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1. Introduction—the need for 
energy storage systems 

Energy storage systems are the source of 
power for products as diverse as hearing 
aids and satellites. Two sectors have a 
particular interest in large-scale energy 
storage systems: the utilities industry and 
the automotive industry. The portable 
electronics industry and the military also 
require energy storage systems, but on a 
smaller scale. 

The utility industry is faced with the 
problem that energy demand is not 
constant but fluctuates through the day. 
With the increasing dependence on 
renewable energy sources (wind, wave, 
solar), energy supply, too, fluctuates. 
Energy storage systems ensure that, 
when supply is high and demand is low, 
energy is not wasted, and that when 
supply is low and demand is high, the 
demand can still be met. An electricity grid 
allows electricity to be generated at one 

location and used at another. Energy 
storage systems allow electricity to be 
generated at one time and used at 
another. The automotive industry has 
rather different needs. Legislation to 
reduce emissions is driving the 
development of a new generation of low 
carbon vehicles. Gasoline is an 
exceptionally effective form of portable 
energy. Replacing it requires a storage 
system that can provide acceptable range 
and allow acceptably fast refueling or 
recharging. 

This report surveys prominent energy 
storage systems (Table 1). Section 2 
provides an overview of the findings and 
describes how energy storage systems 
can be selected. Subsequent sections 
provide a deeper analysis of each system, 
with a particular emphasis on their 
ultimate limits and the demands they place 
on material supply. 

 

 

Table 1. Classes and members of energy storage systems. 

Class Systems 
Hydrocarbons (for comparison) Conventional fuels 

Mechanical storage Pumped hydro 

Compressed air energy storage 

Springs 

Flywheels 

Thermal storage Thermal storage 

Chemical storage Li-ion batteries 

Sodium-sulfur batteries 

Lead-acid batteries 

Nickel cadmium batteries 

Nickel-metal hydride batteries 

Vanadium flow batteries 

Hydrogen fuel cells 

Electro-magnetic storage Super capacitors 

Superconducting magnetic energy storage 
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As we found with systems for low carbon 
power generation (see Materials for Low-
Carbon Power—A White Paper), the 
performance of energy storage systems 
depends on the type and scale of the 
system, its location, and the way it is 
managed. Technical developments 
continue to improve the performance of 
existing systems and add new ones. The 
figures and tables of this paper show 
representative ranges, but there is no 
guarantee that these ranges enclose all 
members of a given system. 

2. Overview—selecting energy 
storage systems 

Even within the utility industry and the 
automotive industry, there are different 
applications of energy storage devices. 
The utility industry needs short bursts of 
energy at high power for frequency 
regulation (that is, maintaining a constant 
mains frequency), while they need more 
sustained power for energy management 
(ensuring that demand is met, and supply 
is not wasted). Similarly, the automotive 
industry needs short bursts of energy for 
acceleration and more sustained power for 

long distance cruising. 

Six performance metrics for energy 
storage systems appear in Table 2. 
Specific energy and energy density are 
the energy storage capacity per unit mass 
and unit volume respectively. The 
operating cost is the approximate cost of 
one charge/discharge cycle of one unit of 
energy, and includes the cost of 
maintenance, heating, labor, etc. Specific 
power is the discharge power capacity per 
unit mass. The efficiency is defined as the 
ratio of total energy outputted by the 
system over total energy put into the 
system in one charge/discharge cycle. 
The cycle life is defined as the number of 
charge/discharge cycles possible until the 
capacity of the storage system drops to 
80% of its initial capacity. 

Figure 1 identifies the storage systems 
which are best for short power bursts and 
those able to provide more sustained 
power. The axes are Specific power 
(power per unit mass) and Specific energy 
(energy storage capacity per unit mass), 
with contours of constant discharge time. 
Superconducting magnetic energy storage 
(SMES), electric double layer capacitors 

Figure 1. A plot of power density against energy density of energy storage systems,  
with lines of charge/discharge time. 
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(EDLC, also known as super-capacitors or 
ultra-capacitors), and flywheels can 
provide short bursts of power, while 
pumped hydro storage and thermal 
storage are better suited for longer 
duration power supply. 

Once a selection of storage systems with 
suitable discharge times have been 
identified for a given application, it then 
remains to select the energy storage 
system which has the best performance, 
and the lowest resource intensities. 

Table 2. Performance metrics of energy storage systems1

Storage System 

. 

Specific 
Energy 

Energy 
Density 

Operating 
Cost 

Specific 
Power 

Efficiency Cycle Life 

 (MJ/kg) (MJ/m3) ($/MJ) (W/kg) (%) (#-cycles) 

Conventional fuels 20-50 15,000-
72,000 

- - 18-50 1 

Pumped hydro 0.002-0.005 2-5 0.0006-
0.0014  

0.02-0.3 70-80 400,000 

Compressed air energy 
storage 

0.36 25 0.0001-
0.0019 

8 65-70 15,000 

Springs 0.00014-
0.00033 

0.6-1.1 - - 98-99.9 Depends 
on loading2

Flywheels 

 

0.002-0.025 2.1 0.0008-
0.0017 

100-
10,000 

75-85 150,000 

Thermal storage 0.032-0.036 160 0.0008-
0.0019 

1.5-1.7 72-85 10,000-
15,000 

Li-ion batteries 0.32-0.68 720-1,400 0.0019-
0.0047 

250-340 80-90 300-2,000 

Sodium-sulfur batteries 0.2-0.7 140-540 0.0039 10-15 75-83 3600-4700 

Lead-acid batteries 0.07-0.18 200-430 0.0008-
0.0028 

4-180 70-90 200-1500 

Nickel cadmium 
batteries 

0.08-0.23 72-310 0.0008-
0.0055 

30-150 60-85 800-1200 

Nickel-metal hydride 
batteries 

0.1-0.43 190-1300 0.0006-
0.0028 

4-140 65-85 300-1000 

Vanadium flow batteries 0.07-0.13 110-170 0.0039 2.2-3.1 71-88 10000-
16000 

Hydrogen fuel cells 0.02-0.8 1-70 0.0006-
0.0041 

5-20 27-35 5,000-
10,000 

Super capacitors 0.010-0.020 10-25 0.0008-
0.0019 

1,000-
20,000 

90-95 1,000,000 

Superconducting 
magnetic energy 
storage 

0.001-0.02 2-10 0.0003-
0.0083 

500-
20,000 

85-92 50,000-
200,000 

                                                 
1 Some of the data in this table are easy to find, but others are not. Some have to be estimated from diagrams or 
schematics of the system, some deduced by analogy with similar systems, and some inferred from the physics 
on which the system depends. The values vary greatly with design, location and scale of the system, allowing 
wide variation. That means precision is low, but the difference between the values of competing systems is 
sufficiently great that it is still possible to draw meaningful conclusions. 
2 The cycle life of a spring depends on loading—for low alloy steels, for example, an increase in loading of 50% 
can reduce the lifetime by six orders of magnitude. 
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The importance of each performance 
metric depends on the application. The 
automotive industry requires energy 
storage systems that are small and light, 
so are interested in high Specific energy 
and Energy density. These two metrics 
are the axes of Figure 2. Compared to 
fuels, with specific energies from 20 MJ/kg 
(for methanol) to 50 MJ/kg (for LPG) and 
energy densities from 16,000 MJ/m3 (for 
methanol) and 72,000 MJ/m3 (for coal), all 
of the “low carbon” energy storage 
systems perform poorly. Their specific 
energies and energy densities are at least 
one order of magnitude smaller than those 
of hydrocarbon fuels. Even explosives 
(which must include both reactants, 
whereas the masses of fuels do not 
include the oxygen the fuel reacts with) 
store much more energy than any other 
storage system per unit mass or volume. 

