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Storing electric energy
The only way of storing larger amounts of electricity 
over significant periods of time is to convert the 
electrical energy into some other form of energy or 
energetic matter, that can be stored for longer period.

Examples of energy storage methods are:
● chemical energy in a battery (many different types) or 

super capacitor (electrochemical)
● chemical energy in a gas (power to gas/P2G; H2; etc)
● potential energy of compressed gas (air)
● gravitational potential energy in form of pumped hydro 

or lifted heavy objects (weight x height)
● kinetic energy in heavy spinning flywheel
● heat energy in massive matter (water, concrete,
● salts, parafins)  



  

Why store electric energy?

● Electricity storage enables to power the household or community from 
100% renewable electricity (RE) generated from solar, wind, hydro or 
biomass. For example, solar PV system will generate electricity 
during the sunny daytime, and the curtailed (not used) amount of it 
could be stored in electricity storage for use in the evening/night.

● Electric energy storages are particularly useful (or even required) for 
energy systems running on RE sources, which generate electricity 
independently from the demand and dependent on un-controllable 
environmental conditions.

● Safe, powerful and low-cost energy storage system is an important 
step towards self-sufficient home-generated off-grid power, 
independent from the energy market price fluctuations and possible 
grid breakdowns.



  

Energy Storages Comparison Criteria

To accurately compare different energy storage technologies 
and types, several key criteria needs to be assessed.
The key to find the best storage for your needs, you have to 
consider the factors below:

● Price per kWh – upfront (investment) and running costs
● Potential depth of discharge (DoD, in %) – defines the 

usable energy from the total stored energy
● Supported total number of charge cycles
● Power output – max continuous and peak output
● Round trip efficiency – charge/discharge losses
● Size and Weight – energy density
● Sustainability and environmental impact



  

Some energy storage characteristics

● Storage Capacity is measured in Wh (watt-hours) and it 
represents how much electric energy the battery can hold.
– Example: 500 Wh battery will last twice longer than a 250 Wh 

battery at the same consumption.

– Example: typical 4 kWh system would be able to power the 1L 
boiling kettle approximately for 40 times.

● Storage Power = nominal voltage and provided current. 
This represent how much load the storage can carry at any 
point of time. Note: Charging voltage is usually higher than 
the nominal voltage of the battery.

● Energy Density is the amount of energy stored in a given 
system per unit volume or mass.



  

Comparison of Energy Storage
Characteristics Compressed Air

ES 
Pumped 
Heat ES

Li-ion battery Hydrogen 
+ FC  

Power density (W/L) 1–2 0.5–1.5 1500–
10,000 

> 500 

Energy density (Wh/L) 4–6 0.5–2 200–500 500–3000 

Lifespan (years) 25–40 40–60 5–15 5–20 

Cycle efficiency (%) 40–70 70–85 75–95 20–65

Response time Seconds-
minutes 

Minutes Milli-seconds Seconds 

Power capital cost 
($/kWh) 

500–1500 2000–4000 900–4000 500–3000 

Energy capital cost 
($/kWh) 

200-250 5–100 600–3800 2–15 



  

Discharge duration versus capacity and 
comparison of cost/kW of different 

storage technologies



  

Home Energy Storage System

● Home Energy Storage System - HESS
● The capacity of a typical home energy storage system 

available commercially is up to 15 kWh, but there are 
‘stackable’ or bespoke systems for more capacity

● Typically costs 200 - 1 000 EUR per kWh, plus installation 
and charger/inverter costs. Moderately sized 6kWh battery 
may cost around 8 000 EUR (including the cost of a 
compatible hybrid battery inverter and installation)

energysavingtrust.org.uk/blog/domestic-solar-plus-battery-storage-revolution-electricity-market

https://energysavingtrust.org.uk/blog/domestic-solar-plus-battery-storage-revolution-electricity-market


  

Batteries
Batteries store energy in chemical processes. Most common 
batteries used are based on lead acid (VLRA/SLA - AGM, gel) 
and Lithium-ion. 

But there is a big variety of battery technologies and types on 
the market and under research and development.

Some examples: Lithium-ion, Fluoride-ion, Sodium-ion, Chloride-ion; 
Nickel-metal Hydrid; Fluoride Shuttle; Silver–zinc; Zinc bromine; Zinc-air; 
Liquid metal;  Redox (Vanadium, Zinc) Flow; etc….

