
Electrical Energy Storage 
Technologies



• The electrical grid is a complex system that requires power supply and demand to be equal at any 
given moment. 

• Constant adjustment to the grid is required to maintain stability, and efficient electrical energy storage 
plays a significant role, providing more flexibility and reliability to the system.

• Storing energy in off-peak hours and using that energy during peak hours saves money and prolongs 
the lifetime of the energy infrastructure.

• Grid energy storage helps smooth peak demand curves and provides backup power.

• Energy storage also allows for the storing of excess energy, when intermittent renewable energy 
sources such as solar and wind are not available.



Daily Energy Storage and Load Leveling



• This presentation was created to provide an overview of the major power grid electrical energy 
storage (EES) options currently in use or in the development/demonstration stage. 

• While pumped hydroelectric storage (PHS or PSP) is still viable and less environmentally invasive as 
a closed-loop system or as an addition to hydroelectric dams with existing transmission line 
infrastructures, several of the newer energy storage technologies offer additional advantages.

• They promise much less environmental impact with less cost and energy storage close to the grid or 
consumers, thus eliminating the need for long distance, high voltage transmission lines.

• Also, in the near future, it is possible that electric and hydrogen vehicles could reduce the need for 
expensive, centralized electrical grid storage facilities.

• Given current worldwide environmental concerns, governments, utilities and corporations should 
cease dwelling in the past, and begin to embrace and support these new promising technologies and 
their vital infrastructures. 



• There are several different storage solutions that have been developed or are in development that can be 
incorporated into the grid for any power or energy requirements; from generation to consumer end use.

• Much of the current electrical energy infrastructure is approaching or beyond its projected lifetime. 

• Although not energy storage devices, utility or consumer installed air conditioning energy saver units and 
programmable thermostats reduce air conditioning usage during peak summer hours, thus helping to 
stabilize electrical grids.  

• Hydroelectric dams generate approximately 25% of Ontario’s electrical supply. By diverting water flow 
away from the turbine penstocks through sluice gates, power output can be reduced during off-peak 
hours to help stabilize the electrical grid.  



EEC Types



Characteristics of Energy Storage Technologies



Currently Deployed Technologies

Pumped Hydroelectric Storage (PHS)



• PHS is an established, older technology (100 years old).

• PHS systems pump water from a low to high reservoir and, when electricity is needed, water is 
released through a hydroelectric pump/turbine to generate electrical energy.

• PHS plants have operational efficiencies of between 70 and 85%.

• Closed-loop PHS plants (eg., two man-made reservoirs in a gravel pit) have a lower visual and 
environmental impact than open-loop plants (with one or two natural reservoirs).

• Currently, 96% of global energy storage is from PHS, as until recently, there have not been any other 
viable storage technologies available.

• As with other dams or dikes, PHS reservoir breaches can occur from natural disasters, human error 
or structural deficiencies, as indicated by the Taum Sauk PHS plant dike failure in 2005.



Taum Sauk HPS Dike Failure

• The 6,562 foot perimeter of the upper reservoir dike reached a maximum height of 90 feet. 

• During construction of the upper reservoir, excavated material from Proffit Mountain provided the  
uncompacted rockfill that formed the dike. 

• The inside of the reservoir was lined with shotcrete. 

• On December 14, 2005, the upper reservoir failed by overfilling it during one of its pumping cycles. 

• The reservoir’s 4,300 acre-feet volume of stored water was released from a 656-foot-wide breach in  25 
minutes.

• The flood destroyed 281 acres of Johnson’s Shut-Ins State Park and destroyed the superintendent’s home. 

• By chance alone, loss of life was averted and only four people sustained injuries. 

• Estimates of the destruction and property damage caused by the ensuing flood reached $1 billion.



Compressed Air Energy Storage (CAES)



• CAES uses surplus electricity to compress and store air in large tanks or an underground cavern. To 
create electricity, the pressurized air is heated and expanded in an expansion turbine that drives a 
generator.

• As of summer 2019, there were 2 CAES plants operating in the U.S. and Germany. 