Many of these systems are not yet fully 
mature; future research and development 
will certainly improve their performance. 
But there are upper limits, physical and 
practical, beyond which performance 

cannot be pushed. A plot of these upper 
limits for specific energy and energy 
density (Figure 3) shows how they might 
compete with fuels in the future. The 
assumptions used to estimate these 
values are discussed in later sections. 
They are extremely optimistic. The ratio of 
the current specific energy to the 
estimated upper limit of each system 
(Figure 4) is around 1% for all except 
CAES and SMES, suggesting that there is 
some consistency in the level of optimism 
that has been applied. With the most 
optimistic assumptions, the only energy 
storage systems that approach the energy 
densities of fuels are hypothetical 
flywheels made from carbon nano-tubes 
(CNTs), hypothetical lithium-fluorine 
batteries, and superconducting magnetic 
energy storage (SMES). Even 
approaching these limits is improbable 
because of practicalities discussed in the 
subsequent sections of the report. It is 
very hard to compete successfully with 
hydrocarbon fuels. 

Figure 2. Specific energy and energy density of energy storage methods, including a number of fuels for 
comparison. The densities of most solids sit within an order of magnitude of that of water (1,000kg/m3), so it is 

no surprise that physical density of all the storage systems (apart from gases) sit within this range. 



 

Materials for Energy Storage Systems 5 © Granta Design, Jan 2012 

 

 

Figure 4. The ratio of the current specific energy to the limiting specific energy of 
energy storage systems. 

Figure 3. A plot of energy mass density vs. energy volume density optimistically 
achievable by various technologies. 
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Figure 5 and Figure 6 show bar-charts of 
cycle efficiency and cycle life. Poor 
efficiency means large losses, making 
storage expensive. Poor cycle life makes 

investment in the system less attractive 
because of the cost and inconvenience of 
replacement.

 

Figure 5. Cycle efficiency of energy storage systems.  
Fossil fuel engines/power plants are included for comparison. 

Figure 6. Cycle life of energy storage systems. 
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Constructing an energy storage system 
requires resources. Five resource 
intensities of construction appear in 
Table 3. All are quoted per unit of energy-
storage capacity. Capital intensity is the 
cost of construction per MJ of storage 
capacity. Area intensity is the typical area 
used to site the storage system, per MJ of 

storage capacity. Material intensity is the 
mass of raw materials required to 
construct the storage system, per MJ. 
Energy intensity is the primary energy 
required to construct the storage system, 
and CO2 intensity is the CO2 emitted in 
constructing the storage system, per MJ of 
storage capacity. 

Table 3. Resource intensities of construction of energy storage devices3

Storage System 

. 

Capital 
Intensity 

Area Intensity Material 
Intensity 

Energy 
Intensity 

CO2 Intensity 

 ($/MJ) (m2/MJ) (kg/MJ) (MJembodied/MJ) (kg-CO2/MJ) 

Conventional 
Fuels 

0.045-0.0654 -  - 0.1-0.24 0.2-0.44 

Pumped Hydro 45-120 0.02-0.08 60-120 100-200 8-16 

Compressed Air 
Energy Storage 

4-20 0.008 2-12 74 5.3 

Springs 500-1,600 - 3,000-7,100 340,000-
550,000 

24,000-42,000 

Flywheels 400-7,000 0.08-0.2 17-500 750-760 90-100 

Thermal Storage 14-26 0.003 0.4-50 120-130 8.9-9.0 

Li-ion Batteries 140-440 0.002-0.008 1.5-2.7 330-580 19-50 

Sodium-Sulphur 
Batteries 

28-280 0.005-0.008 1.4-5 360-640 30-50 

Lead-Acid 
Batteries 

50-220 0.009-0.03 4.5-12 110-980 5-130 

Nickel Cadmium 
Batteries 

200-330 0.006-0.03 3.5-10 390-640 28-47 

Nickel-Metal 
Hydride Batteries 

130-440 0.003-0.03 2-7 550-940 28-67 

Vanadium Flow 
Batteries 

100-300 0.01 3.8-7 170-180 25-26 

Hydrogen Fuel 
Cells 

55-2,300 0.001-0.015 1.3-50 140-150 9.7-9.8 

Super-capacitors 14,700-41,000 0.11-0.13 45-65 3,700-6,500 210-360 

Superconducting 
Magnetic Storage 

30,000-260,000 0.25-7.1 50-1,000 1,600-1,700 240-250 

                                                 
3 Some of the data in this table are easy to find, but others are not. Some have to be estimated from diagrams or 
schematics of the system, some deduced by analogy with similar systems, and some inferred from the physics 
on which the system depends. The values vary greatly with design, location, and scale of the system, allowing 
wide variation. That means precision is low, but the difference between the values of competing systems is 
sufficiently great that it is still possible to draw meaningful conclusions. 
4 Note that conventional fuels can only be used once, so these figures cannot be compared directly with the other 
systems, but are included for completeness. 
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The capital and energy required to install a 
given energy-storage capacity depends on 
capital and energy intensities of the 
storage system. Figure 7 illustrates this. It 
has axes of 

lifeCycle
capactiystorageofMJperenergyonConstructi

and

lifeCycle
capactiystorageofMJpercapitalonConstructi

 

Compressed air energy storage has the 
lowest capital intensity per MJ-cycle. 
Super-capacitors are the least energy 
intensive storage system, largely because 
of their high cycle life. The energy and 
capital intensities of batteries are inflated 
by their lower cycle life, making some of 
them more expensive and more energy 
intensive per cycle than gasoline. 

Investment decisions for energy storage 
are influenced by the total cost per unit 
storage capacity per cycle. This is: 

 
Figure 8 plots this for each system. 
It reveals that CAES is still the cheapest. 

Large scale implementations of energy 
storage systems for grid stability makes 
considerable demands on material supply 
and land area, making Material intensity 
and Area intensity metrics of particular 
importance to the utility industry. They are 
plotted in Figure 9. Thermal storage, 
lithium-ion batteries, and hydrogen 
storage use the least area and materials. 

 

 

) / ($ cost ) / ($ cost 
) / ($ cost 

cycle MJ Operating 
life Cycle 

MJ  Construction 
cycle MJ Average 

− + = 

− 

Figure 7. The capital and energy intensities of construction of energy storage systems,  
both per cycle over the lifetime of the system. 
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Using an overall material intensity is, of 
course, an oversimplification. What is 
important is which materials are used, and 
whether they are “critical”. The bills of 
materials for the energy storage systems 
studied here are listed in Appendix 2. 

These allow a comparison between the 
demands of each system and the current 
world production of critical materials, 
highlighting where supply might be a 
problem. 

Figure 8. Total costs of energy storage systems per unit storage capacity per cycle. 

Figure 9. The area and material intensities of energy storage systems. 
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What is a critical material? There are four 
reasons for a material to be categorized in 
this way: 

• Production is primarily from 
sources considered unreliable for 
geo-political reasons; 

• Lack of substitutes for the material 
in its main application; 

• Supply is limited due to the 
economics of its production; or 

• Extreme price volatility. 

The annual productions of 27 materials 
that meet one or more of these criteria are 
shown in Figure 10, color-coded to show 
the reasons for concern. 

