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Preface 

The primary purpose of this book is to survey a wide range of energy and power sources, 

including current, near-term, proposed, bleeding-edge, and speculative (fun!) possibilities.  The 

focus is almost exclusively on two principal performance measures ï energy per unit mass 

(specific energy) and energy per unit volume (energy density) ï as opposed to other practical 

energy-related measures such as cost, safety, ease of use with existing technologies, or regulatory 

approval. 

 

This book differs from standard engineering reference materials that emphasize current 

commercial methods for energy storage.  It is intended as a much broader survey, including such 

exotic methods as molecular recombination energy, metastable nuclear isomers, and antimatter, in 

addition to more conventional energy storage options such as batteries, combustibles and 

explosives. 

 

A number of examples from nanoengineering (e.g., nanorobotics) are included because one of the 

motivations of writing the book is to survey opportunities for future nanotechnology 

development.  This work is in some ways an extension of previously-published material on 

energy sources for atomically precise molecular machine systems,
1
 providing a much more 

comprehensive survey of possible design choices and identifying a few particularly good 

candidates for nanomachine applications.  Another motivation is to establish the operational 

energy limits, within known science, of proposed power supplies for future macroscale 

applications (e.g., flying cars, self-sufficient houses, closed-cycle space suits, etc.). 

 

The book includes 62 numerical tables and 15 charts, many with extensive explanatory 

information and references for each item listed.  There is an attempt to calculate energy density 

and specific energy data in an internally consistent manner and to present that data in a format 

that allows easy ñapples to applesò comparisons.  Other sources (e.g., Wikipedia,
2
 Google,

3
 

Google Scholar,
4
 WolframAlpha

5
) may be less consistent, less transparent, less convenient, or 

less comprehensive in their coverage of the possibilities. 

 

Acknowledgements.  The author thanks Tad Hogg and Michael Shawn Marshall for useful 

comments, suggestions, bits of information, and critiques of earlier versions of this manuscript.  

Any remaining errors or other shortcomings of this text are solely the responsibility of the author. 
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Chapter 1.  Introduction 

Energy is the ultimate driver of all physical action.  Power, the time rate at which energy is 

released or consumed, determines the magnitude of physical action that can occur in a given time 

period.  The more energy that is available, the more physical action can be sustained.  The more 

power that is available, the larger the magnitude of physical action that can occur in a given time 

period, or the longer a given physical action can be maintained. 

 

Energy can be stored in, or released from storage by, physical systems.  All physical systems 

have volume and mass.
6
  Hence all energy storage systems

7
 can be characterized by their 

energy/volume or energy/mass ratios, and all power generating systems can be characterized by 

their power/volume or power/mass ratios.  Physical systems with higher ratios represent more 

resource-efficient energy storage or power generating systems for the given volume or mass 

employed.  Note that some power generating systems must be paired with an energy storage 

system in order to function (e.g., an internal combustion engine and a tank of gasoline) while 

other power generating systems need not be (e.g., photoelectric solar panels). 

 

The mass requirement for an energy storage or power generating system is important to minimize 

in many applications.  For example, in the case of cars, trucks, trains, watercraft, aircraft and 

spacecraft ï wherein the energy store and the power generator must be moved along with the 

transportation device ï the combined system can move for greater total distances and attain 

higher accelerations if energy per unit mass and power per unit mass is maximized.  In other 

applications, the volume requirement may be more important to minimize.  For example, 

immobile power supplies such as backup generators or batteries inside PCs may be more 

constrained by available volume than the need to minimize mass.  Machines that must locomote 

in fluids will generally prefer to minimize powerplant mass when the Reynolds number is high 

(i.e., inertial forces >> viscous forces, as in submarines) but to minimize powerplant volume 

when Reynolds number is low (i.e., inertial forces << viscous forces, as in microscale swimmers).  

Onboard volume may be a scarce resource in medical nanorobots because devices that must pass 

through bloodstream capillaries cannot much exceed ~3 microns in size in at least two of three 

dimensions, favoring maximum powerplant energy/volume and power/volume ratios.
8
   

 

This book surveys all major fundamental classes of energy storage and primary power generation, 

identifying in each class the physical systems possessing the highest energy density
9
 

(energy/volume ratio, measured in megajoules per liter or MJ/L), specific energy
10

 (energy/mass 

                                                 

 
6
 Energy can be stored in the form of massless particles such as photons (Chapter 6), but as far as we know 

it is not possible to create physical systems (e.g., machines) comprised entirely of such particles, able to 

store the energy contained in such particles, with the possible theoretical exception of geons (Section 8.3). 

 
7
 https://en.wikipedia.org/wiki/Energy_storage. 

 
8
 Freitas RA Jr., Nanomedicine, Volume I: Basic Capabilities, Landes Bioscience, Georgetown, TX, 1999, 

Section 6.5.4, ñSelection of Principal Power Sourceò; http://www.nanomedicine.com/NMI/6.5.4.htm. 

 
9
 https://en.wikipedia.org/wiki/Energy_density. 

10
 https://en.wikipedia.org/wiki/Specific_energy. 

 

 

https://en.wikipedia.org/wiki/Energy_storage
http://www.nanomedicine.com/NMI/6.5.4.htm
https://en.wikipedia.org/wiki/Energy_density
https://en.wikipedia.org/wiki/Specific_energy
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ratio, measured in megajoules per kilogram or MJ/kg), power density
11

 (power/volume ratio, 

measured in megawatts per liter or MW/L), or specific power
12

 (power/mass ratio, measured in 

megawatts per kilogram or MW/kg).
13

  For energy storage or power systems composed of 

ordinary solid matter (ɟnormal ~ 1 kg/L), specific energy or power per kg will be numerically 

similar to energy and power densities per liter. 

 

As a point of reference for nanoengineers interested in molecular machine systems, operating 

nanomechanical systems may dissipate power in the 0.1-1000 MW/L power density range.  For 

example, a simple nanosieve
14

 for separating molecules based on size and shape may have a 

power density of ~0.08 MW/L for large molecules (~10 nm molecules, ~5.9 x 10
7
 molecules/sec) 

or ~0.8 MW/L  for small molecules (~0.64 nm molecules, ~1.5 x 10
9
 molecules/sec);  each unit of 

a diffusion cascade system,
15

 if held to a ~1 MW/L  limit, can process ~10
6
 small molecules/sec;  

telescoping nanorobotic manipulators
16

 ~100 nm in length may dissipate ~1 MW/L  (~0.96 

MW/kg) in continuous operation at a ~1 cm/sec arm speed;  classic sorting rotors
17

 typically 

dissipate up to ~10 MW/L  (~6.9 MW/kg) when operated at full speed (~10
5
 rev/sec);  a 

nanomechanical apparatus for performing production mechanosynthetic chemical 

transformations
18

 may require ~8 MW/kg (~12 MW/L );  transporter pumps
19

 transporting ~10
6
 

molecules/sec may draw ~30 MW/kg (~45 MW/L );  a ~1 GHz rod-logic-based mechanical 

                                                                                                                                                 

 
 
11

 aka. ñvolume power densityò; https://en.wikipedia.org/wiki/Power_density. 

 
12

 See also the closely-related ñpower-to-weightò ratio; https://en.wikipedia.org/wiki/Power-to-

weight_ratio. 

 
13

 These units were chosen to be intuitively meaningful to the reader.  To convert energy or power density 

in MJ/L or MW/L to standard mks units, simply multiply by 10
9
 to obtain J/m

3
 or W/m

3
.  To convert 

specific energy or specific power in MJ/kg or MW/kg to standard mks units, multiply by 10
6
 to obtain J/kg 

or W/kg. 

 
14

 Freitas RA Jr., Nanomedicine, Volume I: Basic Capabilities, Landes Bioscience, Georgetown, TX, 1999, 

Section 3.3.1, ñSimple Nanosievingò; http://www.nanomedicine.com/NMI/3.3.1.htm. 

 
15

 Freitas RA Jr., Nanomedicine, Volume I: Basic Capabilities, Landes Bioscience, Georgetown, TX, 1999, 

Section 3.2.4, ñDiffusion Cascade Sortationò; http://www.nanomedicine.com/NMI/3.2.4.htm. 

 
16

 Freitas RA Jr., Nanomedicine, Volume I: Basic Capabilities, Landes Bioscience, Georgetown, TX, 1999, 

Section 9.3.1.4, ñTelescoping Manipulatorsò; http://www.nanomedicine.com/NMI/9.3.1.4.htm.  Drexler 

KE. Nanosystems: Molecular Machinery, Manufacturing, and Computation, John Wiley & Sons, New 

York, 1992, pp. 406-7; http://e-drexler.com/d/09/00/Drexler_MIT_dissertation.pdf. 

 
17

 Freitas RA Jr., Nanomedicine, Volume I: Basic Capabilities, Landes Bioscience, Georgetown, TX, 1999, 

Section 3.4.2, ñSorting Rotorsò; http://www.nanomedicine.com/NMI/3.4.2.htm. 

 
18

 Drexler KE. Nanosystems: Molecular Machinery, Manufacturing, and Computation, John Wiley & Sons, 

New York, 1992, p. 397; http://e-drexler.com/d/09/00/Drexler_MIT_dissertation.pdf. 

 
19

 Freitas RA Jr., Nanomedicine, Volume I: Basic Capabilities, Landes Bioscience, Georgetown, TX, 1999, 

Section 3.4.1, ñTransporter Pumpsò; http://www.nanomedicine.com/NMI/3.4.1.htm. 