• Existing CAES plants are based on the diabatic method, where the compression of the combustion air 
is separate from the gas turbine. 

• This method can generate 3 times the output for every natural gas input, reduce CO2 emissions by 

40-60% and enable storage efficiencies of 42-55%.

• Another electricity storage method compresses and cools air into liquid air, which can be stored and 
expanded when needed to turn a turbine/generator, with a storage efficiency of up to 70%. 



• In November 2019, Toronto-based company Hydrostor launched the first zero-emissions CAES facility in 
the world on the grounds of a deserted mine salt cavern near Goderich, Ontario.

• At low-peak hours, the facility’s air compressor uses excess grid electricity to produce compressed air that 
is stored in the cavern. 

• When the electrical grid requires more power, that stored air is released back to the atmosphere through 
an air turbine to generate power. 

• The plant can generate up to 10 MW for about 5 hours at half the cost of a similar capacity battery.

• Efficiency is about 67% and the facility has a service life of 50 years (five to 10 times longer than  current 
battery storage systems).

• Highview Power is constructing the UK’s first emissions-free, commercial 50 MW cryogenic (liquid air) 
energy storage facility, located at a decommissioned thermal power station in the North of England. 

• It can store energy for weeks and is estimated to offer the lowest levelized cost of storage for large-scale 
applications.



Battery Storage



• Like flywheels, batteries can be located anywhere to provide distribution storage when a battery facility 
is located near consumers for power stability or end-use, like electric vehicle batteries. 

• There are many types of batteries that have large-scale energy storage potential.

• The U.S. has several operational battery-related energy storage projects based on lead-acid,     
lithium-ion, nickel-based, sodium-based, and flow batteries.

• The Notrees Wind Storage Demonstration Project in Texas uses a 36 MW battery facility to help 
ensure stability of the power supply even without wind.

• In 2017 the California Public Utilities Commission installed 396 refrigerator-sized stacks of Tesla 
batteries at the Mira Loma substation in Ontario, California, adding up to 80MWh of storage. The array 
is capable of powering 15,000 homes for over four hours.



• Contrary to cell phone, computer or electric vehicle applications, batteries for stationary storage do not 
suffer from mass or volume constraints. Cost per energy unit and safety are more important criteria. 

• Electric vehicle batteries rely on a lithium-ion technology, which is suited for mobile applications (high 
cost, high density) but there are cost and fire risk issues for large scale grid applications. 

• For grid energy storage applications, there are several alternate battery technologies available. 



  
 
 

Battery Technology Comparison for Grid-Level Applications  

Technology  
Moving 
Parts  

Operation 
at Room 

Temperature  
Flammable  

Toxic 
Materials  

In 
production  

Rare 
metals  

Vanadium Flow  Yes  Yes  No  Yes  Yes  No  

Liquid Metal  No  No  Yes  No  No  No  

Sodium-Ion  No  No  Yes  No  No  No  

Lead-Acid  No  Yes  No  Yes  Yes  No  

Sodium-sulfur 
batteries  

No  No  No  Yes  Yes  No  

Ni-Cd  No  Yes  No  Yes  Yes  Yes  

Al-ion  No  Yes  No  No  No  No  

Li-ion  No  Yes  Yes  No  Yes  No  
 



Redox Flow Batteries (RFBs)

• Redox flow batteries replace solid electrodes with energy-dense electrolytic compounds such as 
vanadium, iron-chromium or zinc-bromine, which are separated by a membrane.

• These compounds charge and discharge as the liquids circulate in their own respective half-cells. 

• Ion exchange occurs through the membrane separator when the electrolytes undergo reduction and 
oxidation (redox). 

• These batteries can store large amounts of energy, which make them ideal for grid energy storage.