In subsequent sections we examine each 
energy storage system in turn, paying 
particular attention to critical materials. To 
do this we consider a hypothetical 
scenario, one that is compatible with that 
used in Materials for Low-Carbon Power—
A White Paper. To complement the 
2,000 GW of power generation capacity 
hypothetically being replaced over a 10 
year period, 10 hours of storage capacity 
will be installed. This will require a storage 
capacity of 20,000 GWh, or 72 PJ 
(petajoule = 1015J). From this we calculate 
the fraction of current world production of 
each critical material that would be 
required to build the installations, 
revealing where material supply might be 
a problem. 

 

Figure 10. Current (2010) annual world production of 27 critical materials, highlighting the 
reasons for their being identified as critical. 
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3. Pumped hydro storage 

Energy is stored if water is pumped from a 
lower reservoir to an upper reservoir that 
is 100-1,000 m higher (Figure 11). Energy 
is recovered by allowing the water to 
return to the lower reservoir through a 
generator like that of a hydro-power plant. 

The gravitational potential energy stored in 
a mass  of water by pumping it to a 
height  is: 

  (1) 

where  is the acceleration due to gravity 
(10 m/s2). Assuming that the mass and 
volume of the dam and ancillary 
equipment are negligible compared to 
those of the water and that energy is 
recovered with 100% efficiency, the 
specific energy and the energy density are 

  and  (2) 

where is the volume of water and  is 
the density of water (1,000 kg/m3). The 
quantities  and  are approximately 
constant on earth, so the specific energy 

and energy density of a pumped hydro 
system depend only on —the height of 
the upper reservoir above the lower one. 
To put an absolute upper limit on this, we 
postulate a pumped hydro system with the 
upper reservoir at the highest point on 
earth (Everest at 8,850m), and the lower 
reservoir at sea level, giving the 
(unattainable) limits 

 
and 
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Figure 11. Diagram of a pumped hydro storage system. 
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Even this fantasy scenario gives values of 
specific energy and energy density that 
are almost three orders of magnitude 
smaller than those of oil. Real systems 
have values that are between 10 and 100 
times smaller still. 

The simplicity of pumped hydro systems 
makes them the preferred method of 
utility-scale energy storage, accounting for 
99% of world-wide capacity. An 
approximate bill of materials for such a 
system appears in Appendix 2. It suggests 
that the material demands for large scale 
deployment (following the scenario 
described in Section 2) would be 
manageable, requiring only 0.2% of the 
world production of chromium and 
manganese, the only critical materials 
required. The greatest obstacle to 
expansion is simply that of finding useable 
locations. 

4. Compressed air energy 
storage (CAES) 

CAES systems store energy by 
compressing air. Energy is recovered by 
expanding the air through a pneumatic 
motor or turbine connected to a generator. 
The compressed air can be stored in small 
tanks for mobile (e.g., automotive) 
applications, or in underground caverns or 
large balloons under the sea (which keeps 
it at high pressure) for utility scale 
applications. 

When air is compressed its temperature 
rises. If this heat leaks away, energy is 
lost. When the air is expanded again, it 
cools and can freeze the turbine. There 
are two ways of dealing with this. One is to 
insulate the compressed air chamber so 
that the heat does not escape, allowing 
adiabatic compression. The other is to 
pump slowly and allow the heat to escape 
or to be stored separately so that the 
temperature of the compressed air 
chamber remains constant, giving 
isothermal compression. Isothermal 

Figure 12. Diagram of a hybrid CAES system. 
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compression must be followed by slow, 
isothermal expansion, allowing the heat to 
return to the air. In theory, either method 
could be 100% efficient, but in practice an 
efficiency of about 70% is the best 
achievable. 

Today’s CAES systems combine 
compressed air with natural gas. The gas 
burns to heat the air before the mixture 
enters the turbine (Figure 12). In a 
conventional gas power plant, substantial 
energy is used to compress air. The 
stored compressed air removes the need 
for this, increasing the efficiency. Taking 
out the contribution of the gas, CAES 
systems have an efficiency of 70% for 
round-trip compressed air storage. 

Large scale deployment of CAES systems 
would be manageable, requiring only 
using 0.001% of the annual production of 
chromium, and 0.3% of manganese 
(Appendix 2). Mobile applications require 
a pressure vessel, but this is unlikely to 
put pressure on supply of critical 
materials. 

The specific energy of today’s CAES 
systems is about 0.36 MJ/kg, and the 
energy density is about 25 MJ/m3 , barely 
1% of the values for hydrocarbon fuels. 
Could they be improved? The energy 
stored by isentropically compressing 
n moles of air at temperature T from 
pressure pA to pB into a pressure vessel of 
volume  is: 

 (3) 

The mass of a thin walled spherical vessel 
of radius, r, thickness, t, and made out of 
material of density, ρ, is: 

  (4) 

The wall thickness required to ensure that 
the wall does not yield under a pressure 
difference  is:  

   (5) 

where  is the yield strength of the wall 

material. Substituting this into equation (5) 
gives: 

  (6) 

The volume of the pressure vessel is 

, allowing this equation to be re-

expressed as: 

  (7) 

To minimize the mass, we need to 
maximize . The structural material 

with the largest value of this index is 
CRFP with  MJ/kg. Noting that, 

at high pressures  the mass of 
the vessel is: 

  (8) 

where pressures are in units of MPa and 
volume in m3. The mass of the air itself  
(at 300K): 

  (9) 

where  is the density of air at 
atmospheric pressure (1.2 kg/m3 at 
0.1 MPa). The specific energy is thus: 

 (10) 

It only remains to select the compression 
pressure. The most powerful compressors 
available today typically compress from 
atmospheric pressure (0.1 MPa) to 
100 MPa. (These compressors are used 
for hot isostatic pressing for powder 
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processing of materials.) This gives a 
specific energy of 0.55 MJ/kg, and an 
energy density of 580 MJ/m3. Even 
without the pressure vessel (e.g., in a 
solution mined salt cavern), the specific 
energy would be 0.59 MJ/kg. This is still 
two orders of magnitude smaller than 
conventional fuels. 

It should also be noted that, in calculating 
this upper limit, we have applied no safety 
factor (it should be at least 3), neglected 
the low efficiency of pneumatic pumps 
(20 – 30%), and assumed 100% energy 
recovery (in reality 80% at best). It is clear 
that compressed air storage can work for 
utility power but for mobile applications it 
cannot compete with fossil fuels. 

5. Springs 

Springs store energy by compressing or 
extending material elastically. There are 
no examples of springs being used for 
utility scale energy storage or to provide 
propulsion in automobiles. This is because 
they have very low specific energy. We 
highlight this here by considering the 
maximum energy we could store in a 
spring using today’s materials. 

The specific energy, energy density, and 
the capital intensity of energy storage in a 

material when stretched uniaxially to yield 
are: 

 Energy density  (11,a) 

 Specific energy  (11,b) 

 Capital intensity  (11,c) 

where  is energy stored,  is the 
volume of material,  is the mass of 
material,  is the total cost of material, 

 is the yield stress of the material,  is 

the Young’s modulus,  is the density, 
and  is the material cost per unit mass. 
Table 4 lists values for five different 
materials.

 
Table 4. The performance of various materials for springs. 