 

https://en.wikipedia.org/wiki/Power_density
https://en.wikipedia.org/wiki/Power-to-weight_ratio
https://en.wikipedia.org/wiki/Power-to-weight_ratio
http://www.nanomedicine.com/NMI/3.3.1.htm
http://www.nanomedicine.com/NMI/3.2.4.htm
http://www.nanomedicine.com/NMI/9.3.1.4.htm
http://e-drexler.com/d/09/00/Drexler_MIT_dissertation.pdf
http://www.nanomedicine.com/NMI/3.4.2.htm
http://e-drexler.com/d/09/00/Drexler_MIT_dissertation.pdf
http://www.nanomedicine.com/NMI/3.4.1.htm


8 

 

       

 

nanocomputer
20

 may draw ~1000 MW/L (~640 MW/kg) of power;  and a nanocentrifuge
21

 

dissipates up to ~1500 MW/kg (~1200 MW/L) when operated at ~20% of its bursting speed.  

Cooling systems for macroscopic volumes of nanomachinery have been proposed to deal with 

power densities up to ~100 MW/L.
22

 

 

Macroscale systems and products containing atomically precise components may have power 

densities ranging from as low as ~5 x 10
-7
 MW/L  (~0.00010 MW/kg) for seagoing carbon-

capture paddleboats
23

 to ~2.6 x 10
-5
 MW/L  (~0.00130 MW/kg) for a mature desktop 

nanofactory,
24

 ~2.9 x 10
-5
 MW/L  (~0.00005 MW/kg) for a whiskey-synthesizing machine,

25
 and, 

for medical nanorobots, ~0.00605 MW/L  (resting) to ~0.12 MW/L (peak) for respirocytes 

(artificial red cells),
26

 up to ~0.032 MW/L  (~0.03140 MW/kg) for microbivores (artificial white 

cells),
27

 and up to ~0.0029 MW/L (~0.00253 MW/kg) for chromallocytes (cell repair 

machines).
28

 

 

Leaving aside operating speed, assembling larger diamondoid structures from atomically precise 

1-nm precursor cubes may require a specific energy up to ~9 MJ/kg, although energy recovery 

techniques might reduce the cost of block assembly of larger structures to as low as ~0.5-1.0 

                                                 

 
20

 Freitas RA Jr., Nanomedicine, Volume I: Basic Capabilities, Landes Bioscience, Georgetown, TX, 1999, 

Section 10.2.1, ñNanomechanical Computersò; http://www.nanomedicine.com/NMI/10.2.1.htm.  Drexler 

KE. Nanosystems: Molecular Machinery, Manufacturing, and Computation, John Wiley & Sons, New 

York, 1992, p. 370; http://e-drexler.com/d/09/00/Drexler_MIT_dissertation.pdf. 

 
21

 Freitas RA Jr., Nanomedicine, Volume I: Basic Capabilities, Landes Bioscience, Georgetown, TX, 1999, 

Section 3.2.5, ñNanocentrifugal Sortationò; http://www.nanomedicine.com/NMI/3.2.5.htm. 

 
22

 Drexler KE. Nanosystems: Molecular Machinery, Manufacturing, and Computation, John Wiley & Sons, 

New York, 1992; Sec.11.5 ñConvective cooling systems,ò pp. 330-332; http://e-

drexler.com/d/09/00/Drexler_MIT_dissertation.pdf. 

 
23

 Freitas RA Jr. The Nanofactory Solution to Global Climate Change:  Atmospheric Carbon Capture. IMM 

Report No. 45, Dec 2015;  http://www.imm.org/Reports/rep045.pdf. 

 
24

 Drexler KE. Nanosystems: Molecular Machinery, Manufacturing, and Computation, John Wiley & Sons, 

New York, 1992; Sec.14.4 ñAn exemplar manufacturing system architecture,ò pp. 425-426; http://e-

drexler.com/d/09/00/Drexler_MIT_dissertation.pdf. 

 
25

 Freitas RA Jr. The Whiskey Machine: Nanofactory-Based Replication of Fine Spirits and Other Alcohol-

Based Beverages. IMM Report No. 47, May 2016; http://www.imm.org/Reports/rep047.pdf. 

 
26

 Freitas RA Jr. Exploratory Design in Medical Nanotechnology: A Mechanical Artificial Red Cell. Artif 

Cells Blood Subst Immobil Biotech. 1998;26:411-430; 

http://www.foresight.org/Nanomedicine/Respirocytes.html. 

 
27

 Freitas RA Jr. Microbivores: Artificial Mechanical Phagocytes using Digest and Discharge Protocol. J 

Evol Technol. 2005 Apr;14:55-106; http://www.jetpress.org/volume14/freitas.pdf. 

 
28

 Freitas RA Jr. The Ideal Gene Delivery Vector: Chromallocytes, Cell Repair Nanorobots for 

Chromosome Replacement Therapy. J Evol Technol. 2007 Jun;16):1-97; http://jetpress.org/v16/freitas.pdf. 

 

http://www.nanomedicine.com/NMI/10.2.1.htm
http://e-drexler.com/d/09/00/Drexler_MIT_dissertation.pdf
http://www.nanomedicine.com/NMI/3.2.5.htm
http://e-drexler.com/d/09/00/Drexler_MIT_dissertation.pdf
http://e-drexler.com/d/09/00/Drexler_MIT_dissertation.pdf
http://www.imm.org/Reports/rep045.pdf
http://e-drexler.com/d/09/00/Drexler_MIT_dissertation.pdf
http://e-drexler.com/d/09/00/Drexler_MIT_dissertation.pdf
http://www.imm.org/Reports/rep047.pdf
http://www.foresight.org/Nanomedicine/Respirocytes.html
http://www.jetpress.org/volume14/freitas.pdf
http://jetpress.org/v16/freitas.pdf
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MJ/kg .
29

  The mechanosynthetic production of such precursor cubes may require between ~0.1 

MJ/kg  (using fully reversible chemical transformations) and ~100 MJ/kg (fully irreversible);  

depending on computation, materials handling, and other requirements in a particular 

implementation.  Assembling prefabricated diamondoid part-like or module-like components into 

larger structures will probably cost ~13 MJ/kg of energy.
30

 

 

It is of great interest to examine the practical upper limits to controllable energy storage and 

power generation, especially given the future availability of molecular manufacturing and the 

coming ability to build machines composed of atomically precise materials and mechanisms.  

However, we usually will not focus on the efficiency of energy storage, production, or 

conversion, which is an entirely different question than raw energy density or power density. 

 

We also do not explore technologies for energy recovery
31

 (e.g., regenerative braking)
32

 or issues 

involving the thermodynamically reversible
33

 operation of machines (for which there is an 

extensive literature in the field of computation),
34

 but focus almost exclusively on irreversible
35

 or 

dissipative energy use.  That is, the discussion is usually concerned with thermodynamically ñfree 

energyò that can, in principle, be extracted and put to use, i.e., to perform work.
36

  Of course, 

energy storage can be useful to temporarily hold recoverable energy, such as the gravitational 

potential energy stored in an elevator counterweight when the elevator is on the ground floor and 

the counterweight is near the top of the building (Section 8.1), or in capacitors in electric circuits 

(Section 6.2).  In some nanoscale machine systems,
37

 the energy required to go over potential 

barriers (recoverable) can be 100-fold higher than the energy lost to friction (unrecoverable). 

 

                                                 

 
29

 Freitas RA Jr., Nanomedicine, Volume I: Basic Capabilities, Landes Bioscience, Georgetown, TX, 1999, 

Section 6.5.6, ñPower Analysis in Designò; http://www.nanomedicine.com/NMI/6.5.6.htm. 

 
30

 Freitas RA Jr., Nanomedicine, Volume I: Basic Capabilities, Landes Bioscience, Georgetown, TX, 1999, 

Section 6.5.6, ñPower Analysis in Designò; http://www.nanomedicine.com/NMI/6.5.6.htm. 

 
31

 https://en.wikipedia.org/wiki/Energy_recovery. 
32

 https://en.wikipedia.org/wiki/Regenerative_brake. 
33

 https://en.wikipedia.org/wiki/Reversible_process_(thermodynamics). 
34

 https://en.wikipedia.org/wiki/Reversible_computing. 
35

 https://en.wikipedia.org/wiki/Irreversible_process. 

 
36

 For example, an ocean of room-temperature water has lots of internal energy that is not extractable at 

room temperature, whereas it would have lots of recoverable energy in a cryogenic environment ï a case 

where (recoverable) energy density depends on the circumstances rather than being ñintrinsicò to the 

system. 

 
37

 Hogg T, Moses M, Allis D. Evaluating the friction in rotary joints in molecular machines. Mol Syst Des 

Eng. 2017;2:235-252; http://pubs.rsc.org/en/content/articlehtml/2017/me/c7me00021a. 

 

http://www.nanomedicine.com/NMI/6.5.6.htm
http://www.nanomedicine.com/NMI/6.5.6.htm
https://en.wikipedia.org/wiki/Energy_recovery
https://en.wikipedia.org/wiki/Regenerative_brake
https://en.wikipedia.org/wiki/Reversible_process_(thermodynamics)
https://en.wikipedia.org/wiki/Reversible_computing
https://en.wikipedia.org/wiki/Irreversible_process
http://pubs.rsc.org/en/content/articlehtml/2017/me/c7me00021a
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Energy density is an intrinsic property,
38

 a scale-invariant property
39

 of a given quantity of 

matter.
40

  Power density, on the other hand, is an extrinsic property, varying according to the 

circumstances under which the latent energy is released (thus requiring assumptions about system 

size and geometry).  Consider a molecule of gasoline (e.g., octane hydrocarbon).  It has a mass of 

m and releases energy E when combusted with oxygen, a chemical reaction that requires a time t 

to complete.  The specific energy of a single molecule of gasoline under combustion is then E/m 

(MJ/kg) and the specific power of a single molecule of gasoline is E/mt (MW/kg).  Now consider 

a gallon of gasoline, containing N (~10
25

) molecules of gasoline.  The specific energy of gasoline 

remains the same, at E/m, because specific energy is an intrinsic property.  However, the specific 

power of the gallon of gasoline depends entirely on the circumstances under which the 

combustion occurs.  If all of the gasoline molecules are ignited simultaneously, then the 

maximum specific power is attained, at NE/Nmt = E/mt (MW/kg).  But if the molecules are 

ignited sequentially, one at a time, then a much lower specific power is attained, at E/Nmt 

(MW/kg).  Similarly, the energy density of a wire carrying electrical current is a constant 

regardless of the length of the wire (Section 6.2), whereas the power density is a function of the 

length of the wire. 