Liquid Metal Batteries

• These batteries are composed of two molten metal alloys separated by an electrolyte. 
• They are simple to manufacture but require temperatures of 300 to 350 °C to keep the metals in a liquid 

state.
• Liquid metal battery technology includes sodium-sulfur.
• Sodium sulphur batteries are being used for grid storage in Japan and in the United States. The electrolyte 

is composed of solid beta alumina.
• The liquid metal battery uses molten alloys of Magnesium and antimony separated by an electrically 

insulating molten salt. It is still in the prototyping phase.



Sodium-Ion Batteries 

• Sodium-Ion batteries are a cheap and sustainable alternative to lithium-ion, because sodium is far more 
abundant and cheaper than lithium, but they have a lower power density. 

• These batteries are still in the early stages of development. 



Nickel-Cadmium (NI-CD) Batteries 

• Nickel-cadmium (Ni-Cd) is a traditional battery type that has seen periodic advances in electrode 
technology and packaging in order to remain viable. 

• While not excelling in energy density or first cost, Ni-Cd batteries remain relevant by providing simple 
implementation, long life and reliable service.



Lithium-ion Batteries 

• Since 2013, lithium-ion battery prices have dropped by nearly 73% and in the first quarter of 2019, the 
market achieved a 232% growth.

• Tesla’s Powerwall and Powerpack units are highly efficient lithium-ion rechargeable battery platforms, 
designed for commercial or grid use. 

• They can be used for peak shaving, demand response, voltage control, and a backup power reserve.
• An example of Powerwall integration is the Hornsdale Wind Farm in Australia, where a series of battery 

units provide 150 MW of storage for grid stability and load management.
• This facility saved nearly $40 million in its first year alone and helped to stabilize and balance the region’s 

unreliable grid.
• Tesla’s new Megapack units are designed for utility-scale energy storage, and come fully-assembled with 

up to 3 megawatt hours (MWhs) of storage and 1.5 MW of inverter capacity.
• Current lithium-ion batteries have an associated fire risk but low-risk versions are being developed.  



Electric Vehicles



• As electric vehicles become more popular and their infrastructure is developed, owners could sell unused 
electricity from the batteries during peak grid loads and then charge the batteries during off-peak hours.

• With enough electric vehicles, this would help to maintain electrical grid stability.

• Conventional (cobalt-based) lithium ion batteries break down with the number of complete             
charge-discharge cycles but newer li-ion batteries have much longer lives. 

• Some electric utilities plan to use old plug-in vehicle batteries for dedicated grid storage, as they are 
expected to last in this role for 10 years. 

• Vehicle batteries degraded in mobile use could be easily re-cycled as the old batteries would have 
extended useful lives and greater re-sale value.



Rail Energy Storage



• Surplus electrical energy is used to power re-purposed electric locomotives, which haul heavy railroad 
cars to the top of a hill.

• When more energy is needed for the grid, the railroad cars roll back down, powering onboard 
generators with the force of their descent. 

• Hydroelectric pumped storage (HPS) essentially does the same thing with water; pumping water uphill 
and capturing downhill flow, but rail energy storage doesn't need to be near a large source of water.

• A California-based company called Advanced Rail Energy Storage (ARES) currently runs a testbed 
operation in California and a new commercial 50 MW installation in Nevada.

• The company claims that rail energy costs about half as much as competing energy storage solutions, 
and has less of an environmental impact. 

• Rail energy storage has approximately an 80 percent efficiency rate.



Flywheel Energy Storage



• Flywheel energy storage functions by accelerating a large mass rotor to high speed and maintaining the 
power as rotating energy. 

• When that energy is drawn from the system, the flywheel rotational speed is reduced and accelerated 
when energy is re-introduced.

• The device is shaped liked a cylinder and contains a large rotor inside a vacuum.
• Most advanced flywheel systems designs have composite rotors suspended by magnetic bearings.
• When power is introduced, the flywheels can spin up in a matter minutes to 20,000 to 50,000 RPM, thus 

reaching their energy capacity more quickly than other forms of storage. 
• Flywheels typically have long lifetimes and require little maintenance. 



• Flywheels can be placed almost anywhere and can store electricity for distribution close to consumers.