Material MJ/m3 MJ/kg USD/MJ Cycle 
Efficiency 

Polyurethane rubber (Unfilled) 30-400 0.03-0.4 20-200 40-70% 

PEBA (Shore D25) 21-38 0.021-0.038 220-400 70-94% 

Epoxy/S-glass fiber (0° ply) 30-33 0.015-0.017 1500-1700 98% 

Low alloy steel, AISI 9255,  
tempered 205°C 

8-12 0.001-0.0015 550-830 99.8-99.9% 

Carbon nano-tubes 8,400 5 30,000-160,000  
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Figure 13. A titanium spring.   
Image courtesy of G and O Springs Ltd. 
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Polyurethane rubber is the best according 
to all three of these figures of merit. 
However cyclically compressing and 
expanding polyurethane rubber is 
extremely lossy, with a mechanical loss 
coefficient of tan(δ)=0.05-0.1, leading to a 
cycle efficiency of 40-70%. PEBA (Shore 
D25) has a better material efficiency of 
94%, but has a lower specific energy of 
0.021-0.038 MJ/kg compared to 0.03-
0.4 MJ/kg for polyurethane rubber. 
Epoxy/S-glass fiber makes the lightest and 
smallest spring, while low alloy steel 
makes the cheapest. These have much 
higher cycle efficiencies (98% and 99.9% 
respectively), but the overall efficiency will 
be reduced by the mechanisms used to 
store and extract the energy. Thus the 
energy density of springs made from 
today’s materials is three orders of 
magnitude smaller than conventional 
fuels. 

Hill et al. (2009) claim that it would be 
possible to store 8,400 MJ/m3 or 5 MJ/kg 

in carbon nano-tube springs. This might 
be true of a single nanotube, but scaling 
up to any useful size requires that the 
nanotubes are bonded in some kind of 
matrix, reducing the specific energy. A 
more realistic upper bound is to postulate 
that the spring material could be loaded to 
the theoretical strength, roughly . 
Then using (as an example) the modulus 
and density of steel (200 GPa and 
7,900 kg/m3) we find upper bounds from 
equations 11,a and 11,b as follows. 

Energy density: 

   

Specific energy: 

   

These are still far below the values for 
hydrocarbons. 
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Figure 14. Diagram of a flywheel.  The motor/generator is adapted to fit inside the flywheel to save space. 
The system is buried underground for safety.   
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6. Flywheels 

A spinning flywheel stores kinetic energy 
(Figure 14), which is recovered by 
coupling the flywheel to a generator. An 
efficient flywheel is designed to have as 
large a rotational moment of inertia as 
possible and to spin fast. Frictional losses 
in the bearings and surrounding air reduce 
efficiency. They are reduced by using 
superconducting magnetic bearings to 
levitate the rotor and by cooling or 
pumping the air out of the containment. All 
of these require energy, so they too 
reduce efficiency slightly. 

Present-day flywheels have a specific 
energy in the range 0.002 – 0.025 MJ/kg 
and an energy density is between 1.7 and 
23 MJ/m3 when ancillary devices are 
included, values that are much smaller 
than hydrocarbon fuels. What are the 
upper limits for both? The following 
estimate gives an idea. 

The kinetic energy of a rotating cylinder is: 

  (12) 

where  is the rotational moment of 
inertia and  the angular velocity. The 
moment of inertia is maximized for a given 
mass of material by making it into a thin-
walled tube. If the tube has mass , 
radius  and wall thickness   

(Figure 15, left), its moment of inertia per 
unit length is: 

   (13) 

Equating the centrifugal load in a small 
element of this ring to the resolved 
component of the circumferential stress in 
the wall when this stress is just below the 
its yield strength  gives the maximum 

allowable angular velocity, : 

  

from which 

  (14) 

giving a specific energy of  

  MJ/kg (15) 

where  is in MPa and the density  is 

in kg/m3. Among today’s materials, CFRP 
has the highest value of 

1.6 MJ/kg, allowing a flywheel with specific 
energy of 0.8 MJ/kg. This is two orders of 
magnitude smaller than the value for 
hydrocarbons, and we have not included 
the protective burst shield, the motor-
generator, or any safety factors (up to five 
for composite materials)—all of which 
reduce the specific energy. 
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Figure 15. Left: A flywheel. The maximum kinetic energy it can store is limited by its strength.   
Right: Demand ratios for critical materials used in flywheel energy storage systems with superconducting 

magnetic bearings. *CFRP is included because, even though it is not a critical material, large scale 
implementation is likely to stretch its supply. 
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It has been suggested that flywheels might 
be constructed that exploited the great 
strength ( = 100 GPa, Peng et al., 

2008) and low density (  = 1,300 kg/m3, 
Collins & Avouris, 2000) of carbon nano-
tubes, allowing a specific energy of 
40 MJ/kg, comparable with conventional 
fuels. However, this neglects the need for 
a supporting matrix. A more realistic upper 
limit, following the reasoning of the 
previous section, is to imagine a material 
with the density and modulus of steel and 
with the theoretical strength , giving 
a specific energy  

  MJ/kg 

Large scale implementation of flywheel 
storage systems with superconducting 
bearings using yttrium barium copper 
oxide superconductors and CFRP disks 
(Appendix 2) could exert pressure on 
supply of yttrium and CFRP (Figure 15, 
right).  

7. Thermal Storage 

Thermal energy storage takes two forms.  

1. Heating an inert solid or liquid, 
using its heat capacity (specific 
heat),  (J/kg.K) to retain energy, 

2. Causing a solid to melt, using its 
latent heat of fusion,  (J/kg) to 
capture energy. 

Energy is recovered by passing a heat-
transfer fluid through the hot or molten 
body, passing the heat to a heat 
exchanger where it generates steam or 
hot gas for space heating or to drive a 
turbine. Utility-scale thermal energy 
storage is used to smooth the power 
output of concentrated solar plants  
(Figure 16). The sun’s radiation is focused 
on a collector containing molten salt 
(typically 40% potassium nitrate, 60% 
sodium nitrate). The molten salt is held in 
hot tanks until the energy is needed when 
an oil-loop from the hot tank carries the 
heat to a steam generator and turbine to 
generate electrical power. 
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Figure 16. Diagram of a molten salt thermal storage system connected to a solar tower.  
Only the thermal storage block is included when considering material usage. 
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The specific energies of present-day 
thermal storage systems lie in the range 
0.032 – 0.036 MJ/kg, comparable with 
batteries but at three orders of magnitudes 
smaller than hydrocarbon fuel. What is the 
upper limit on their performance? To 
answer that we need the thermal 
properties of thermal storage materials. 
Table 5 lists some of these. 

The element with the greatest specific 
heat capacity is lithium (3.6 kJ/kg/K). 
Lithium melts at 180°C, but can be stored 
in its liquid state, conceivably up to 
1000°C. If we assume that the specific 
heat capacity of liquid lithium is the same 
as that of the solid and add its latent heat 
of fusion (~0.4 MJ/kg), the total energy 
density becomes ~3.5 MJ/kg. 

Latent heat storage offers substantial 
specific energy, stored and recovered over 
a narrow temperature range. The melting 
point determines the output temperature, 
so must be chosen to match the 
application. The energy density is then 
determined by the latent heat of fusion 
(Table 5). 

Thermal energy storage creates no 
alarming demands for critical materials. 
Meeting the scenario described earlier 
could require 0.6% of the world production 
of chromium and 5% of that of nickel. 

8. Batteries 

Batteries store chemical energy. There 
two classes of battery. Primary batteries 
can only be used once, after which they 
can be recycled, but not recharged. 
Secondary batteries can be recharged 
100-10,000+ times before they fail. Here, 
we consider six types of secondary 
batteries which have shown promise in 
utility scale or automotive scale energy 
storage: lead-acid, lithium ion (Li-ion), 
sodium-sulfur (NaS), nickel-cadmium  
(Ni-Cd or NiCad), nickel-metal hydride  
(Ni-MH), and vanadium redox flow 
batteries (VRB). Appendix 2 contains bills 
of material for each.  