 

Fission power is one exception to this general rule, since isolated or subcritical masses of 

radionuclides decay with a particular half-life, giving rise to an intrinsic power density for the 

material.  Of course, fission reactions can be artificially suppressed or enhanced ï the best 

example of which is the nuclear chain reaction, wherein packing large numbers of 
235

U92 atoms 

into a dense ball may cause its power generation to rise astronomically, even explosively (Section 

7.1).  Hence a more general rule may be stated:  When energy can be released from a stored 

source independently of time, then no intrinsic power density or specific power exists because the 

energy can be released on any schedule desired, enabling a higher power density over a shorter 

duration or vice versa.  An intrinsic power density or specific power can be specified only when 

stored energy must be released on a fixed schedule (or within narrow limits of time). 

 

                                                 

 
38

 ñIntrinsicò and ñextrinsicò properties as used in engineering 

(https://en.wikipedia.org/wiki/Intrinsic_and_extrinsic_properties) can be distinguished from ñintensiveò 

and ñextensiveò properties as used in thermodynamics 

(https://en.wikipedia.org/wiki/Intensive_and_extensive_properties).  Thermodynamic variables can be 

ñintensiveò variables (e.g., temperature, pressure, density, specific heat) that donôt depend on the amount of 

material, or ñextensiveò variables (e.g., volume, mass, heat capacity) that do.  Lemons DS, Mere 

Thermodynamics, JHU Press, 2009, pp. 14, 64-5, 73, 91, 122; 

https://books.google.com/books?hl=en&lr=&id=WFZf2G80tNcC&oi=fnd&pg=PA122. 

 
39

 That is, not dependent upon the size or volume of the object, or upon how much material (e.g., mass) is 

present; https://en.wikipedia.org/wiki/Intrinsic_and_extrinsic_properties. 

 
40

 Density is an example of an ñintrinsicò property of an object that can vary with temperature or pressure, 

hence altering the energy per unit volume or energy density of that object.  Definitionally, we could 

consider kinetic energy to be an example of an extrinsic property that depends on another object 

(https://en.wikipedia.org/wiki/Intrinsic_and_extrinsic_properties), since the kinetic energy of an object 

depends on how fast it is moving relative to the user of that energy. 

 

https://en.wikipedia.org/wiki/Intrinsic_and_extrinsic_properties
https://en.wikipedia.org/wiki/Intensive_and_extensive_properties
https://books.google.com/books?hl=en&lr=&id=WFZf2G80tNcC&oi=fnd&pg=PA122#v=onepage&q&f=false
https://en.wikipedia.org/wiki/Intrinsic_and_extrinsic_properties
https://en.wikipedia.org/wiki/Intrinsic_and_extrinsic_properties
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Batteries are another special case.  Batteries typically have a characteristic optimal discharge rate 

and capacity.  As noted in Section 4.1.1, batteries can often be discharged more quickly but at the 

cost of lower capacity (the total amount of charge delivered).
41

 

 

The fundamental major classes of energy storage and primary generation surveyed in this book 

include energy and power density in various natural and engineered systems (Chapter 2) and in 

specific classes of energy storage systems including thermochemical energy (Chapter 3), 

chemical energy (Chapter 4), mechanical energy (Chapter 5), electromagnetic energy (Chapter 

6), nuclear energy (Chapter 7), and gravitational energy (Chapter 8). 

 

The book concludes with a summary of the data in Chapter 9.  Summary scatterplot charts of 

energy density vs. specific energy are provided for thermochemical (Figure 2), chemical (Figure 

3), mechanical (Figure 4), and nuclear (Figure 5) energy storage, with a collective chart in 

Figure 6.  Similar summary charts of power density vs. specific power are provided for batteries 

and fuel cells (Figure 7), alpha-emitting radionuclides (Figure 8), spontaneous fission and RTGs 

(Figure 9), nuclear isomers (Figure 10), and nuclear bombs and catalyzed fusion (Figure 11), 

with a collective chart in Figure 12.  Scatterplot charts comparing specific energy vs. specific 

power (Figure 13) and energy density vs power density (Figure 14), along with bar charts 

summarizing specific energy (Figure 15) and energy density (Figure 16) for most of the major 

energy storage modalities described in this book, are also provided in Chapter 9. 

 

Some excellent recent literature is available on the related subject of high energy density physics, 

which is an area of active current research.
42

 

 

 

                                                 

 
41

 https://en.wikipedia.org/wiki/Peukertôs_law. 

 
42

 Fortov VA. Extreme States of Matter. High Energy Density Physics. Second Edition, Springer, 2018; 

https://www.amazon.com/Extreme-States-Matter-Springer-Materials/dp/3319792636/. 

https://en.wikipedia.org/wiki/Peukert's_law
https://www.amazon.com/Extreme-States-Matter-Springer-Materials/dp/3319792636/
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Chapter 2.  Energy and Power Density in Natural and Engineered 

Systems 

In this Chapter, we briefly summarize energy storage and power generation in various familiar 

natural systems, including nuclear and atomic systems (e.g., radionuclide atoms), biological 

systems (e.g., plants, animals, and microbes), planet-wide physical systems (e.g., weather, 

geological events), and astronomical systems (e.g., planets, stars, galaxies, and beyond) to 

provide some context and appropriate comparisons.  Data are included below for the energy 

density (Table 1), specific energy (Table 2), power density (Table 3), and specific power (Table 

4) of natural systems.  This is followed by a brief summary of the energy density, specific energy, 

and specific power attained in conventional contemporary engineered systems including a variety 

of engines, batteries, and vehicles (Table 5). 

 

A few observations: 

 

 (1) Conventional wind energy (including hurricanes and tornadoes), tidal energy (marine 

tidal oscillations), geothermal energy (including tidal and radioactive internal heating, 

earthquakes, and volcanoes), and gravitational hydroelectric energy (dam reservoirs) generally 

have extremely low ratios, thus are poor candidates for maximizing energy or power density. 

 

 (2) Lightning bolts exhibit good power density but are too short-lived to provide a 

reliable energy source. 

 

 (3) Cosmic rays provide high energy density but their flux is too low to provide a useful 

power source.  For example, low-energy 10
11

 eV cosmic rays have a local flux of 1 ray/m
2
-sec,

43
 

a surface power density of only 2 x 10
-8
 W/m

2
 or ~10

-11
 the intensity of sunlight.  High-energy 

10
19

 eV cosmic rays have a local flux of 3 x 10
-14

 ray/m
2
-sec, a surface power density of only 5 x 

10
-14

 W/m
2
 or ~10

-17
 the intensity of sunlight.

44
 

 

 (4) Biological systems have higher power densities than normal astronomical stars of all 

classes, but both systems provide unimpressive ratios. 

 

 (5) Not surprisingly, the cosmic egg or ñylemò that initiated the Big Bang has the highest 

estimated theoretical energy and power density. 

                                                 

 
43

 https://en.wikipedia.org/wiki/Cosmic_ray. 

 
44

 The Greisen-Zatsepin-Kuzmin Limit (aka. GZK Limit) is a theoretical limit on the energy of cosmic ray 

nuclei traveling from other galaxies through the intergalactic medium to our galaxy, wherein cosmic rays 

exceeding the energy limit would interact with cosmic microwave background photons, producing pions 

that would rapidly decay into other particles, slowly draining the cosmic ray energies until they fell below 

the limit (https://en.wikipedia.org/wiki/GreisenïZatsepinïKuzmin_limit).  The GZK Limit is 5 x 10
19

 eV 

(~8 J) for protons and 2.8 x 10
21

 eV (450 J) for iron nuclei (the heaviest abundant element in cosmic rays);  

either limit corresponds to a specific energy of 5 x 10
21

 MJ/kg  for ultra-high-energy cosmic rays 

(https://en.wikipedia.org/wiki/Ultra-high-energy_cosmic_ray). 

 

https://en.wikipedia.org/wiki/Cosmic_ray
https://en.wikipedia.org/wiki/Greisen–Zatsepin–Kuzmin_limit
https://en.wikipedia.org/wiki/Ultra-high-energy_cosmic_ray
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It is perhaps amusing to consider the theoretical measurable limits of our ratios of concern, 

assuming physics as we currently understand it is fundamentally correct.
45

  In this case, the 

smallest measurable energy Emin might be defined by Heisenbergôs uncertainty principle as Emin = 

h / 4 p tmax = 1.2117 x 10
-52

 J, where h = 6.6261 x 10
-34

 J/sec (Planckôs constant)
46

 and tmax = the 

longest measurable time ~ 4.3517 x 10
17

 sec, the estimated current age of the Universe.
47

  (This 

conveniently defines the minimum measurable mass as Mmin = Emin/c
2
 = 1.3482 x 10

-69
 kg, where 

c = 2.9979 x 10
8
 m/sec, the speed of light.

