-breaking technologies 
to make Shetland’s energy system more efficient and 
affordable. For instance, they installed a 1MW battery to 
manage fluctuations in supply and demand to make the 
best use of generation and electricity network assets.

A 1MW battery at Lerwick Power Station acts as an 
energy storage system on the Shetland Network. 
In addition to facilitating the connection of new 
renewables, the battery assists in optimising and 
stabilising the operation of the existing island network 
by helping to reduce demand peaks. 

4.2 

Exhibit 12: Overview of Shetland network 
Source: Scottish and Southern Energy 

The battery has helped to accommodate the connection 
of a significant amount of new renewable generation 
which would otherwise have been impossible. 

Capacitors 

Several manufacturers produce various types of 
capacitors for use in power system applications. A 
capacitor holds charge as static electricity - like the 
effect of rubbing a balloon on your hair so it stands on 
end. Capacitors are best suited to release electricity 
in short bursts of seconds or less. Supercapacitors 
have made use of technical innovations advanced 
electrolytes and other advanced materials and 
offer high-energy storage capability, with discharge 
periods measured in minutes rather than seconds. 
Supercapacitors are in widespread use on power 
systems for controlling voltage on transmission and 
distribution networks but are not widely used as 
conventional energy storage devices.

4.3 



2726

CHEMICAL SYSTEMS 
Storage options like batteries and compressed air 
storage help us to manage our network, increasing 
its flexibility and ensuring that we always have power 
available to meet demand and provide other grid 
services. 

However, decarbonisation also demands that we look at 
options for how we decarbonise energy in all its forms. 
The UK Government has committed to stop the use of 
gas for domestic heating in new homes after 2025, and 
make all new vehicles zero emission by 2035, effectively 
banning the sale of diesel and petrol vehicles.

One option is electrification of heat and transport. The 
growth of electric vehicles or electrification of heat are 
examples of how this can be done (e.g. by replacing 
gas hobs with electric induction hobs, or gas boilers 
with electric storage heaters and/or heat pumps). It 
would require significant growth in renewable electricity 
production, and the need for more electricity storage. 
Another option for decarbonisation is to use chemical 
processes to manufacture synthetic gases or other 
fuels which can be stored before use as fuel sources for 
heat or transport. These “power to gas technologies” 
can provide the bridge between energy generation 
industries and other energy/carbon intensive sectors, as 
well as offering a viable option for the long-term storage 
of large quantities of green energy. 

Green Hydrogen

The principle is simple: renewable or low carbon power 
sources can convert water into hydrogen and oxygen 
in an electrolysis process. Modern electrolysis plants 
operate at high efficiencies and can start up and shut 
down quickly. These qualities make them very suitable 
for use in helping balance our electricity system and 
manage electricity demand.

Hydrogen electrolysis powered by renewable energy 
is referred to as green, or renewable, hydrogen. The 
hydrogen can then be stored for use when needed. 
Hydrogen can also be transported using our existing 
gas infrastructure and used as fuel for modern gas 
power stations or in vehicles. Doing this, power-to-gas 
technologies can help us balance renewable energy 
generation and replace natural gas or transport fuels. 
These fuels are also suitable to drive fuels cells to 

5 

5.1 

generate electricity efficiently before injecting back into 
the electrical grids or propelling vehicles. 

Modern gas turbines like the Siemens SGT8000 can 
burn natural gas, diesel or hydrogen. Companies like 
Siemens Energy have rethought how to make their 
technology relevant for a low carbon world. We used 
fossil fuels because they were available, and over time 
we developed and improved engines and generators 
based on them. But in a low carbon world with low 
cost renewables readily available, we can rethink how 
we use these existing technologies to meet our wider 
energy needs and balance our system. 

In looking at how we use storage to balance our 
system, we saw that many dedicated storage 
technologies are suited for short-term applications. 
Green hydrogen is a synthetic fuel but also forms the
basis of many other synthetic fuels including ammonia. 
The production and storage of green hydrogen and 
synthetic fuels means we can start to solve bigger 
challenges in moving to a low carbon energy system, 
as well as providing system security of supply to our 
electrical network at a much larger scale and for longer 
periods, even across seasons.