A battery consists of two half cells, each 
containing a metal and a salt solution of 
that metal (e.g., metal sulfate). The half 
cell with the more reactive metal (metal A, 
in this example) is the anode. The metal is 
oxidized: 

  −+ +→ exAA x 22

Material Melting point 
(oC) 

Specific heat 
(kJ/kgoC) 

Energy density 
(MJ/m3 oC) 

Latent heat of 
fusion (MJ/kg) 

Aluminum 660 0.92 2.5 0.39 

Cast Iron 1,200 0.54 3.9 0.27 

Lead  324  0.13 1.5 0.034 

Lithium 180  3.6 1.9 0.43 

Sodium 100-760 1.3 0.95 0.11 

Molten alt (50% KNO3; 40% NaNO2) 140-540 1.6 2.6 - 

Fireclay 1450 1.0 2.1-2.6 Approx 0.8 

Granite 1450 0.79 1.9 Approx 0.85 

50% Ethylene Glycol; 50% Water 0 3.5 3.7 Approx 0.3 

Water 0 4.2 4.2 0.34 

Table 5. Properties of materials for thermal energy storage. 
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Figure 17.  Left: diagram of the discharge of a lead-acid battery.  
Right: Demand ratios for antimony and lead used in lead acid batteries.  

*These are not critical, but large scale implementation is expected to stretch their supply. 

Figure 18. Left: Diagram of the discharging of a lithium-ion battery.  
Right: Demand ratios for critical materials used in lithium-ion batteries. 

The half cell with the less reactive metal 
(metal B) is the cathode. The metal ions 
from the solution are reduced: 

  

The metals from each half cell are 
connected to an external load through a 
circuit that transports the electrons from 
the anode to the cathode, providing 
electrical power. In order to maintain 
balance of charge, anions (negatively 
charged ions) are allowed to pass through 

a porous disk from one solution to the 
other. 

Lead acid batteries (Figure 17) have a 
lead anode and a lead dioxide cathode. 
On discharge, both of these become lead 
sulfate. At the anode: 

  

At the cathode the reaction is: 

 

BexB x →+ −+ 22

−+− ++→+ eHPbSOHSOPb 244

4 4 2 2 2 3 H2O PbSO e HSO H PbO + → + + + − − + 



 

Materials for Energy Storage Systems 20 © Granta Design, Jan 2012 

Figure 19. Left: Diagram of the discharge of a sodium-sulfur battery.  
Right: Demand ratios for critical materials used in sodium-sulfur batteries. 

Lead-acid batteries do not use critical 
materials in significant quantities. 
However, large scale implementation will 
require an increase in the supply of both 
lead and antimony (Figure 17, right). 

Li-ion batteries (Figure 18)  have an 
anode of graphite intercalated with lithium 
and a cathode of lithium compounds. 
During discharge, lithium ions move from 
the graphite anode: 

  

The Li+ ions diffuse through the separator 
and are taken up by the lithium 
compounds (typically, a lithium metal 
oxide compound, LiMO) at the cathode: 

  

Large scale adoption of Li-ion for 
automotive propulsion or utility electricity 
storage may be constrained by the supply 
of lithium and graphite. Figure 18, right, 
shows that large scale implementation 
would result in lithium usage which is 
about eighty times today’s supply. The 
demand for graphite could exceed three 
times today’s supply production. 

Sodium-sulfur batteries (Figure 19) have 
an anode of molten sodium and a cathode 
of molten sulfur. On discharge, the sodium 
is oxidized and the ions pass through an 
alumina electrolyte to reduce the sulfur 
and create sodium polysulfide. The overall 
reaction is: 

  

Graphite is used to contain the molten 
sulfur and prevent it from corroding the 
current collectors and casing. Large scale 
implementation of NaS batteries may 
stretch the supply of graphite, as it will use 
40% of the annual supply (Figure 19, 
right).  

Ni-Cd batteries (Figure 20) have a 
cadmium-plated anode and a nickel oxide-
hydroxide plated cathode. On discharge, 
the cadmium at the anode is oxidized: 

  

The nickel oxide-hydroxide is reduced: 

 

CexLixCLix 66 ++→ −+

LiMOexLixMOLi x →++ −+
−1

4242 SNaSNa →+

−− +→+ eOHCdOHCd 2)(2 2

−− +→++ OHOHNieOHOHNiO 22 )(2)(
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Figure 20. Left: Diagram of the discharge of a nickel-cadmium battery.  Right: Demand ratios for critical 
materials used in nickel-cadmium batteries. *Cadmium is included because, even though it is not a critical 

material, large scale implementation is likely to stretch its supply.  

Figure 21. Left: Diagram of the discharge of a nickel-metal hydride battery. 
Right: Demand ratios for critical materials used in nickel-metal hydride batteries. 

Large scale implementation of Ni-Cd 
batteries could be constrained by of 
supply of nickel, cobalt, and lithium  
(Figure 20, right). Although cadmium is not 
classified as a critical material, assuring its 
supply could be a problem.  

 

Nickel-metal hydride batteries  
(Figure 21) resemble Ni-Cd batteries, but 
the anode is plated with a metal hydride 
rather than cadmium. On discharge, the 
metal hydride is oxidized: 

  

The nickel is reduced, as in the Ni-Cd 
batteries: 

 

−− ++→+ eOHMOHMH 22

−− +→++ OHOHNieOHOHNiO 22 )(2)(
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Figure 22. Left: Diagram of the discharge of a vanadium redox flow battery. Right: Demand ratios for critical 
materials used in vanadium flow batteries. *Vanadium is included because, although it is not a critical 

material, large scale implementation is likely to stretch its supply. 

The anode, typically, is a hydride of 
lanthanum, neodymium, praseodymium, 
or cerium. Of these, cerium has the largest 
annual production, so we assume that the 
large scale implementations would use 
cerium hydride. This would result in a 
bottleneck of cerium and nickel supply 
(Figure 21, right). Even if the large scale 
implementation used a mixture of the 
available metals, such that only ¼ of the 
cerium was used, this would still result in 
the use of 200 times the current annual 
production—and this ratio would be larger 
for the other elements. 

Vanadium redox batteries (Figure 22) 
differ from other batteries. The electrolytes 
are stored in tanks, and are pumped 
through the battery cell, where they are 
reduced or oxidized. The anode and 
cathode electrolytes are made up of a 
solution of vanadium in different oxidation 
states. The anode electrolyte is a solution 
of vanadium (II) ions, which are oxidized 
to vanadium (III) ions on discharge: 

  

The cathode electrolyte is a solution of 
vanadium (V) oxide ions, which are 
reduced to vanadium (IV) oxide ions: 

  

Large scale implementation of VRBs 
would use a significant fraction of today’s 
production of graphite (Figure 22, right) 
and would stretch the supply of vanadium, 
even though this is not a critical material. 

The ultimate limits for batteries 

To determine the maximum theoretical 
specific energy of batteries, we need to 
consider the standard electrode potential 
(SEP) of various half-cells. Consider, as 
an example, a lithium anode and a fluorine 
cathode (ignoring any practicalities of 
making this safe!), a combination with an 
exceptional high SEP differences. The 
oxidation of lithium  

  

has a standard electrode potential of 
3.04 V, and the reduction of fluorine 

  

has a standard electrode potential of 
2.87 V. The overall reaction  

  

−++ +→ eVV 32

−+−++ +→++ OHVOeHVO 2
2

−+ +→ eLiLi

−− →+ FeF 222

LiFFLi 22 2 →+
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gives a cell voltage of V=5.91 V. For one 
mole of reactants, having a mass of 
51.9 g, the two moles of electrons 
exchanged, with charge C = 2 x 96,485 
Coulombs, will deliver the energy: 

 
corresponding to a specific energy of 
22 MJ/kg, comparable with that of 
conventional fuels (20 – 50 MJ/kg). Safety 
concerns have held back the development 
of the lithium-fluorine cell. The closest 
technology is the lithium-carbon 
monofluoride (Li-CFx) cell, which has the 
combined reaction: 

  

The carbon maintains the fluorine in a safe 
compound, but reduces the theoretical 
energy density to 7.9 MJ/kg, which we will 
take as an upper limit for battery 
technology. In practice real (Li-CFx) cells 
have only achieved energy densities in the 
range 0.94 – 2.8 MJ/kg, and they are not 
rechargeable.  