48
) 

 

A similar calculation for the smallest measurable time yields tmin = h / 4 p Emax = 4.06 x 10
-105

 sec, 

taking Emax as the estimated total mass-energy of the universe ~ MUc
2
 = 1.31 x 10

70
 J, where the 

maximum measurable mass Mmax = MU = 1.46 x 10
53

 kg (the total mass of the observable 

baryonic universe).
49

  However, it can be argued that the smallest measurable time in our physical 

universe may be governed by a more restrictive constraint ï the speed of light ï which implies 

that the smallest measurable time is that which is required for the fastest known particle (the 

photon, travelling at the speed of light) to traverse the Planck length
50

 (LPlanck = 1.616 x 10
-35

 m), 

which is sometimes asserted to be the shortest measurable length, giving a revised estimated of 

tPlanck = 5.39 x 10
-44

 sec, aka. the Planck time.
51

  The minimum measurable volume Vmin is then the 

Planck volume or VPlanck = LPlanck
3
 = 4.22 x 10

-105
 m

3
, and the maximum measurable volume is that 

of the observable universe,
52

 or Vmax = VUniverse ~ 3.58 x 10
80

 m
3
.  These estimates suggest the 

following ultimate measurable limits for our ratios of interest: 

 

 Minimum energy density ED,min = Emin / Vmax = 3.38 x 10
-142

 MJ/L 

 Maximum energy density ED,max = Emax / Vmin = 3.10 x 10
165

 MJ/L 

 

 Minimum specific energy ES,min = Emin / Mmax = 8.30 x 10
-112

 MJ/kg 

 Maximum specific energy ES,max = Emax / Mmin = 9.72 x 10
132

 MJ/kg 

 

 Minimum power density PD,min = ED,min / tmax = 7.77 x 10
-160

 MW/L 

 Maximum power density PD,max = ED,max / tPlanck = 5.75 x 10
208

 MW/L 

 

 Minimum specific power PS,min = ES,min / tmax = 1.92 x 10
-129

 MW/kg 

 Maximum specific power PS,max = ES,max / tPlanck = 1.80 x 10
176

 MW/kg 

 

It is unknown if these ultimate measurable limits, spanning more than 300 orders of magnitude, 

have any direct or practical consequences. 

                                                 

 
45

 Weôre also assuming that the total mass-energy of the universe is not essentially zero ï e.g., because 

positive values from matter are counterbalanced by negative gravitational potential, or because of the 

existence of large amounts of antimatter or negative matter (Section 8.3) beyond our observational horizon. 

 
46

 https://en.wikipedia.org/wiki/Planck_constant. 
47

 https://en.wikipedia.org/wiki/Age_of_the_universe (13.799 x 10
9
 years). 

48
 https://en.wikipedia.org/wiki/Speed_of_light. 

49
 https://en.wikipedia.org/wiki/Observable_universe#Estimates_based_on_critical_density. 

50
 https://en.wikipedia.org/wiki/Planck_length. 

51
 https://en.wikipedia.org/wiki/Planck_time. 

52
 https://en.wikipedia.org/wiki/Observable_universe#Estimates_based_on_critical_density. 

https://en.wikipedia.org/wiki/Planck_constant
https://en.wikipedia.org/wiki/Age_of_the_universe
https://en.wikipedia.org/wiki/Speed_of_light
https://en.wikipedia.org/wiki/Observable_universe#Estimates_based_on_critical_density
https://en.wikipedia.org/wiki/Planck_length
https://en.wikipedia.org/wiki/Planck_time
https://en.wikipedia.org/wiki/Observable_universe#Estimates_based_on_critical_density
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Table 1.  Energy density of natural systems
53

 
 

 

Natural Systems 

Energy 

Density 

(MJ/L) 

 

Natural Systems 

Energy 

Density 

(MJ/L) 

Nuclear and Atomic 

Most energetic cosmic ray known  

Polonium-210 radionuclide 

Gadolinium-148 radionuclide 

Europium-147 radionuclide 

Francium-215 radionuclide 

Neodymium-144 radionuclide  

Rest mass energy of one H2 molecule  

Chemical bond energy, H2 molecule  

Thermal energy, H2 molecule at STP 

 

Biological 

Fat (oxidation, excluding O2)  

Glucose (oxidation, excluding O2)  

Human body (typical, male, fasting)  

ATP (1 mole, full conversion to AMP)  

Glucose (oxidation, incl. O2 @ STP)  

Fat (oxidation, including O2 @ STP)  

Resilin pad of the flea (Spilopsyllus)  

Apple falling from a tree  

Electric eel (Electrophorus electricus)  

Electric eel (Electrophorus electricus) 

 

Planet-wide 

Asteroid impact, ext. level (Chicxulub)  

Meteoroid impact (Meteor Crater, AZ  

Earthquake, mag. 9.5 (Valdivia, 1960)  

Lightning bolt (average neg discharge)  

Volcanic eruption, Class 8 (La Garita)  

Volcanic eruption, Class 5 (St. Helens)  

Tornado (maximum EF5)  

Hydroelectric dam reservoir (Hoover) 

Lightning bolt (average neg discharge) 

Hurricane (typical)  

Tsunami (typical) 

 

 

1.82 x 1037 

2.24 x 107 

1.64 x 107 

1.00 x 107 

9.16 x 106 

8.59 x 106 

8.12 x 106 

1.93 x 10-2 

1.52 x 10-4 

 

 

4.11 x 101 

2.47 x 101 

9.62 x 100 

1.56 x 10-1 

2.14 x 10-2 

1.84 x 10-2 

3.00 x 10-3 

8.79 x 10-6 

8.50 x 10-8 

6.00 x 10-8 

 

 

2.80 x 103 

1.62 x 103 

8.46 x 102 

2.50 x 10-1 

2.00 x 10-1 

2.38 x 10-2 

9.52 x 10-4 

7.91 x 10-4 

6.25 x 10-4 

1.24 x 10-5 

1.67 x 10-8 

 

Astronomical 

Ylem (cosmic egg)  

Quantum vacuum energy (Planck)  

Evap BH: ~10-m boulder (~10-24 Msolar) 

Evap BH: ~1 km meteor (~10-18 Msolar) 

Evap BH: Asteroidal (~10-12 Msolar) 

Evap BH: Planetary (~10-6 Msolar) 

Quark nova  

Quark nova  

Evap BH: Stellar (~1 Msolar) 

Quantum vacuum energy (Compton)  

Binary black hole merger 

Evap BH: Galactic core (~106 Msolar) 

Type Ia supernova  

Brown dwarf (W0607+24)  

Type M9 star  

Sun (typical G2 star)  

Jupiter mass (as fusion fuel)  

Type O9 star  

Type II supernova  

Type II supernova  

Solar flare (Sun)  

Sun rotational energy 

Earth rotational energy  

Moon orbiting Earth (kinetic energy)  

Earth orbiting Sun (kinetic energy)  

Globular cluster (M15)  

Milky Way galaxy  

Rest mass of observable universe  

Universe 

 

 

 

Theoretical maximum (measurable) 

Theoretical minimum (measurable) 

 

 

3.10 x 10165 

5.80 x 10102 

6.43 x 1075 

6.43 x 1063 

6.43 x 1051 

6.43 x 1039 

1.00 x 1028 

1.00 x 1028 

6.43 x 1027 

1.30 x 1023 

1.38 x 1022 

6.43 x 1015 

1.00 x 1014 

7.07 x 1010 

1.44 x 109 

1.28 x 109 

1.19 x 109 

7.16 x 107 

3.33 x 107 

1.00 x 107 

1.73 x 105 

1.16 x 100 

2.36 x 10-1 

1.01 x 10-5 

5.36 x 10-8 

4.17 x 10-13 

2.28 x 10-13 

3.67 x 10-20 

3.67 x 10-22 

 

 

 

3.10 x 10165 

3.38 x 10-142 

 

 

                                                 

 
53

 Data from Table A1 in Appendix A.1. 
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Table 2.  Specific energy of natural systems
54

 
 

 

Natural Systems 

Specific 

Energy 

(MJ/kg) 

 

Natural Systems 

Specific 

Energy 

(MJ/kg) 

Nuclear and Atomic 

Most energetic cosmic ray known  

Rest mass energy of one H2 molecule  

Francium-215 radionuclide 

Polonium-210 radionuclide 

Gadolinium-148 radionuclide 

Europium-147 radionuclide 

Neodymium-144 radionuclide  

Chemical bond energy, H2 molecule  

Thermal energy, H2 molecule at STP 

 

Biological 

Fat (oxidation, excluding O2)  

Glucose (oxidation, excluding O2)  

Fat (oxidation, including O2 @ STP)  

Human body (typical, male, fasting)  

Glucose (oxidation, incl. O2 @ STP)  

ATP (1 mole, full conversion to AMP)  

Resilin pad of the flea (Spilopsyllus)  

Apple falling from a tree  

Electric eel (Electrophorus electricus)  

Electric eel (Electrophorus electricus)  

 

Planet-wide 

Earthquake, mag. 9.5 (Valdivia, 1960)  

Lightning bolt (average neg discharge)  

Meteoroid impact (Meteor Crater, AZ  

Asteroid impact, ext. level (Chicxulub)  

Tornado (maximum EF5)  

Lightning bolt (average neg discharge)  

Volcanic eruption, Class 8 (La Garita)  

Hurricane (typical)  

Volcanic eruption, Class 5 (St. Helens) 

Hydroelectric dam reservoir (Hoover) 

Tsunami (typical) 

 

 

3.05 x 1022 

9.01 x 1010 

4.90 x 106 

2.44 x 106 

2.07 x 106 

1.91 x 106 

1.23 x 106 

2.14 x 102 

1.69 x 100 

 