Lithium battery chemistries:
Generation 5 (lithium-air, lithium-sulfur); Generation 4 (all-solid-state 
lithium-ion or lithium-metal); Generation 3 (advanced lithium-ion).

Post lithium chemistries
Sodium-ion, multivalent metal-ion, metal-air, redox flow, etc.



  

Battery System basics

● The system (battery bank) should consist from the same 
batteries, with similar characteristics

● Deep cycle / deep discharge / permanent power 
● Must support more than 4000 charge cycles to be optimal
● In normal stage charged to 80-95% and not discharged 

below 60%, in rare cases may drop up to 40% of the total 
charge. 

● Charging must be managed by suitable charge controller.
● Levelised charging one per month. 



  

Lead Acid Batteries

● Lead acid batteries are cost-effective (price
300 EUR/kWh), but with low energy-to-weight ratio and a 
low energy-to-volume ratio. Deep discharge and over-
charge may reduce their lifespan. Specially designed 
deep-cycle lead acid batteries degrade much due to 
charge cycling, and are required for applications where the 
batteries are regularly discharged.

● Providing high surge currents means that the lead acid 
batteries have a relatively large power-to-weight ratio. This 
feature made them attractive for use by car starters, but no 
so well suited for longer term home energy storage. 

● But, re-used and still operational lead acid batteries could 
be the cheapest option for smaller home energy storage.
en.wikipedia.org/wiki/Lead%E2%80%93acid_battery#Deep-cycle_batteries

https://en.wikipedia.org/wiki/Lead%E2%80%93acid_battery#Deep-cycle_batteries


  

Lithium-ion Batteries
● Lithium-ion batteries are light in weight, smaller in size and 

have long lifespan, however, they are 2-3 times more 
expensive than lead acid batteries.

● The most common type of lithium battery consists mainly 
of five raw materials: lithium, nickel, manganese, cobalt 
and graphite. Above all the extraction of lithium and cobalt 
entails massive ecological and humanitarian problems, 
therefor the recycling the battery materials is important.

● The process to separate lithium from other materials for 
reuse is time-consuming and really complex process. Due 
to being uneconomical, the recycling of Li-ion batteries is 
not yet largely implemented.

● Lithium battery cells degrade also when not in use. The 
degradation rate depends on temperature and state of 
charge.



  

Li-ion Solid State Batteries

● A solid-state battery (SSB) uses highly stable solid ion-
conducting material electrodes and a solid electrolyte, 
instead of the liquid or polymer gel electrolytes as in other 
Li-io batteries.

● Materials proposed for use as solid electrolytes in solid-
state batteries include ceramics (e.g. oxides, sulfides, 
phosphates) and solid polymers. They are potentially 
safer, with higher energy densities (2x), but at a much 
higher cost – available in next 5 years

● Tesla, Toyota, Solid Power www.solidpower.com BlueGen (vt ka 
https://solidpowerbattery.com/https://solidpowerbattery.com/

● Two batteries that do make claims about higher energy densities and also 
seem to have real possibilities of making it to market are the Oryx and the 
Prologium.

● https://plugboats.com/new-glass-battery-could-recharge-23000-times/amp/

http://www.solidpower.com/
https://solidpowerbattery.com/
https://solidpowerbattery.com/


  

Lithium Iron Phosphate (LFP) Battery 
● LFP - Lithium-iron-phosphate (LiFePO4) handle 4-5 times 

more charge cycles than Li-Ion batteries, but have lower 
energy density.

● LFP batteries support wider operating temperatures range, 
are safer and provide constant voltage during discharge 
cycle.

● German company Sonnen has launched 30kWh AC-
coupled LFP battery storage system, which is warrantied 
for 15,000 charge cycles.