9. Hydrogen Energy Storage 

Energy can be stored by using it to 
generate hydrogen by electrolysis of water 
(Figure 23). Energy is recovered by 
passing the hydrogen to a fuel cell to 
generate electricity. Electrolysis breaks 
the water into positive H+ ions (or protons) 
and oxygen. At the anode: 

   

At the cathode: 

  
In the fuel cell hydrogen passes the 
anode, where it is oxidized to hydrogen 
ions (or protons) and electrons at the 
anode: 

   
At the cathode, oxygen is reduced with the 
hydrogen to form water: 

  
The electrolyte allows passage of 
hydrogen ions but not electrons. The 
electrons flow through an external circuit, 

moleMJxCVW /14.1485,96291.5 ===

CxLiFxCFLix x +→+ )(

−+ ++→ eHOOH 442 22

222 HeH →+ −+

−+ +→ eHH 222

OHeHO 22 244 →++ −+

Figure 23. Diagram of hydrogen energy storage. 



 

Materials for Energy Storage Systems 24 © Granta Design, Jan 2012 

where they deliver energy to a load. 
Catalysts are required at the cathode and 
anode, platinum at the anode, and nickel 
at the cathode. Their use raises concerns 
over supply: large scale deployment might 
use ~25% of nickel supply and 400% of 
world production of platinum (Figure 24). 

 
Figure 24. Demand ratios for critical materials used 

in hydrogen storage systems. 

The performance metrics of hydrogen 
storage presented in Table 2, and used in 
subsequent charts, are based on 
conceptual designs of a hydrogen storage 
system for which a number of 
assumptions have been made. The data is 
based on hydrogen generators and fuel 
cells (Hydrogenics, 2010). The mass of 
the hydrogen generator was not included 
in the onboard hydrogen storage. The 
specific energy and energy density of the 
stored hydrogen are based on the US 
Department of Energy 2010 targets for 
hydrogen storage of 5.4 MJ/kg and 
3.2 MJ/m3 (US Department of Energy, 

2011), which have been met by MOF-177 
(a zinc compound that absorbs hydrogen 
as a hydride).  

The US Department of Energy has also 
set ultimate targets for the specific energy 
and energy density of hydrogen storage: 
9 MJ/kg and 8,300 MJ/m3. These can be 
taken as the practical limits on hydrogen 
energy storage, assuming that they will 
not be significantly affected by the mass of 
the fuel cell and hydrogen generator. 
These are barely competitive with 
conventional fuels, but many automotive 
companies are already investing heavily in 
research on hydrogen power vehicles. 

10. Capacitors and super-
capacitors 

A capacitor stores energy as electrical 
charge. At its simplest it consists of two 
closely-spaced plates with a dielectric 
between them (Figure 25, left). Energy is 
used to move charge from one plate to the 
other, creating a potential difference 
between them. Energy is extracted by 
allowing the charge to return, passing 
through an external load. Capacitors can 
be charged and discharged very quickly 
giving high specific power, but their 
specific energy is small, about 
0.0001 MJ/kg. 

Figure 25.  Left A capacitor. Right: A super-capacitor  
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The energy stored in a capacitor is

  

where is the capacitance and  is the 
voltage. However, the electric field cannot 
exceed the breakdown field, , which 
limits the voltage to , where  is 
the distance between plates. The 
capacitance of a capacitor is given by 

 where  is the electric 
permittivity of the dielectric,  is the 
relative permittivity,  is the permittivity of 
free space, and  is the area of the 
plates. Assembling these results gives the 
maximum energy that the capacitor can 
contain without breakdown: 

  

and a maximum specific energy 

  

where  is the mass and  is the 
density of the dielectric. The maximum 

specific energy of a number of dielectrics, 
listed in Table 6, suggests that capacitors 
with a styrene-butadiene dielectric might 
double the performance to 0.0002 MJ/kg. 

Super-capacitors offer greater 
performance. Super-capacitors store the 
charges at the interface between activated 
carbon and a liquid electrolyte (Figure 25, 
right), rather than between two plates. 
Because of the large surface to volume 
ratio of activated carbon, and the 
vanishingly thin distance over which the 
charge is stored, super-capacitors have 
greater capacitance and energy densities 
of 0.01-0.1 MJ/kg. The band-gap of 
dielectric materials limits the maximum 
energy density achievable in super-
capacitors to about 2 MJ/kg (House, 
2009), still an order of magnitude less than 
that of conventional fuels. 

Super-capacitors do not use critical 
materials so that large scale 
implementation would not result in supply 
bottlenecks. 

 
 

Table 6. Properties of dielectric materials5

Dielectric 

. 

Dielectric 
constant, rε  

Breakdown 
field, dV  
(MV/m)  

Density, ρ
(kg/m3) 

Specific energy 
(MJ/kg) 

Syrene-Butadiene Block 
Copolymer 

2.45-2.55 85-140 1,000 0.0001-0.0002 

Cyclo Olefin Polymer 2.13-2.47 67-73 1,000 0.00005 

Transparent Polyamide 
(nylon) 

3.3-4.6 49-51 1,000 0.00004-0.00005 

Vermiculite 6-8 8-14 64-160 0.00002-0.00007 

Mica 5.4-8.7 40-79 2,600-3,200 0.00001-0.00007 

Alumina (97.6) 9.0-9.5 41-45 3,700-3,800 0.00002 

                                                 
5 Data from CES EduPack 
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11. Superconducting Magnetic 
Energy Storage (SMES) 

Superconducting magnetic energy storage 
(SMES) systems store energy as a 
magnetic field, set up by passing current 
through a superconducting coil. Because 
there is no resistance, the current and the 
field, once established, continues to flow 
without consuming further power. Energy 
is recovered by discharging the current 
through an external load. 

Superconducting magnets require 
refrigeration and that does consume 
power, reducing efficiency, especially over 
large periods. High temperature 
superconductors (HTS) such as YBCO—
yttrium barium copper oxide—which 
become superconducting at ~77K require 
less power for refrigeration than low 
temperature ~4K superconductors (LTS), 
but they still need some. For this reason, 
SMES tends to be used for short term 
storage (e.g., for frequency regulation). 

The energy density stored in a magnetic 
field is: 

  

where  is the magnetic flux density and 
is the permittivity of free space. The 

energy density is maximized by 
maximizing , which, for a type-II 
superconductor, cannot exceed the upper 
critical field of the magnet windings. The 
upper critical field of YBCO is 250 T at a 
temperature of zero Kelvin. If 250 T can 
be achieved, an energy density of 
25,000 MJ/m3 can be achieved. Assuming 
a similar physical density to today’s SMES 
devices, this would result in a specific 
energy of 50 MJ/kg. This is competitive 
with fuels, but is only achieved at 
unrealistically low temperatures, and does 
not include the mass of the cryostat and 
ancillary devices. 