 

3.70 x 101 

1.60 x 101 

9.56 x 100 

9.25 x 100 

7.73 x 100 

1.50 x 10-1 

2.26 x 10-3 

1.93 x 10-5 

8.50 x 10-8 

6.00 x 10-8 

 

 

3.14 x 102 

2.50 x 102 

2.17 x 102 

1.24 x 102 

8.70 x 10-1 

5.68 x 10-1 

7.69 x 10-2 

1.11 x 10-2 

9.09 x 10-3 

7.91 x 10-4 

1.61 x 10-8 

 

Astronomical 

Quantum vacuum energy (Compton)  

Quantum vacuum energy (Planck)  

Evap BH: ~10-m rock (~10-24 Msolar) 

Evap BH: ~1 km meteor (~10-18 Msolar) 

Evap BH: Asteroidal (~10-12 Msolar) 

Evap BH: Planetary (~10-6 Msolar) 

Evap BH: Stellar (~1 Msolar) 

Evap BH: Galactic core (~106 Msolar) 

Ylem (cosmic egg)  

Rest mass of observable universe  

Quark nova  

Quark nova  

Binary black hole merger 

Type O9 star  

Globular cluster (M15)  

Sun (typical G2 star)  

Brown dwarf (W0607+24)  

Jupiter mass (as fusion fuel)  

Universe  

Milky Way galaxy  

Type M9 star  

Type II supernova  

Type II supernova  

Type Ia supernova  

Solar flare (Sun)  

Sun rotational energy 

Earth rotational energy  

Moon orbiting Earth (kinetic energy)  

Earth orbiting Sun (kinetic energy) 

 

 

 

Theoretical maximum (measurable) 

Theoretical minimum (measurable) 

 

 

9.29 x 1010 

9.06 x 1010 

9.00 x 1010 

9.00 x 1010 

9.00 x 1010 

9.00 x 1010 

9.00 x 1010 

9.00 x 1010 

8.97 x 1010 

8.97 x 1010 

3.33 x 1010 

2.78 x 1010 

4.16 x 109 

9.12 x 108 

9.09 x 108 

9.05 x 108 

9.00 x 108 

8.95 x 108 

8.97 x 108 

8.88 x 108 

8.72 x 108 

6.25 x 108 

1.25 x 108 

7.14 x 107 

1.19 x 105 

8.20 x 10-1 

4.29 x 10-2 

6.30 x 10-3 

1.33 x 10-3 

 

 

 

9.72 x 10132 

8.30 x 10-112 
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 Data from Table A1 in Appendix A.1. 
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Table 3.  Power density of natural systems
55

 
 

 

Natural Systems 

Power 

Density 

(MW/L)  

 

Natural Systems 

Power 

Density 

(MW/L)  

Nuclear and Atomic 

Francium-215 radionuclide 

Europium-147 radionuclide 

Polonium-210 radionuclide 

Gadolinium-148 radionuclide 

Neodymium-144 radionuclide 

 

Biological 

Honeybee flight muscle  

Platelet (activated)  

Myosin muscle motor  

Bacterial flagellar motor  

E. foecalis bacterium (max. growth)  

Skeletal muscle cell (max. tetanic)  

Mitochondrion organelle  

Flea jumping  

T-cell lymphocyte (antigen response)  

Heart muscle cell (max.)  

Heart muscle cell (max.)  

A. maculatum florets  

Brown fat cell (thermogenic)  

Platelet (activated)  

T-cell lymphocyte (basal)  

Bee hummingbird in flight  

Mitochondrion organelle  

E. coli bacterium (basal)  

Philodendron spadix at 10 ºC ambient  

Typical human tissue cell (max.)  

Skeletal muscle cell (max. voluntary)  

Kidney cell  

Electric eel (Electrophorus electricus)  

Heart muscle cell (typical)  

Platelet (resting)  

Electric eel (Electrophorus electricus)  

Neutrophil (white blood cell, activated)  

Human body (max.) 

Neuron (max.)  

Kidney cell  

Adrenal cell  

Testicular cell  

Neuron (max.)  

Hepatocyte (liver cell)  

Human brain  

Thyroid cell  

Pancreatic islet (multi-cell)  

Heart muscle cell (typical)  

Spleen cell  

 

1.81 x 1015 

3.34 x 100 

1.30 x 100 

4.82 x 10-3 

8.24 x 10-17 

 

 

2.64 x 10-3 

2.33 x 10-3 

2.00 x 10-3 

2.00 x 10-3 

1.15 x 10-3 

1.15 x 10-3 

1.10 x 10-3 

6.67 x 10-4 

6.50 x 10-4 

6.25 x 10-4 

4.38 x 10-4 

4.00 x 10-4 

3.20 x 10-4 

2.33 x 10-4 

2.00 x 10-4 

1.48 x 10-4 

1.00 x 10-4 

7.69 x 10-5 

7.20 x 10-5 

6.00 x 10-5 

5.65 x 10-5 

4.33 x 10-5 

4.30 x 10-5 

3.63 x 10-5 

3.00 x 10-5 

2.50 x 10-5 

2.43 x 10-5 

2.38 x 10-5 

2.36 x 10-5 

1.94 x 10-5 

1.88 x 10-5 

1.86 x 10-5 

1.82 x 10-5 

1.80 x 10-5 

1.67 x 10-5 

1.63 x 10-5 

1.13 x 10-5 

1.09 x 10-5 

1.00 x 10-5 

Brown fat cell (resting)  

Evergreen trees (pine, fir, larch)  

Protists (phytoplankton, algae)  

Erythrocyte (red blood cell)  

Osteocyte (bone)  

Global photosynthesis (all plants) 

 

Animals 

Fungi (Saccharomyces sp) 

Bacterium (Sarcina lutea) 

Nematode (Plectus) 

Rat, adult male 

Nematode (Plectus) 

Chicken, adult male 

Guinea pig, adult male 

Goat, adult 

Protozoa (Chaos chaos) 

Horse, adult male 

Pig, adult male 

Diptera (flies; larvae of Tipula sp) 

Beef cattle, adult male 

Protozoa (Chaos chaos) 

Mollusc (garden snail;  Helix aspersa) 

Annelid (earthworm; Lum. terrestris) 

Mollusc (garden snail;  Helix aspersa) 

 

Planet-wide 

Meteoroid impact (Meteor Crater, AZ  

Asteroid impact, ext. level (Chicxulub)  

Lightning bolt (average neg discharge)  

Earthquake, mag 9.5 (Valdivia, 1960)  

Lightning bolt (average neg discharge)  

Volcanic eruption, Class 5 (St. Helens)  

Tornado (maximum EF5)  

Tsunami (typical)  

Hurricane (typical) 

 

Astronomical 

Ylem (cosmic egg) 

Evap BH: ~10-m boulder (~10-24 Msolar) 

Evap BH: ~1 km meteor (~10-18 Msolar) 

Quark nova  

Quark nova  

Binary black hole merger 

Type Ia supernova  

Evap BH: Asteroidal (~10-12 Msolar) 

X-ray pulsar, ex. star (Centaurus X-3)  

3.00 x 10-7 

2.75 x 10-7 

9.00 x 10-8 

8.51 x 10-8 

6.67 x 10-8 

5.00 x 10-8 

 

 

5.56 x 10-5 

3.80 x 10-5 

7.90 x 10-6 

7.50 x 10-6 

5.60 x 10-6 

4.62 x 10-6 

3.00 x 10-6 

2.00 x 10-6 

1.40 x 10-6 

1.22 x 10-6 

1.16 x 10-6 

1.16 x 10-6 

1.02 x 10-6 

9.20 x 10-7 

4.90 x 10-7 

3.40 x 10-7 

2.40 x 10-7 

 

 

7.69 x 105 

8.67 x 103 

5.00 x 102 

1.42 x 100 

1.25 x 100 

3.10 x 10-4 

4.05 x 10-7 

3.33 x 10-10 

3.53 x 10-11 

 

 

5.75 x 10208 

2.57 x 1073 

2.57 x 1043 

3.00 x 1026 

3.00 x 1026 

6.93 x 1022 

5.00 x 1013 

2.57 x 1013 

2.94 x 1010 

                                                 

 
55

 Data from Table A2 in Appendix A.2. 
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Diaphragm muscle cell  

Lung cell  

Thymus cell  

Pancreatic cell 

Neuron (basal)  

Neutrophil (white blood cell, resting)  

Spleen cell  

Hepatocyte (liver cell)  

Lung cell  

Intestine/stomach cell  

Pancreatic islet (multi-cell)  

Intestine/stomach cell  

Testicular cell  

Bone marrow cell  

Skeletal muscle cell (resting)  

Typical human tissue cell (basal)  

Skin cell  

Heart muscle cell (resting)  

E. foecalis bacterium (basal)  

Neutrophil (white blood cell, resting)  

Firefly (e.g., Photinus pyralis)  

Human body (basal) 

Temperate zone herbs (wheat, tomato)  

Osteocyte (bone)  

Skin cell  

Platelet (resting)  

Tropical grasses (maize, sugarcane) 

Deciduous trees (oak, beech) 

Skeletal muscle cell (resting)  

Chrondrocyte  

 

1.00 x 10-5 

9.75 x 10-6 

9.25 x 10-6 

9.00 x 10-6 

7.86 x 10-6 

7.83 x 10-6 

7.50 x 10-6 

7.03 x 10-6 

7.00 x 10-6 

6.50 x 10-6 

6.25 x 10-6 

5.75 x 10-6 

5.75 x 10-6 

5.63 x 10-6 

5.00 x 10-6 

3.75 x 10-6 

3.00 x 10-6 

2.00 x 10-6 

1.75 x 10-6 

1.74 x 10-6 

1.63 x 10-6 

1.49 x 10-6 

1.35 x 10-6 

1.27 x 10-6 

1.00 x 10-6 

1.00 x 10-6 

8.97 x 10-7 

5.04 x 10-7 

5.00 x 10-7 

4.48 x 10-7 

 