• While a single flywheel device has a kW capacity, many flywheels can be connected together to create a 
multi-MW storage facility. 

• Swiss automation group ABB recently implemented a flywheel smart grid in Kodiak, Alaska for renewable 
energy expansion and grid stability.

• The Stephentown Flywheel Energy Storage Plant in New York is the largest flywheel facility in the United 
States, with an operating capacity of 20 MW.



Superconducting Magnetic Energy Storage (SMES) 



• Superconducting magnetic energy storage (SMES) systems store energy in a magnetic field created by the 
flow of direct current (DC) in a cryogenically cooled, superconducting coil.

• Once the coil is charged, the current will not decay and the magnetic energy can be stored indefinitely. 
• The stored energy can be released back to the network by discharging the coil. 
• SMES systems are highly efficient, with round-trip efficiency greater than 95%. 
• SMES time delay during charge and discharge is quite short, and a very high power output can be provided 

for a brief period of time. 
• Additionally the main components are motionless, resulting in high reliability. 
• Technical challenges and the current high cost of superconductors are the primary limitations at this time.
• Currently, several small SMES units for commercial use and several larger test projects are operating.



Electrochemical Capacitors (ECs)



• An EC (also known as a supercapacitor) stores an electrical charge at a surface-electrolyte interface with 
high surface area carbon electrodes.

• Markets and applications for electrochemical capacitors are growing rapidly and applications related to 
electricity grids will be part of that growth. 

• EC technology offers opportunities to achieve exceptionally low-cost bulk energy storage.
• Some EC products have been optimized for 5 hour charges and 5 hour discharges. 
• The advantages are long life-cycle, good efficiency, low life-cycle costs, and adequate energy density.



Hydrogen



 

• Excess electricity from the grid can be used to produce hydrogen (a zero carbon fuel) by electrolysis.
• This hydrogen can be stored and used in fuel cells, engines, or gas turbines to generate electricity.
• This process would also provide fuel for hydrogen-powered vehicles.
• As of 2019, there are three models of hydrogen cars publicly available: the Toyota Mirai, Hyundai Nexo 

and Honda Clarity. 
• Several other companies are working to develop hydrogen cars. 
• Compared to pumped water storage and batteries, hydrogen has the advantage that it is a portable, high 

energy density fuel.
• Large quantities of gaseous hydrogen have also been stored in caverns by Imperial Chemical Industries 

for many years without issues.



Thermal Energy Storage (TES)



• A sensible heat storage system uses a liquid or solid medium.

• Water, sand, rocks or molten salt are either heated or cooled to store collected energy. 

• The Nevada Crescent Dunes project uses molten salt to store 1,100 MW of power in two massive, 
thermally shielded metal tanks and can store that energy for 40 years without degradation.

• A Pumped Heat Electricity Storage system uses a highly reversible heat engine/heat pump to pump heat 
between two storage vessels, thus heating one and cooling the other. 

• The UK-based company Isentropic is developing the system and claims a potential electricity round-trip 
efficiency of 72 - 80%.

• On other systems stored ice is used to cool the intake air of a gas turbine generator, thus increasing its 
on-peak generation capacity and efficiency.  



• TES technologies can also exist for end-use energy storage. One method is freezing water at night using 
off-peak electricity and then releasing the stored cold energy from the ice to assist air conditioning 
systems during the day.

• Ice Energy’s Ice Bear system creates a block of ice at night and uses the ice during the day to condense 
the air conditioning system’s refrigerant. 

• In this way, the building’s electricity consumption is shifted from peak to off-peak times when the 
electricity is less expensive. 