To make green hydrogen water is injected into an 
electrolysis stack system. Power supply from a 
renewable source then separates the hydrogen from 
the oxygen. The hydrogen is then captured and can be 
stored.

Exhibit 13: Polymer Electrolyte Membrane (PEM) Plant 

Source: RenewableUK
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In the UK investment in hydrogen technology is 
increasing. In Sheffield, ITM Power is constructing 
the world’s largest electrolyser plant, while the UK 
Government is supporting hydrogen innovation through 
a series of pilot programmes to demonstrate low-cost, 
zero-carbon hydrogen in the UK to industrial scale. 
This includes the Gigastack project, led by ITM Power, 
Ørsted, Phillips 66 Limited and Element Energy. The 
North Lincolnshire project will show how renewable 
hydrogen derived from offshore wind can support the 
UK’s 2050 net-zero greenhouse gas emissions target.

Case study: 
Gigastack 

The Gigastack project, led by ITM Power, Ørsted, 
Phillips 66 Limited and Element Energy, will 
demonstrate how renewable hydrogen derived from 
offshore wind can support the UK’s 2050 net-zero 
greenhouse gas emission target. 
In the Gigastack Phase Two project, the consortium 

will conduct a Front-End Engineering Design (‘FEED’) 
study on a 100MW electrolyser system using staged 
installations with a nominal capacity of 20MW.  The 
FEED study will detail the actual design of a hydrogen 
production system connected to a wind farm and 
industrial off-taker using ITM Power’s new generation 
of electrolyser stack technology, renewable energy 
directly from Ørsted’s Hornsea Two offshore wind farm, 
and with the resulting renewable hydrogen supplied to 
an industrial off-taker; the Phillips 66 Humber Refinery.  
A key objective of the Gigastack Phase Two project 
is to identify and highlight regulatory, commercial and 
technical challenges for real applications of industrial-
scale renewable hydrogen systems.

5.2 

As part of the second phase, ITM Power will also install 
and trial both their next-generation electrolyser stack 
and the semi-automated manufacturing machines 
required for large-scale and high-volume manufacture 
of these new large low-cost stacks. This will help 
validate a complete production system capable of 
delivering hundreds of megawatts of electrolysers per 
year.

The stack is a device which splits liquid water (H2O) into 
Hydrogen (H2) and Oxygen (O2) gases using electricity. 
If the electricity used to power the stack is renewable, 
the hydrogen and oxygen produced will also be green 
and renewable. The stack name originates from the 
many cells ‘stacked up’ in electrical series and then 
sealed to self-generate gas at pressure. 

Exhibit 14: The 
hydrogen network

Source: 
RenewableUK, after 
Arup

As well as being a fuel with different uses, hydrogen 
can also be stored and kept as an energy reserve. 
For holding large reserves of hydrogen, salt caverns 
are particularly suitable. Underground caverns left 
over from salt mining have proved to be durable, safe 
and non-intrusive and the UK and much of Europe 
has considerable salt deposits suitable for hydrogen 
storage. Sites in Northern Ireland, Cheshire and several 
sites across the Netherlands and Denmark have been 
identified for gas storage with some projects built and in 
operation storing natural gas in these areas.
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Green Ammonia

One of the attractions of ammonia (NH3) as a hydrogen 
energy vector is that it can be deployed at scale and 
is carbon free when combusted. Green ammonia is 
created by combining green hydrogen with nitrogen. 
Traditionally most ammonia is used as fertiliser, but it 
can also be used a fuel within a combustion process 
or in fuel cells to produce an electric current. The 
widespread manufacture of ammonia means that the 
technology needed exists today and can be applied to 
energy storage. 

Ammonia is more stable than hydrogen and can be 
stored for longer periods more efficiently and cost 
effectively in many cases. Ammonia can also be 
transported at a lower risk and used in several different 
applications. 