X-ray pulsar, ex. star (Centaurus X-3)  

Type II supernova  

Type II supernova  

Radio pulsar, first (PSR B1919+21)  

Solar flare (Sun)  

Superlum. supernova (ASASSN-15lh)  

White dwarf star (Procyon B)  

Type O9 star  

Sun (typical G2 star)  

Hyperluminous quasar (S5 0014+81)  

Blue supergiant star (Deneb)  

Brown dwarf (W0607+24)  

Type M9 star  

Red supergiant star (Betelgeuse)  

Red supergiant star (Betelgeuse)  

Tidal heating of Jovian moon Io  

Marine tidal oscillations (Earth-Moon)  

Tidal heating of Jovian moon Io  

Jovithermal heat (whole planet, Jupiter)  

Geothermal heat (whole planet, Earth)  

Evap BH: Planetary (~10-6 Msolar) 

Globular cluster (M15)  

Milky Way galaxy  

Milky Way galaxy  

Universe  

Evap BH: Stellar (~1 Msolar) 

Evap BH: Galactic core (~106 Msolar) 

 

Theoretical maximum (measurable) 

Theoretical minimum (measurable) 

 

2.94 x 107 

3.33 x 106 

1.00 x 106 

5.90 x 105 

5.45 x 101 

2.20 x 10-1 

7.09 x 10-8 

9.45 x 10-9 

2.71 x 10-10 

1.43 x 10-11 

6.25 x 10-12 

6.00 x 10-12 

6.38 x 10-13 

2.83 x 10-14 

2.38 x 10-14 

6.32 x 10-15 

2.75 x 10-15 

2.37 x 10-15 

2.34 x 10-16 

4.08 x 10-17 

2.57 x 10-17 

5.83 x 10-32 

3.74 x 10-33 

2.68 x 10-33 

7.82 x 10-41 

2.57 x 10-47 

2.57 x 10-77 

 

5.75 x 10208 

7.77 x 10-160 
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Table 4.  Specific power of natural systems
56

 
 

 

Natural Systems 

Specific 

Power 

(MW/kg) 

 

Natural Systems 

Specific 

Power 

(MW/kg) 

Nuclear and Atomic 

Francium-215 radionuclide 

Europium-147 radionuclide 

Polonium-210 radionuclide 

Gadolinium-148 radionuclide 

Neodymium-144 radionuclide 

 

Biological 

Pancreatic cell  

Honeybee flight muscle  

Platelet (activated)  

Myosin muscle motor  

Bacterial flagellar motor  

E. foecalis bacterium (max. growth)  

Skeletal muscle cell (max. tetanic)  

Mitochondrion organelle  

Flea jumping  

T-cell lymphocyte (antigen response)  

Heart muscle cell (max.)  

A. maculatum florets  

Heart muscle cell (max.)  

Brown fat cell (thermogenic)  

Bee hummingbird in flight  

Platelet (activated)  

T-cell lymphocyte (basal)  

Mitochondrion organelle  

Philodendron spadix at 10 ºC ambient  

E. coli bacterium (basal)  

Typical human tissue cell (max.)  

Hepatocyte (liver cell)  

Skeletal muscle cell (max. voluntary)  

Kidney cell  

Electric eel (Electrophorus electricus)  

Heart muscle cell (typical)  

Platelet (resting)  

Electric eel (Electrophorus electricus)  

Neuron (max.)  

Human body (max.)  

Hepatocyte (liver cell)  

Neutrophil (white blood cell, activated)  

Kidney cell  

Adrenal cell  

Testicular cell  

Neuron (max.)  

Thyroid cell  

Human brain  

Pancreatic islet (multi-cell)  

 

9.69 x 1014 

6.35 x 10-1 

1.41 x 10-1 

6.10 x 10-4 

1.18 x 10-17 

 

 

9.00 x 10-3 

2.40 x 10-3 

2.19 x 10-3 

2.00 x 10-3 

2.00 x 10-3 

1.15 x 10-3 

1.05 x 10-3 

9.24 x 10-4 

6.67 x 10-4 

6.19 x 10-4 

5.68 x 10-4 

4.00 x 10-4 

3.98 x 10-4 

3.56 x 10-4 

2.37 x 10-4 

2.19 x 10-4 

1.90 x 10-4 

8.40 x 10-5 

7.20 x 10-5 

6.94 x 10-5 

6.00 x 10-5 

5.75 x 10-5 

5.14 x 10-5 

4.33 x 10-5 

4.30 x 10-5 

3.63 x 10-5 

2.81 x 10-5 

2.50 x 10-5 

2.36 x 10-5 

2.29 x 10-5 

2.25 x 10-5 

2.24 x 10-5 

1.94 x 10-5 

1.88 x 10-5 

1.86 x 10-5 

1.82 x 10-5 

1.63 x 10-5 

1.43 x 10-5 

1.13 x 10-5 

Chrondrocyte  

Brown fat cell (resting)  

Protists (phytoplankton, algae)  

Erythrocyte (red blood cell)  

Global photosynthesis (all plants)  

Osteocyte (bone) 

 

Animals 

Fungi (Saccharomyces sp) 

Bacterium (Sarcina lutea) 

Nematode (Plectus) 

Rat, adult male 

Nematode (Plectus) 

Chicken, adult male 

Guinea pig, adult male 

Goat, adult 

Protozoa (Chaos chaos) 

Horse, adult male 

Pig, adult male 

Diptera (flies; larvae of Tipula sp) 

Beef cattle, adult male 

Protozoa (Chaos chaos) 

Mollusc (garden snail;  Helix aspersa) 

Annelid (earthworm; Lum. terrestris) 

Mollusc (garden snail;  Helix aspersa) 

 

Planet-wide 

Lightning bolt (average neg discharge)  

Meteoroid impact (Meteor Crater, AZ  

Lightning bolt (average neg discharge)  

Asteroid impact, ext. level (Chicxulub)  

Earthquake, mag 9.5 (Valdivia, 1960)  

Tornado (maximum EF5)  

Volcanic eruption, Class 5 (St. Helens)  

Hurricane (typical)  

Tsunami (typical) 

 

Astronomical 

Ylem (cosmic egg) 

Binary black hole merger 

Quark nova  

Quark nova  

Evap BH: ~10-m boulder (~10-24 Msolar) 

Type II supernova  

Type Ia supernova  

Type II supernova  

Solar flare (Sun)  

4.48 x 10-7 

3.33 x 10-7 

9.00 x 10-8 

7.27 x 10-8 

7.06 x 10-8 

6.67 x 10-8 

 

 

5.56 x 10-5 

3.80 x 10-5 

7.90 x 10-6 

7.50 x 10-6 

5.60 x 10-6 

4.62 x 10-6 

3.00 x 10-6 

2.00 x 10-6 

1.40 x 10-6 

1.22 x 10-6 

1.16 x 10-6 

1.16 x 10-6 

1.02 x 10-6 

9.20 x 10-7 

4.90 x 10-7 

3.40 x 10-7 

2.40 x 10-7 

 

 

5.00 x 105 

1.03 x 105 

1.14 x 103 

3.82 x 102 

5.29 x 10-1 

3.70 x 10-4 

1.18 x 10-4 

3.16 x 10-8 

3.23 x 10-10 

 

 

1.66 x 1054 

2.09 x 1010 

1.00 x 109 

8.33 x 108 

3.60 x 108 

6.25 x 107 

3.57 x 107 

1.25 x 107 

3.75 x 101 

                                                 

 
56

 Data from Table A2 in Appendix A.2. 
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Heart muscle cell (typical)  

Spleen cell  

Diaphragm muscle cell  

Lung cell  

Thymus cell  

Neuron (basal)  

Spleen cell  

Neutrophil (white blood cell, resting)  

Lung cell  

Intestine/stomach cell  

Pancreatic islet (multi-cell)  

Intestine/stomach cell  

Testicular cell  

Bone marrow cell  

Skeletal muscle cell (resting)  

Typical human tissue cell (basal)  

Skin cell  

Tropical grasses (maize, sugarcane)  

Heart muscle cell (resting)  

E. foecalis bacterium (basal)  

Firefly (e.g., Photinus pyralis)  

Neutrophil (white blood cell, resting)  

Human body (basal)  

Temperate zone herbs (wheat, tomato)  

Osteocyte (bone)  

Skin cell  

Platelet (resting)  

Deciduous trees (oak, beech) 

Evergreen trees (pine, fir, larch)  

Skeletal muscle cell (resting)  

 

1.09 x 10-5 

1.00 x 10-5 

1.00 x 10-5 

9.75 x 10-6 

9.25 x 10-6 

7.86 x 10-6 

7.50 x 10-6 

7.20 x 10-6 

7.00 x 10-6 

6.50 x 10-6 

6.25 x 10-6 

5.75 x 10-6 

5.75 x 10-6 

5.63 x 10-6 

4.55 x 10-6 

3.75 x 10-6 

3.00 x 10-6 

2.25 x 10-6 

1.82 x 10-6 

1.75 x 10-6 

1.63 x 10-6 

1.60 x 10-6 

1.43 x 10-6 

1.35 x 10-6 

1.27 x 10-6 

1.00 x 10-6 

9.38 x 10-7 

7.20 x 10-7 

5.50 x 10-7 

4.55 x 10-7 

 