● Price range: 400-1000 EUR/kWh 
www.energy-storage.news/news/roundup-sonnens-30kwh-ecolinx-byds-low-voltage-plug-n-play-box-kore-powers

https://www.energy-storage.news/news/roundup-sonnens-30kwh-ecolinx-byds-low-voltage-plug-n-play-box-kore-powers


  

Example of small portable 
Lithium Iron Phosphate Battery

BEAUDENS Portable Power Generator:
●  166Wh 52000mAh Lithium Iron Phosphate Battery
●  2000 Cycles
● 230V AC and 3 USB Ports
● Emergency Power
● Price: 145 EUR (in Amazon)



  

Electric Vehicle (with Li-io Battery) 
as a Storage

energysavingtrust.org.uk/blog/powerloop-exploring-how-electric-cars-can-help-manage-electricity-bills

https://energysavingtrust.org.uk/blog/powerloop-exploring-how-electric-cars-can-help-manage-electricity-bills


  

Flow Batteries (1)
Redox Flow Batteries (RFB) 

● Flow batteries are the most promising low cost solution for 
long term electric energy storage, but so far these are not 
largely commercial available.

● REDOX means reduction + oxidation. Two liquid organic 
electrolytes (vanadium) separated by a membrane and 
stored in separate tanks. Separation takes place at 
charging and combining the liquids will release the energy. 
 Some well-known redox pairs are:
– Vanadium / vanadium (which uses the four different 

valency states of vanadium)
– Iron / chromium
– Zinc / bromine 

● The size of the connected and scalable tanks is the 
determining factor for the capacity of the RFB. They are 
therefore suitable for use in large capacity flexibility
0.5 kW – 1GW.  



  

Flow Batteries (2)
Redox Flow Batteries (RFB) 

● Compared to other batteries, RFBs can handle 2-10 times 
more charge/discharge cycles (at least 10 000) without 
degradation (in time) and may become with 25 years 
warranty. RFBs do not contain any rare metals or 
flammable/explosive substances.

● Price: ??? - some information, that it would be 6 times less 
over the lifetime (25-30y) than Li-ion battery (10 y). 

● RFB batteries based products available from companies: 
Invinity invinity.com/, Largo Clean Energy 
www.largocleanenergy.com/ Waiting from others like: 
Voltestorage, Volterion, StorEn Tech, Redflow, StorTera, 
JenaBatteries, etc.

● More information   
flowbatteryforum.com/what-is-a-flow-battery/

 

https://invinity.com/
https://www.largocleanenergy.com/
https://flowbatteryforum.com/what-is-a-flow-battery/


  

Zinc Air Flow Battery

● Energy is stored in the form of zinc particles, 
which are then combined with oxygen drawn from the air to deliver 
power.

● Zinc is the only battery chemistry that uses earth-abundant, 
recyclable materials with chemistry that is robust and safe.

● Zinc-air battery production costs are the lowest of all rechargeable 
batteries. Zinc empowers the lowest cost of storage in the market 
for long-duration storage applications

● Zinc8 Energy systems are designed to provide power in the range 
of 20kW to 50MW, with a capacity of between 120kWh and up to 
1GWh Price of 1,5MWh approx 1 EUR/Wh (2019 NYC)

● https://www.powermag.com/the-power-interview-zinc-air-batteries-
make-strides/ https://www.zinc8energy.com/



  

Some other batteries under studies
● Glass battery https://en.wikipedia.org/wiki/Glass_battery

● Manganese Flow battery
pv-magazine.com/2021/06/11/investigating-all-manganese-flow-batteries/

● Ffluorenone Flow battery 
pv-magazine.com/2021/05/26/redox-flow-battery-based-on-fluorenone/

● Lithium Air battery
● Liquid Metal battery

More developments ongoing,

and more are coming ...

https://en.wikipedia.org/wiki/Glass_battery
https://www.pv-magazine.com/2021/06/11/investigating-all-manganese-flow-batteries/
https://www.pv-magazine.com/2021/05/26/redox-flow-battery-based-on-fluorenone/


  

Liquid Metal Battery (MIT testing)

● Classical batteries have typically solid electrodes and 
a liquid electrolyte. In Liquid Metal Battery both 
electrodes are liquid and a molten salt, which is a 
liquid electrolyte

● In battery there’s density differences: one of the 
metals is high density and lies on the bottom of the 
battery cell and above that is the molten salt which is 
the electrolyte. On top of the molten salt lies a low 
density liquid metal.

https://www.forbes.com/sites/aalsin/2018/08/24/qa-mit-professor-donald-sadoway-on-the-future-of-battery-
storage-and-renewable-energies/#48ade71d2c62