Exhibit 15: the ammonia economy

Source: RenewableUK

Case Study: 
Rutherford Appleton Laboratory

Siemens Energy ammonia demonstrator makes carbon 
free fuel from air and water powered by renewable 
energy

Hydrogen, by weight, carries more energy than any 
other fuel.  At 39kWh/kg, that is around three times 
more energy than gasoline or diesel.  Hydrogen can be 
made with renewable energy from water by electrolysis.  
The challenge with hydrogen is that in its natural form 
it is a lightweight gas, so it is not easy to store or 

5.3 

5.4 

transport.   If hydrogen can be used where and when it 
is made or transported via a pipeline, then that’s not an 
issue.

For modest amounts of hydrogen high pressure storage 
is an option.  Hydrogen cars use high pressure (700Bar) 
to hold enough hydrogen.

NASA cools hydrogen to very low temperatures until it 
becomes a liquid for use as rocket fuel. It uses a lot of 
energy to do this as hydrogen becomes a liquid only 20 
degrees above absolute zero, that is minus 253 degrees 
below zero Celsius. 

For handling hydrogen in bulk we need hydrogen 
carriers.  Chemicals made from hydrogen that are easier 
to handle.

Ammonia (NH3) is easily stored as a liquid by cooling it 
to -32 degrees Celsius or keeping it under pressure at 
around 10Bar depending on the temperature. There are 
ammonia storage tanks in many cities and ports around 
the world.  Some contain as much as 50,000 tonnes 
of ammonia – enough fuel to run a power station for a 
week.

The Siemens Energy Green Ammonia Demonstrator 
brings together, in a single site, all the technologies 
required to demonstrate the complete ammonia energy 
cycle. The project creates a better understanding of the 
potential of ammonia for the rapid deployment of a bulk, 
carbon-free hydrogen network.

Based at the Rutherford Appleton Laboratory in 
the UK and created in partnership with the Science 
and Technology Facilities Council, the University of 
Oxford and Cardiff University, the system uses water 
electrolysis to provide a hydrogen supply and extracts 
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nitrogen from the air. The system combines these two 
elements in the well-established Haber-Bosch process 
to make ammonia which can be used as a new form 
of energy storage. When burned, ammonia turns back 
into nitrogen and water, and does not produce the CO2 
emissions associated with fossil fuels.

As well as a transport vector for hydrogen, ammonia 
can be used as a fuel itself for electricity generation in 
ammonia fuel cells. Ammonia is passed into the cell, 
where it is converted to water and nitrogen, and drives 
an electric current, much like in a battery. This can be 
used in vehicles, shipping and industry. 

Exhibit 16: ammonia fuel cell

Source: RenewableUK

Thermal Systems 
Thermal systems can store energy to deliver low carbon 
heat and be used as a means of electricity storage. 

Bulk Thermal storage 

Thermal storage is being developed at scale across the 
globe. Energy sources are used to heat fluids or solids. 
One application is use of molten salt linked to solar 
energy. A solar thermal plant is used to concentrate 
heat and raise the temperature of a special working 
fluid. These types of solar thermal systems tend to 
be deployed in a limited number of locations, usually 
in desert locations, co-located with a solar thermal 
generation plant. 

The example below depicts a solar capture plant 
coupled with a molten salt energy storage system. The 
stored heat is then used to create super-heated steam 
that can drive a conventional steam turbine.

Exhibit 17: Crescent Dunes Solar Energy Storage Facility, Nevada 

Source: U.S. Department of Energy. Photo by Julianne Boden

6 

6.1 
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Mirrors concentrate solar energy to a focal point. 
Molten salt is circulated through piping in the receiver 
heat exchanger during the day and held in storage 
tanks at night. The tanks store the molten salt at 
atmospheric pressure and a temperature of over 500˚C 
until electricity is needed – day or night, independent 
of weather or sunlight.