Superlum. supernova (ASASSN-15lh)  

Red supergiant star (Betelgeuse)  

Blue supergiant star (Deneb)  

Red supergiant star (Betelgeuse)  

Hyperlum. quasar (S5 0014+81)  

Type O9 star  

X-ray pulsar, ex. star (Centaurus X-3)  

Evap BH: ~1 km meteor (~10-18 Msolar) 

Sun (typical G2 star)  

Globular cluster (M15)  

X-ray pulsar, ex. star (Centaurus X-3)  

Milky Way galaxy  

Milky Way galaxy  

Universe  

Radio pulsar, first (PSR B1919+21)  

Type M9 star  

White dwarf star (Procyon B)  

Brown dwarf (W0607+24)  

Marine tidal oscillations (Earth-Moon)  

Tidal heating of Jovian moon Io  

Tidal heating of Jovian moon Io  

Jovithermal heat (whole planet, Jupiter)  

Geothermal heat (whole planet, Earth)  

Evap BH: Asteroidal (~10-12 Msolar) 

Evap BH: Planetary (~10-6 Msolar) 

Evap BH: Stellar (~1 Msolar) 

Evap BH: Galactic core (~106 Msolar) 

 

Theoretical maximum (measurable) 

Theoretical minimum (measurable) 

 

2.75 x 100 

2.48 x 10-6 

1.97 x 10-6 

1.48 x 10-6 

1.25 x 10-6 

1.20 x 10-7 

4.17 x 10-8 

3.60 x 10-10 

1.92 x 10-10 

1.27 x 10-10 

4.17 x 10-11 

1.46 x 10-11 

1.04 x 10-11 

9.24 x 10-12 

8.21 x 10-13 

3.85 x 10-13 

1.57 x 10-13 

7.64 x 10-14 

2.63 x 10-15 

1.79 x 10-15 

6.72 x 10-16 

1.76 x 10-16 

7.40 x 10-18 

3.60 x 10-28 

3.60 x 10-46 

3.60 x 10-64 

3.60 x 10-82 

 

1.80 x 10176 

1.92 x 10-129 
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Table 5 below provides a brief summary of energy density, specific energy, and the power-to-

weight ratio,
57

 or specific power, in a variety of conventional contemporary engineered systems.  

The specific power for most complete systems is surprisingly low, including fighter jets at only 

~0.0015 MW/kg .  The energy densities of complete machines are reduced in part because those 

machines devote only a fraction of their mass to energy storage.  For example, the hydrocarbon 

fuel Jet A-1 used in fighter jets has a specific energy of ES ~ 43 MJ/kg but the specific energy of 

an entire F-22 fighter jet is only ES ~ 9.3 MJ/kg.
58

  Interestingly, this is essentially identical to the 

energy storage in the average human body:  ~9.3 MJ/kg  (Table 2) and ~9.6 MJ/L  (Table 1). 

 

High rates of energy consumption are difficult to maintain for long periods of time in 

commonplace machines.  For example, a 1000 kg automobile with a 200 horsepower (0.15 MW) 

engine and a 16-gallon gas tank (~33 MJ/L for gasoline;  Table 30) has a fully -fueled whole-

machine specific energy of ES ~ 2 MJ/kg but a specific power of PS ~ 0.00015 MW/ kg.  In this 

case, the stated power level can only be maintained for Űduration ~ ES / PS ~ 13,333 sec (3.7 hr).
59

  

Similarly, the Saturn V moon rocket with LH2/LOX fuel (5.74 MJ/L; Table 28) and an overall 

energy density of 2.1 MJ/L had a fully-fueled specific energy of ES = 4.34 MJ/kg but a specific 

power of only PS = 0.00423 MW/kg, allowing the average power level of 12.6 GW to be 

maintained for only Űduration ~ ES / PS ~ 1028 sec.
60

 

 

The power density of our ordinary surroundings are normally quite low.  For instance, a 2000 SF 

house drawing 2 kilowatts continuously (~20 light bulbs, each rated at 100 watts) has an overall 

power density of PD ~ 3 x 10
-9
 MW/L .  Inside the house, a ~1 m

3
 refrigerator drawing 200 watts 

has PD ~ 2 x 10
-7
 MW/L  and a single incandescent 100-watt light bulb measuring 6 cm in 

diameter has PD ~ 9 x 10
-4
 MW/L .  The ~10 m

3
 200-horsepower car parked in the garage will 

draw PD ~ 1.5 x 10
-5
 MW/L  when accelerating at maximum load, while its ~67.3-liter volume 

human occupant draws only PD ~ 1.5 x 10
-6
 MW/L  at the 100-watt basal metabolic rate. 

 

                                                 

 
57

 https://en.wikipedia.org/wiki/Power-to-weight_ratio. 

 
58

 Total mass of fully-loaded F-22 fighter jet is 37,869 kg and total fuel mass 8163 kg 

(https://en.wikipedia.org/wiki/Thrust-to-weight_ratio#Fighter_aircraft);  specific energy of Jet A-1 is 

similar to kerosene at 43.086 MJ/kg (Table 29); so the net specific energy of a fully-fueled F-22 fighter jet 

is ~9.29 MJ/kg. 

 
59

 Amusingly, a 16-gallon fillup at a gas station that requires ~1 minute to complete at the pump represents 

a chemical energy transfer rate of (16 gallons)(3.78 L/gallon)(33 MJ/L)/(60 sec) ~ 33 MW. 

 
60

 Saturn V data (https://en.wikipedia.org/wiki/Saturn_V):  Stage 1:  mass 2.29 x 10
6
 kg, volume 3373 m

3
, 

density 0.679 kg/L, burn time 168 sec, specific impulse 263 sec, total energy 7.62 x 10
6
 MJ, thrust power 

4.54 x 10
4
 MW, ES = 3.33 MJ/kg, ED = 2.26 MJ/L.  Stage 2:  mass 4.96 x 10

5
 kg, volume 1987 m

3
, density 

0.250 kg/L, burn time 360 sec, specific impulse 421 sec, total energy 4.23 x 10
6
 MJ, thrust power 1.18 x 

10
4
 MW, ES = 8.53 MJ/kg, ED = 2.13 MJ/L.  Stage 3:  mass 1.23 x 10

5
 kg, volume 643 m

3
, density 0.191 

kg/L, burn time 500 sec, specific impulse 421 sec, total energy 1.05 x 10
6
 MJ, thrust power 2.10 x 10

3
 MW, 

ES = 8.53 MJ/kg, ED = 1.63 MJ/L.  Whole rocket with payload:  mass 2.97 x 10
6
 kg, volume 6129 m

3
, 

density 0.485 kg/L, burn time 1028 sec, total energy 1.29 x 10
7
 MJ, average thrust power 1.26 x 10

4
 MW, 

ES = 4.34 MJ/kg, ED = 2.10 MJ/L, PS = 4.23 x 10
-3
 MW/kg, PD = 2.05 x 10

-3
 MW/L. 

https://en.wikipedia.org/wiki/Power-to-weight_ratio
https://en.wikipedia.org/wiki/Thrust-to-weight_ratio#Fighter_aircraft
https://en.wikipedia.org/wiki/Saturn_V
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Table 5.  Energy density (MJ/L) and specific energy (MJ/kg) (at top), and specific power 

(MW/kg) (at bottom), in conventional contemporary engineered systems 

 

 

Conventional Contemporary Engineered System 

 

 

MJ/L 

 

MJ/kg 

Springs
61

 

Capacitors and supercapacitors
62

 

Hydropower (water dams)
63

 

Compressed air storage systems
64

 

Thermal energy
65

 

Flywheels (steel or composite materials)
66

 

Electrochemical batteries
67

 

Chemical fuels (ambient combustion, excl. oxygen)
68

 

     Liquid hydrogen 

     Dry wood 

     Crude oil, coal, methanol, ethanol 

Passenger automobile
69

 

Saturn V moon rocket
70

 

F-22 fighter jet (supra) 

Trinity A-bomb (fission)
71

 

Tsar Bomba H-bomb (fusion)
72

 

HERCULES 300 TW laser (530 nm; beam energy only)
73

 

0.000004-9.0 

0.00001-0.06 

0.001 

0.015-0.2 

0.1-0.8 

0.1-5.3 

0.1-4.3 

 

8.6 

10-16 

17-42 

0.2 

2.10 

--- 

52,000 

7,580,000 

670,000,000 

0.0000005-8.0 

0.00001-0.036 

0.001 

0.5 

0.03-0.25 

0.03-0.5 

0.04-1.8 

 

121 

12.5-20 

21-42 

2 

4.34 

9.3 

19,000 

7,780,000 

--- 

                                                 

 
61

 Section 5.2. 

 
62

 https://en.wikipedia.org/wiki/Energy_density#Table_of_energy_content. 
63

 https://www.engineeringtoolbox.com/energy-density-d_1362.html. 
64

 https://www.engineeringtoolbox.com/energy-density-d_1362.html, 

https://en.wikipedia.org/wiki/Energy_density#Table_of_energy_content. 
65

 https://www.engineeringtoolbox.com/energy-density-d_1362.html. 
66

 https://www.engineeringtoolbox.com/energy-density-d_1362.html, 

https://en.wikipedia.org/wiki/Energy_density#Table_of_energy_content. 
67

 https://www.engineeringtoolbox.com/energy-density-d_1362.html, 

https://en.wikipedia.org/wiki/Energy_density#Table_of_energy_content. 
68

 https://www.engineeringtoolbox.com/energy-density-d_1362.html, Table 29, and Table 30. 