  

Metal Hydride Batteries

● Nickel Metal Hydride (NiMH) batteries
● https://en.wikipedia.org/wiki/Nickel

%E2%80%93metal_hydride_battery

● https://www.nilar.com/products/home-box/

● https://www.nilar.com/factory-technology/chemistry/

● https://www.epectec.com/batteries/lithium-vs-nimh-battery-packs.html

●

https://www.nilar.com/factory-technology/chemistry/
https://www.epectec.com/batteries/lithium-vs-nimh-battery-packs.html


  

H2 Storage

www.energy.gov/eere/fuelcells/hydrogen-storage

https://www.energy.gov/eere/fuelcells/hydrogen-storage


  

Hydrogen as a Storage

● Green H2 is produced by electric energy from renewable  
resources by electrolysis of water. This process also 
generates O2 and heat, what can be used for heating
(but how to use in summer?) 

● The produced hydrogen gas can be compressed (usually 
300 or 700 bar) or liquefied for storage or store in some 
solid matter.

● An example: The annual production of hydrogen by the 10 
kW PV system with electrolysis can be up to 4 tons.

● H2 pricing

Blue H2 (from natural gas) 1.40 EUR/kg

Green H2 (from RE and water) 0.85 EUR/kg 



  

E-TAC electrolysis

● Similar to electrolysis, E-TAC uses electricity to split water into 
hydrogen and oxygen. However, unlike conventional electrolysis, 
hydrogen and oxygen are generated separately in different steps - an 
Electrochemical (E) step and a Thermally-Activated Chemical (TAC) 
step.

● E-TAC’s membrane-free electrolytic reactors are suitable for high-
pressure hydrogen production and cost-efficient scaling. This 
disruptive process enables the production of green hydrogen in a way 
that retains high energy efficiency.

www.h2pro.co/technology

https://www.h2pro.co/technology


  

Solid Oxide Electrolyser Cell

● Solid Oxide Fuel Cell (SOFC) can operate in reverse 
mode, as a Solid Oxide Electrolyser Cell (SOEC), turning  
energy and water into hydrogen. By using the energy from 
renewables when they are not feeding into the grid, fuel 
cells can run in reverse, producing hydrogen gas through 
electrolysis.

● Hydrogen allows a huge amount of energy to be stored for 
long periods, so the energy from the sun could be used in 
summer to create hydrogen, which becomes a fuel source 
in winter. SOECs are the most efficient means of 
electrolysis, and can electrolyse water to hydrogen at 
close to 100% efficiency.



  

Storing H2 as gas, liquid, solid

● Nilsson Energy H2 Storage System
vimeo.com/307267978

● Solid H2 storage – Sodium borohydrid

en.wikipedia.org/wiki/Sodium_borohydride 

●  Elcogen (Estonia) Solid Oxide Fuel Cell
elcogen.com/case_study/reversible-solid-oxide-cell-technology-as-a-power-storing-solution-
for-renewable-energy/

https://vimeo.com/307267978
https://en.wikipedia.org/wiki/Sodium_borohydride
https://elcogen.com/case_study/reversible-solid-oxide-cell-technology-as-a-power-storing-solution-for-renewable-energy/
https://elcogen.com/case_study/reversible-solid-oxide-cell-technology-as-a-power-storing-solution-for-renewable-energy/


  

Pumped Thermal Electricity Storage -
Carnot Batteries

● Carnot Batteries are an emerging technology for the 
inexpensive and site-independent storage of electric energy at 
medium to large scale. Also referred to as “Pumped Thermal 
Electricity Storage” (PTES) or “Pumped Heat Storage” (PHES).

● Carnot Battery transforms electricity into thermal energy, stores 
the thermal energy in inexpensive storage media such as water 
or molten salt and transforms the thermal energy back to 
electricity as required.

● Reaching from medium to high capacities up to 100MW-
1000MWh, Carnot Batteries have the potential to solve the 
global storage problem of renewable electricity in a more 
economic and environmentally friendly way than conventional 
batteries.