As electricity is needed, molten salt is dispatched 
from the hot tank through a heat exchanger to create 
super-heated steam which then powers a conventional 
steam turbine. The steam turbine is dispatchable and 
can provide frequency response system services. The 
turbine is coupled directly to the grid and provides 
operating inertia.

The salt, an environmentally friendly mixture of 
sodium nitrate and potassium nitrate, can be utilised 
as high-grade fertilizer when the plant is eventually 
decommissioned.

Case Study: 
Thermal energy storage – Siemens Gamesa’s 
ETES plant in Hamburg, Germany

Thermal energy storage is a low-cost way to store 
large amounts of energy for hours or days.  The 
principle is simple; trap heat energy in an insulated 
container and then release the heat when required 
later or use it to drive a steam generator to make 
electricity.

Siemens Gamesa’s Electro Thermal Energy Store 
(ETES) in Hamburg, Germany demonstrates this at 
scale.

ETES draws electricity from the power grid and uses 
it to heat volcanic stones to temperatures of 600°C 
and higher. The stones remain hot for days in a well-
insulated chamber.  The stored heat is converted back 
into electricity using a conventional steam turbine.
The system is built on 80% off-the-shelf components 
and can function alone, be added to an existing 
industrial heat cycle or convert a thermal power plant 
into a storage plant.

6.2 

An aerial view of the ETES system.

The pilot plant in Hamburg was commissioned 
in 2019. Over 1,000 tons of rock provide thermal 
storage capacity of 130MWh of electric energy at 
rated charging temperatures of 750°C. The heat is 
re-converted into electricity through a steam turbine 
generator rated at around 1.5MW.

The site was part funded by the German government 
and has been used to test a range of storage cycles 
and energy flow rates to enable larger scale versions 
to be used in commercial projects.
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Summary and 
Conclusion
As we look ahead to what our future electricity system 
might look like, we face some uncertainty. We know 
the scale of challenge in decarbonising our economy 
and have a good understanding of what available 
technologies we have to help us do this. 

What is not always clear is how we can scale up 
deployment and how to alter behaviour to enable the 
necessary changes. 

There are many causes for optimism. The rapid growth 
and falling costs of renewable sources like wind and 
solar show that it is possible to make fundamental 
rapid changes to something as integral to society 
as our power system. The UK was the world’s first 
industrialised country, based on coal. But now coal-
free days are common, and we are rapidly powering 
past coal. 

As renewables have grown, so has our understanding 
of how much we can connect onto the system. It 
used to be thought that there would be a maximum 
threshold beyond which a network physically could 
not cope. But thanks to better system management 
as well as the growth of energy storage technologies, 
it is clear there are no barriers to renewable energy 
technologies delivering well over 60% of our power 
needs, with more and more voices calling for action to 
increase this to 100%. 

As we have seen, electricity storage is not new. 
Technologies like pumped storage, batteries, 
compressed air and hydrogen have been with us for 
many years. What is new is the application of these 
technologies to the challenge of how we run our future 
energy system. 

The growth of battery technologies means we can 
accelerate the growth of renewables, backed up by 
on-site or system-wide storage, and speed up the 
roll out of electric vehicles. Leaps and bounds in 
technology and performance as well as rapid cost 
reduction mean that we can see how electric vehicles 

will replace petrol and diesel vehicles in the future. 
In many ways this reflects what we are seeing in our 
electricity network with the growth of wind and solar 
power. 

We know that further electrification of our energy 
system is going to happen, but also its clear that we 
will need to source alternative fuels like hydrogen 
or ammonia. In the same way that different storage 
systems can help us manage our electricity system, so 
new synthetic fuels mean we can store and transport 
energy, as well as keep in use existing infrastructure 
like gas power stations and gas heaters, while ceasing 
to burn fossil fuels. 

The renewed focus on green hydrogen and green 
ammonia as storage and fuel technologies comes 
thanks to innovation in these sectors. But it is also 
thanks to the reality of low-cost renewable power. A 
cheap source of power helps to make these synthetic 
fuels affordable, and therefore competitive with fossil 
options. 

7 
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