Based on current HTS-SMES systems, 
large scale implementation would result in 
a bottleneck of supply of Yttrium, essential 
for the superconducting YBCO magnets 
(Figure 26). 
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Appendix 1 Definition of terms 

Resource intensities of 
construction  

Capital intensity US$/MJ 
The capital intensity of an energy-storage 
system is the cost of building or 
purchasing the system per megajoule of 
storage capacity. As an example, a typical 
alkaline AA battery has a capacity of 
around 13.5x10-3 MJ and costs about a 
dollar. Its capital intensity is: 

Capital intensity 
= Cost/Storage capacity 
= 1 / 0.0135  
= 74 $/MJ 

Area intensity m2

The area intensity of an energy storage 
system is the area of land that the system 
typically occupies per megajoule of 
storage capacity. As an example, the 
Ffestiniog pumped hydro power station 
has an area of 340,000 m² and can store 
4.7 x 106 MJ. Its area intensity is: 

/MJ 

Area intensity 
= Area/Storage capacity 
= 340,000 / (4.7 x 106) 
= 0.07 m2

Material intensity kg/MJ 

/MJ 

The material intensity of an energy 
storage system is the mass of material 
that the system typically requires per 
megajoule of storage capacity. As an 
example, a particular Bosch car battery 
has a capacity of 4.36 MJ and a mass of 
23.2 kg. Its mass intensity is calculated as 

Material intensity  
= Mass of material/Storage capacity  
= 23.2 / 4.36 
= 5.4 kg/MJ 

The bill of materials for a given storage 
system allows the material intensity to be 
broken down by material. These material-
specific intensities can then be compared 
to the annual world production of that 
material to flag up systems that, if 
deployed widely, might be constrained by 
material supply. 

Energy intensity MJ/MJ 
The energy intensity of an energy storage 
system is the energy required to create 
the system per megajoule of storage 
capacity. This includes the energy needed 
to extract and process raw materials, 
fabricate components, and construct the 
final plant, with transport at different 
stages of the construction process taken 
into account. As an example, the energy 
needed to build a hypothetical molten salt 
thermal storage system with a capacity of 
7.2x106 MJ was calculated at 9.2x108 MJ. 
Its energy intensity is: 

Energy intensity  
= Construction energy/Storage capacity 
= 9.2 x 108 /(7.2 x 106

CO

) 
= 128 MJ/MJ 

2

The CO2 intensity (or carbon intensity) of 
an energy storage system is the CO2 
(equivalent) released to the atmosphere 
as a consequence of its construction the 
system per megajoule of storage capacity. 
As an example, a hypothetical thermal 
energy storage system has a capacity of 
7.2x106 MJ and causes the emission of 
6.4x107 kg of CO2. The carbon intensity is: 

 intensity kg/MJ 

CO2 intensity 
= CO2 emission/Storage capacity  
= 6.4 x 107 / (7.2 x 106

Operational parameters 

) 
= 8.9 kg/MJ 

Specific energy MJ/kg 
The specific energy of an energy-storage 
system is the energy the system can store 
per unit of its mass. As and example, a 
silver oxide button cell has a mass of 0.7 g 
(7x10-4 kg) whilst storing 2.2x10-4 MJ. Its 
specific energy is 

Specific energy  
= Energy stored/Mass  
= 2.2 x 10-4 / (7 x 10-4

Energy density MJ/m

)  
= 0.31 MJ/kg 

The energy density of an energy-storage 
system is the energy the system can store 
per unit of volume. As an example, a lead-

3 
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acid battery measuring 120x80x80 mm 
can store 0.3 MJ. Its energy density is:  

Energy density  
= Energy stored/Volume  
= 0.3 / (7.7 x 10-4)  
= 391 MJ/m

Specific power W/kg 

3 

The specific power is the rate at which 
energy can be drawn from the system per 
unit of its mass. As an example, the 
Maxwell VCAP350 super-capacitor weighs 
63 g (6.3x10-2 kg) and can discharge with 
a continuous power of 67.5 W. Its specific 
power is calculated to be 

Specific power  
= Energy per second/Mass 
= 67.5 / 0.063 
= 1071 W/kg 

Economic energy-storage capacity
 W/kg 
The economic energy storage capacity is 
the range of energy for which a particular 
storage system is economically viable. As 
an example, it is impractical to create a 
pumped hydro storage plant for a tiny 
amount of amounts of energy. It is equally 
impractical to use silver oxide batteries to 
store megajoules of energy. 

Economic energy power capacity W/kg 
The economic power capacity of an 
energy storage technology is the range of 
power outputs that systems can deliver 
economically. 

Cycle efficiency % 
The cycle efficiency is the percentage of 
the energy put into a system that is 
recovered when the energy is retrieved. 
This is measured for a typical cycle time, 
and will usually decrease if cycle is 
unusually long. As examples, a battery will 
slowly discharge if unused and frictional 
losses of a flywheel increase the longer it 
is spinning. 

Cycle efficiency 
= (Energy output / Energy input) x 100 

Cycle life - 
The cycle life is the number of times an 
energy storage system can charged and 

discharged before the capacity of the 
system drops below 80% of its initial 
capacity. Cycle life is limited by factors 
such as fatigue in mechanical systems 
and electrolyte degradation in 
electrochemical systems.  

Operating cost US$/MJ 
The operating cost is the approximate cost 
of one charge/discharge cycle of one unit 
of energy, and includes the cost of 
maintenance, heating, labor, etc. 

Adaptable for mobile systems Yes/No 
Adaptable for mobile systems. If ticked 
(meaning Yes) the energy storage system 
is suitable for providing mobile power such 
as powering an automobile or a portable 
communication device. 

Upper limits for performance 
metrics 

Theoretical max specific energy MJ/kg 
The maximum specific energy of an 
energy storage system is the theoretical 
upper limit to the energy it can store per 
unit mass. As an example, the theoretical 
strength, roughly E/10 (where E is 
Young’s modulus) sets an absolute upper 
limit to the energy that could be stored in 
springs and flywheels. 

Theoretical max energy density MJ/m
The maximum energy density of an 
energy storage system is the theoretical 
upper limit to the energy it can store per 
unit volume. As an example, the 
theoretical strength, roughly E/10 (where 
E is Young’s modulus) sets an absolute 
upper limit to the energy that could be 
stored in springs and flywheels. 

3 

Status 

Current installed capacity GJ 
The current installed capacity is the sum 
of the energy storage capacities of all 
systems using a certain technology 
worldwide. 

Growth rate  % per year 
The growth rate is the rate of additional 
energy capacity added per year, 
expressed as a percentage of the current 
installed capacity. 
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Appendix 2: Approximate 
Material Intensities for Energy 
Storage Systems 

Bills of materials for energy storage 
systems are assembled here. They are 
expressed as material intensities, , 
meaning mass (kg) of each material per 
unit (MJ) of energy storage capacity. 
There is no systematic, self consistent 
assembly of such data of which we are 
aware, so it has to be patched together 
from diverse sources. These differ in detail 
and scope. Some, for instance, are limited 
to the system alone, others include the 
copper and other materials needed to 
connect the system to the grid. Others 
give indirect information from which 
missing material content can be inferred. 
So be prepared for inconsistencies. 

Despite these difficulties there is enough 
information here to draw conclusions 
about the demand that a commitment to 
any one of them would put on material 
supply. The resource-demand plots in the 
text use the data in these tables. They are 
based on an imagined scenario: that in 
order to meet global electric power 
demand, the capacity of a chosen power 
system must be expanded by 200 GW per 

year (See the Materials for Low Carbon 
Power White Paper), and to compliment 
this, 10 hours of storage capacity must be 
built—meaning 2,000 GW.hr or 7.2 PJ 
(equal to 7.2 x 106 MJ) of storage capacity 
per year. The metric for resource pressure 

 is the mass of each material required 
for the expansion of the system per year, 

, expressed in kg/year divided 
by the current (2010) global production per 
year, , also expressed in kg/year. 