● Example project: x.company/projects/malta/

https://x.company/projects/malta/


  

Compressed air based energy storage
● Compressed Air Energy Storage (CAES) is compressing the air and 

storing that in tanks. When the energy is needed again, it can be 
retrieved and expand via a turbine. The turbine will drive a generator, 
that will convert mechanical energy, into electrical energy.

● Biggest problem with CAES is temperature change of the air, through 
the system. During compression the pressure and temperature 
increase. During expansion the pressure lowers and the temperature 
decrease. His leads to overall system energy loss 

● To solve this problem, there are three dierent methods:
Diabatic, Adiabatic and Isothermal CAES. An adiabatic CAES is the 
most suitable method to store energy in a small scale. But Diabatic-
CAES requires to pre-heat the air before compression. 



  

Liquid Air - Cryobattery

● Air turns to liquid when cooled down to -196°C, and can 
then be stored very efficiently in insulated, low pressure 
tanks. Exposure to ambient temperatures causes rapid re-
gasification and a 700-fold expansion in volume, which is 
then used to drive a turbine and create electricity.

● Primarly just additional tanks are needed for increasing the 
power capa

● The process has 60% end-to-end energy efficiency.
● Storing energy as liquid air is industrially available for large 

systems. 
● Example: highviewpower.com/ jointly with Sumimoto

https://www.shi-fw.com/clean-energy-solutions/cryobattery/
– www.youtube.com/watch?v=tMLu9Dtw9yI 

www.youtube.com/watch?v=rIYaTCSPgT8

 

https://highviewpower.com/
https://www.shi-fw.com/clean-energy-solutions/cryobattery/
https://www.youtube.com/watch?v=tMLu9Dtw9yI
https://www.youtube.com/watch?v=rIYaTCSPgT8


  

Storage alternative based on heat: 
thermo-electric generator

● Ever since the thermo-electric effect was first described by 
Thomas Seebeck (born in Tallinn, Estonia) in 1821.

● Electrical efficiency of thermo-electric modules is only around 5-
6%. Total system efficiency (heat + electricity) is close to 100% 
– no energy is lost.

● A thermo-electric module operating at half the temperature 
difference will only generate one quarter of the power. 
Consequently, improving the thermal management of a thermo-
electric generator is a major focus in the design of thermo-
electric stoves, as it allows to produce more power with less 
modules.



  

Thermo-electric generator (TEG)

● https://solar.lowtechmagazine.com/2020/05/ther
moelectric-stoves-ditch-the-solar-panels.html

● A thermo-electric generator consists of a 
number of ingot-shaped semiconductor 
elements which are connected in series with 
metal strips and sandwiched between two 
electrically insulating, but thermally conducting 
ceramic plates to form a very compact module.

● Commercially available from manufacturers 
such as Hi-Z, Tellurex, Thermalforce and 
BioLite, Termomanic, Termefor, which advertise 
power outputs between 3 and 10 watts.

https://solar.lowtechmagazine.com/2020/05/thermoelectric-stoves-ditch-the-solar-panels.html
https://solar.lowtechmagazine.com/2020/05/thermoelectric-stoves-ditch-the-solar-panels.html


  

Less energy to be stored

● Because of its higher reliability and controllability of heat based 
electricity generation, there is no need to oversize the storage 
capacity to compensate for nights, dark seasons or bad 
weather days, as is the case with a solar PV systems. Battery 
capacity only needs to be large enough to store electricity for 
use in between two firings of the stove, and there is no need to 
add extra modules to compensate for periods of low power 
production by PV or wind.

● Solar panels, wind generators and thermoelectric stoves can 
also be combined, resulting in a reliable off-grid system with 
little need for energy storage. Such a hybrid system combines 
well with a stove that is only used for space heating. The 
thermoelectric modules produce most of the power in winter, 
while the solar panels take over in summer.



  

Thermo-electric generator testing
in Lebanon

● The researchers screwed a 1 cm thick smooth 
aluminium plate to the hottest spot of the stove 
surface and attached a large (180 x 136 x 125 
mm) aluminium finned heat sink to its cold side. 
At a burning rate of 2.5 kg soft pine wood per 
hour, their experiments showed an average 
power output of 4.2 watts. Operating the wood 
stove for 10 hours per day (excluding the warm-
up phase) thus supplies a rural Lebanese 
household with 42 watt-hours of electricity.