Energy Storage Technologies Summary

Pumped Storage (PHS) Compressed Air (CAES) Battery Electric Vehicles Rail

• Older, established technology

• Expensive to build

• Large land area usage and 
environmental impact

• Requires long transmission 
lines

• 60% to 80% efficiency 

• Potential for reservoir breach 
and large scale flooding with 
extensive property damage 
and human/wildlife casualties

• 3 plants operating

• Low cost

• Long service life

• Reduces CO2 emissions   40-
60% (gas turbine) or zero 
CO2 emissions (air turbine)

• 42%- 67% efficiency 
(compressed air) or 70% 
efficiency (compressed liquid 
air)

• Can be located anywhere so 
long transmission lines not 
required

• Several new battery types in 
operation or development

• Several installations currently 
operating globally

• Low environmental impact

• Zero greenhouse gas 
emissions

• Help maintain electrical grid 
stability as usually charge on 
off-peak hours

• Could sell electricity from 
batteries during peak grid 
loads and then charge 
batteries during off-peak hours

• Utilities plan to use old plug-in 
vehicle batteries for grid 
storage

• Degraded batteries re-cycled 

• Would have extended useful 
lives and re-sale value

• Surplus electrical energy used 
to haul heavy railroad cars to 
the top of a hill

• When grid energy needed, 
cars roll back down, powering 
onboard generators

• Similar to HPS (uphill storage) 
but doesn't need large source 
of water

• New commercial 50 MW 
installation in Nevada

• Costs about half of other 
energy storage and less 
environmental impact

• 80 percent efficiency



Flywheel Superconducting Magnet 
(SMES) Supercapacitor (EC) Hydrogen Thermal Energy (TES)

• Functions by accelerating 
large mass rotor to high speed 
and maintaining power as 
rotating energy. 

• When energy drawn from 
system, flywheel rotational 
speed reduced and 
accelerated when energy re-
introduced.

• Device cylinder shaped and 
contains large rotor inside 
vacuum.

• Rotor suspended by magnetic 
bearings.

• Have long lifetimes and 
require little maintenance.

• Can be located anywhere so 
long transmission lines not 
required.

• Flywheels can be connected 
together to create multi-MW 
storage facility.

• Some MW facilities currently 
in operation.

• Stores energy in magnetic 
field cryogenically cooled, 
superconducting coil

• Current will not decay and 
magnetic energy can be 
stored indefinitely 

• Stored energy released back 
to grid by discharging coil 

• Efficiency > 95% 

• SMES time delay during 
charge and discharge short 
and very high power output for 
 brief time period  

• Main parts motionless, 
resulting in high reliability 

• Technical challenges and 
current high cost of 
superconductors primary 
limitations for this energy 
storage 

• Currently, several small SMES 
units for commercial use and 
several larger test projects

• Stores electrical charge at 
surface-electrolyte interface 
with high surface area carbon 
electrodes

• Markets and applications 
related to electricity grids 
growing rapidly 

• Technology can achieve 
exceptionally low-cost bulk 
energy storage

• Some products optimized for 5 
hour charges and 5 hour 
discharges 

• Advantages are long life-
cycle, good efficiency, low life-
cycle costs, and adequate 
energy density

• Excess electricity from the grid 
can be used to produce 
hydrogen (a zero carbon fuel) 
by electrolysis

• Hydrogen can be stored and 
used in fuel cells, engines, or 
gas turbines to generate 
electricity

• Would provide fuel for 
hydrogen-powered vehicles

• Several companies developing 
hydrogen cars 

• Compared to pumped water 
storage and batteries, 
hydrogen has advantage of 
being portable, high energy 
density fuel

• Large quantities of hydrogen 
stored in caverns for many 
years without issues

• Uses a liquid or solid medium

• Water, sand, rocks or molten 
salt either heated or cooled to 
store energy 

• Nevada Crescent Dunes 
project uses molten salt to 
store 1,100 MW of power and 
can store energy for 40 years 
without degradation

• Pumped Heat Electricity 
Storage system uses 
reversible heat engine/heat 
pump to pump heat between 
two storage vessels 

• Efficiency claim of 72 - 80%

• On other systems stored ice 
used to cool intake air of gas 
turbine generator for capacity 
and efficiency  

• One method freezes water at 
night using off-peak electricity 
and then releases stored cold 
energy from ice to aid air 
conditioning during day

• Shifts building’s electricity 
consumption from peak to off-
peak times when electricity 
less expensive
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