  

The plots show this as the percent 
demand of current production. 

The resource demand is not interesting 
when it is trivial. The plots show the 
demand on the materials that are deemed 
to be “critical”, as explained in Section 2, 
together with other (non-critical) materials 
whose supply will likely be stretch by large 
scale implementation of the particular 
system. Their global annual productions 
for critical materials in 2010 appear Figure 
10. They are marked with an asterisk (*) in 
the tables below. 

Pumped Hydro Storage 
Material Intensity (kg/MJ) 

Aluminum 0.01 
Brass 0.0002-0.0014 
Chromium* 0.005-0.01 
Concrete 60-120 
Copper 0.0014-0.0049 
Iron 0.60-0.79 
Lead 0.0006-0.005 
Magnesium 0.0002-0.002 
Manganese* 0.0004-0.003 
Molybdenum 0.0005-0.004 
Plastics 0.012-0.02 
Wood 0.16-1.3 
Zinc 0.0008-0.01 
Total mass, all materials 61-120 

Materials and quantities (Tahara et al., 1997), (Pacca & Horvath, 2002), (Vattenfall AB 
Generation Nordic, 2008) and (Ribeiro & da Silva, 2010). 
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Compressed Air Energy Storage 
Material Intensity (kg/MJ) 

Carbon steel 0.0084-0.054 
Chromium* 0.000006-0.00013 
Concrete 1.8-12 
Copper 0.00025-0.0016 
High Alloy Steel 0.086-0.56 
Iron 0.0045-0.029 
Manganese* 0.0011-0.0069 
Molybdenum 0.000011-0.000069 
Plastics 0.00093-0.0060 
Silicon 0.00024-0.0015 
Vanadium 0.000032-0.00021 
Total mass, all materials 1.9-13 

 Materials and quantities from (Meier & Kulcinski, 2000). 

 

Flywheels 
Material Intensity (kg/MJ) 

Carbon Fiber 1.8 
Carbon Steel 12-400 
Copper 1-30 
Plastics 2-4 
YBCO 0.0058-0.17 
 of which Barium 0.0024-0.07 
 of which Copper 0.0017-0.051 
 of which Yttrium* 0.00078-0.023 
Total mass, all materials 17-500 

 Materials and quantities from (Hartikainen et al., 2007). 

 

Thermal Storage 
Material Intensity (kg/MJ) 

Calcium Silicate 0.06-0.12 
Carbon Steel 0.78-1.4 
Chromium* 0.008-0.03 
Concrete 3.1-4.8 
Foam Glass 0.041-0.084 
Mineral Wool 0.15-0.26 
Molten Salt  
(40% KNO3, 60% NaNO3) 

7.1-24 

Nickel* 0.0044-0.017 
Nitrogen 0.026-0.4 
Refractory Brick 0.40-0.62 
Silica 0-17 
Total mass, all materials 12-48 

 Materials and quantities from (Heath et al., 2009). 
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Lead Acid Batteries 
Material Intensity (kg/MJ) 

Antimony 0.055-0.14 
Copper 0.017-0.042 
Glass 0.11-0.28 
Lead 1.4-3.5 
Lead oxides 1.9-4.9 
Plastics 0.55-1.4 
Sulfuric Acid 0.55-1.4 
Total mass, all materials 4.6-12 

 Materials and quantities from (Sullivan & Gaines, 2010). 

 

Lithium-Ion Batteries 
Material Intensity (kg/MJ) 

Aluminum 0.072 
Carbon Black 0.075-0.09 
Copper 0.13 
Ethylene Glycol Dimethyl Ether 0.44 
Graphite* 0.47 
Lithium Compounds 1.2 
 of which Lithium* 0.2 
Plastics 0.18-0.2 
Total mass, all materials 1.5-2.6 

  Based on Iron Phosphate type Lithium Ion Batteries. Materials and quantities from (Zackrisson et al., 2010). 

 

Sodium-Sulfur Batteries 
Material Intensity (kg/MJ) 

Alumina 0.18-0.63 
Aluminum 0.32-1.1 
Carbon Steel 0.18-0.64 
Copper 0.05-0.17 
Glass 0.06-0.22 
Graphite* 0.03-0.1 
Plastics 0.11-0.4 
Silica 0.21-0.76 
Sodium 0.11-0.4 
Sulfur 0.18-0.63 
Total mass, all materials 1.4-5 

 Materials and quantities from (Sullivan & Gaines, 2010). 
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Nickel-Cadmium Batteries 
Material Intensity (kg/MJ) 

Cadmium 1.1-3.1 
Carbon Steel 0.38-1.1 
Chromium* 0.091-0.26 
Cobalt* 0.06-0.18 
Copper 0.18-0.51 
Lithium Hydroxide 0.03-0.09 
 of which Lithium* 0.0087-0.025 
Nickel and Compounds 1.6-4.7 
 of which Nickel* 1.3-3.9 
Plastics 0.13-0.39 
Potassium Hydroxide 0.22-0.65 
Total mass, all materials 3.8-11 

 Materials and quantities from (Sullivan & Gaines, 2010) and (Gaines & Singh, 1995). 

 

Nickel-Metal Hydride Batteries 
Material Intensity (kg/MJ) 

Carbon Steel 1.2-3.5 
Cerium* 0.22-0.64 
Nickel and Compounds 0.81-2.4 
 of which Nickel* 0.66-2.0 
Plastics 0.14-0.04 
Potassium Hydroxide 0.08-0.24 
Total mass, all materials 2.5-6.8 

 Materials and quantities from (Sullivan & Gaines, 2010). 

 

Vanadium Flow Batteries 
Material Intensity (kg/MJ) 

Carbon Black 0.037-0.065 
Carbon Steel 0.85-1.5 
Copper 0.064-0.11 
Graphite* 0.024-0.042 
Plastics 0.31-0.54 
Sulfuric Acid 2.1-3.6 
Vanadium 0.45-0.78 
Total mass, all materials 3.8-6.6 

 Materials and quantities from (Rydh, 1999). 
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Hydrogen Storage 
Material Intensity (kg/MJ) 

Aluminum 0.03 
Carbon Black 0.01 
Carbon Steel 1.7 
Chromium* 0.09 
Copper 0.2 
Glass Fiber 0.06 
Graphite* 0.24 
Molybdenum 0.0007 
Nickel* 0.05 
Phosphoric Acid 0.02 
Plastics 0.04 
Platinum* 0.000003 
Silicon Carbonate 0.12 
Zinc 0.06 
Total mass, all materials 2.6 

 Materials and quantities from (van Rooigen, 2006) and (Nadal, 1997). 

 

Super-capacitors 
Material Intensity (kg/MJ) 

Activated Carbon 12-14 
Aluminum 9.8-20 
Plastics 1-2.5 
Ammonium Salts in Acetonitrile 23-29 
Total mass, all materials 45-66 

  Materials and quantities from (Maxwell Technologies, Inc., 2009) and (Maxwell Technologies, Inc., 2011). 

 

Superconducting Magnetic Energy Storage 
Material Intensity (kg/MJ) 

Carbon Steel 32 
Copper 3.8 
Sulfuric Acid 0.22 
YBCO 0.52 
 of which Barium 0.21 
 of which Copper 0.15 
 of which Yttrium* 0.07 
Total mass, all materials 36 

 Materials and quantities from (Hartikainen et al., 2007). 
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