 
69

 A 1000 kg, 10 m
3
 car with a full 16-gallon gas tank has an overall energy density of ED ~ (16 

gallons)(3.78 L/gallon)(33 MJ/L)/(10,000 L) = 0.2 MJ/L and specific energy ES ~ ED / (0.1 kg/L) = 2 

MJ/kg.  If the car generates 200 hp (149 kW), then PD ~ 1.5 x 10
-5
 MW/L and PS ~ 1.5 x 10

-4
  MW/kg. 

 
70

 Whole rocket with payload:  mass 2.97 x 10
6
 kg, volume 6129 m

3
, density 0.485 kg/L, burn time 1028 

sec, total energy 1.29 x 10
7
 MJ, average thrust power 1.26 x 10

4
 MW, ES = 4.34 MJ/kg, ED = 2.10 MJ/L, PS 

= 4.23 x 10
-3
 MW/kg, PD = 2.05 x 10

-3
 MW/L;  https://en.wikipedia.org/wiki/Saturn_V. 

 
71

 Section 7.2. 
72

 Section 7.3.1. 

 
73

 https://cuos.engin.umich.edu/researchgroups/hfs/facilities/hercules-petawatt-laser/ and Section 6.4. 

https://en.wikipedia.org/wiki/Energy_density#Table_of_energy_content
https://www.engineeringtoolbox.com/energy-density-d_1362.html
https://www.engineeringtoolbox.com/energy-density-d_1362.html
https://en.wikipedia.org/wiki/Energy_density#Table_of_energy_content
https://www.engineeringtoolbox.com/energy-density-d_1362.html
https://www.engineeringtoolbox.com/energy-density-d_1362.html
https://en.wikipedia.org/wiki/Energy_density#Table_of_energy_content
https://www.engineeringtoolbox.com/energy-density-d_1362.html
https://en.wikipedia.org/wiki/Energy_density#Table_of_energy_content
https://www.engineeringtoolbox.com/energy-density-d_1362.html
https://en.wikipedia.org/wiki/Saturn_V
https://cuos.engin.umich.edu/researchgroups/hfs/facilities/hercules-petawatt-laser/
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Conventional Contemporary Engineered System 

 

Specific Power 

(MW/kg) 
Closed cell batteries

74
 

Steam-, diesel-, and electric locomotives
75

 

Batteries and fuel cells (Table 24) 

Electrostatic, electrolytic and electrochemical capacitors
76

 

Vestas V164 8 MW wind turbine
77

 

Fuel cell stacks and flow cell batteries
78

 

Photovoltaics
79

 

Abrams battle tank
80

 

Heat engines and heat pumps
81

 

Fluid engines and fluid pumps
82

 

Common passenger automobiles
83

 

800 KW diesel generator
84

 

Aircraft (propeller)
85

 

Performance luxury, roadster, and mild sports automobiles
86

 

Sports vehicles (automobiles)
87

 

Electric motors and electromotive generators
88

 

Sports vehicles (race cars and racing motorcycles)
89

 

Aircraft (jet fighters, max load),
90

 using PS ~ (200 m/sec)(thrust)/(mass) 

Jet and rocket engines,
91

 using PS ~ (200 m/sec)(thrust)/(mass) 

Thermoelectric generators and electrothermal actuators
92

 

Nuclear reactor fission core
93 

0.000002-0.0214 

0.000004-0.000041 

0.000004-0.00632 

0.000005-0.00804 

0.0000062 

0.000006-0.0015 

0.000006-0.002 

0.00002 

0.00003-0.153 

0.000047-0.0057 

0.000053-0.000114 

0.000057 

0.000117-0.000361 

0.000124-0.000174 

0.000179-0.000763 

0.00029-0.0101 

0.0005-0.00572 

0.00114-0.00176 

0.00352-0.0353 

0.00509-0.165 

0.0077 

 

                                                 

 
74

 https://en.wikipedia.org/wiki/Power-to-weight_ratio#(Closed_cell)_batteries. 
75

 https://en.wikipedia.org/wiki/Power-to-weight_ratio#Notable_low_ratio. 
76

 https://en.wikipedia.org/wiki/Power-to-

weight_ratio#Electrostatic,_electrolytic_and_electrochemical_capacitors. 
77

 https://en.wikipedia.org/wiki/Vestas_V164. 
78

 https://en.wikipedia.org/wiki/Power-to-weight_ratio#Fuel_cell_stacks_and_flow_cell_batteries. 
79

 https://en.wikipedia.org/wiki/Power-to-weight_ratio#Photovoltaics. 
80

 https://en.wikipedia.org/wiki/Power-to-weight_ratio#Notable_low_ratio. 
81

 https://en.wikipedia.org/wiki/Power-to-weight_ratio#Heat_engines_and_heat_pumps. 
82

 https://en.wikipedia.org/wiki/Power-to-weight_ratio#Fluid_engines_and_fluid_pumps. 
83

 https://en.wikipedia.org/wiki/Power-to-weight_ratio#Common_power. 
84

 http://www.generac.com/Industrial/products/diesel-generators/configured/800kw-diesel-generator. 
85

 https://en.wikipedia.org/wiki/Power-to-weight_ratio#Aircraft. 
86

 https://en.wikipedia.org/wiki/Power-to-weight_ratio#Performance_luxury,_roadsters_and_mild_sports. 
87

 https://en.wikipedia.org/wiki/Power-to-weight_ratio#Sports_vehicles. 
88

 https://en.wikipedia.org/wiki/Power-to-weight_ratio#Electric_motors_and_electromotive_generators. 
89

 https://en.wikipedia.org/wiki/Power-to-weight_ratio#Sports_vehicles. 
90

 https://en.wikipedia.org/wiki/Thrust-to-weight_ratio#Fighter_aircraft. 
91

 https://en.wikipedia.org/wiki/Thrust-to-weight_ratio#Jet_and_rocket_engines. 
92

 https://en.wikipedia.org/wiki/Power-to-

weight_ratio#Thermoelectric_generators_and_electrothermal_actuators. 

 
93

 Sun H, Wang C, Liu X, Tian W, Qiu S, Su G. Reactor core design and analysis for a micronuclear power 

source. Front Energy Res 2018 Mar 22; 6:14; 

https://www.frontiersin.org/articles/10.3389/fenrg.2018.00014/full. 
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Chapter 3.  Thermochemical Energy Storage 

In this Chapter we survey the specific energy (MJ/kg) and energy density (MJ/L) available from 

various sources of stored thermochemical energy. 

 

Section 3.1 surveys the energy storage densities that are available using ñsensible heatò sources 

that involve a change in temperature, including the heat capacity of solids (Section 3.1.1), liquids 

(Section 3.1.2), and gases (Section 3.1.3).  Similarly, Section 3.2 surveys storage densities 

available using ñlatent heatò sources that occur without a change in temperature, including the 

heat of fusion that is evolved when a material transforms from the liquid to the solid state 

(Section 3.2.1), the heat of vaporization generated when a material transforms from the gaseous 

to the liquid state (Section 3.2.2), and the heat of sublimation that is released when a material 

transforms from the gaseous to the solid state (Section 3.2.3).  Section 3.3 reviews a wide variety 

of other thermochemical phase changes that can store and release energy, including the heat of 

solution (Section 3.3.1), the heat of crystallization (Section 3.3.2), photoisomer conversion 

energy (Section 3.3.3), allotropic transition energy (Section 3.3.4), crystal structure phase 

transition energy (Section 3.3.5), and a few other phase-change enthalpies (Section 3.3.6).  

Figure 2 (Chapter 9) provides a chart that summarizes much of this data.  

 

Section 3.4 reiterates the point that, unlike storage energy density, storage power density is not an 

intrinsic material property.  Nevertheless, one can estimate the maximum thermochemical 

specific power (MW/kg) and power density (MW/L) for various materials by making certain 

reasonable assumptions regarding storage container size and the rate of resupply of recharged 

storage containers to the source energy system.  Practical modern-day heat engines generally 

achieve power/weight ratios in the range of 0.001-0.1 MW/kg.
94

 

 

The second law of thermodynamics says that it is impossible to convert heat into useful work if 

the heat reservoir and the device are both at the same temperature, as demonstrated by Feynmanôs 

classic example of the Brownian motor using an isothermal ratchet and pawl machine,
95

 although 

nonequilibrium fluctuations, whether generated by macroscale electric fields or chemical 

reactions far from equilibrium, can drive a Brownian motor.
96

  Astumian estimates that even a 

crudely designed chemically-driven Brownian motor could move in 10-nm steps at ~3 

microns/sec, developing ~0.5 pN of force, ~3 x 10
-6
 pW of power, and a power density of ~0.001 

MW/L .
97

  Still higher power densities might be possible but seem highly speculative.
98
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 Astumian RD. Thermodynamics and kinetics of a Brownian motor. Science 1997 May 9;276(5314):917-
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1997.pdf. 
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3.1  Sensible Heat 

ñSensible heatò is the heat exchanged by a body or thermodynamic system that results in a change 

in temperature.  For example, heat capacity is a measurable physical quantity of matter that can 

be defined as the quantity of thermal energy added to (or removed from) a material object when 

the temperature of that object changes by a given amount.  Specific heat capacity (or, more 

commonly, specific heat)
99

 is the joules of thermal energy needed to raise the temperature of one 

kilogram of matter by 1 degree kelvin at constant pressure (cP(T); see ranked Table 6, below, 

with data sources in Sections 3.1.1-3).  (Volumetric heat capacity
100

 is the joules of thermal 

energy needed to raise the temperature of one liter of matter by 1 degree kelvin.)  Specific heat 

varies by material, by temperature, and by physical state (solid, liquid, gas) of the material, but 

only very slightly with pressure
101

 for most solids and liquids. 

 

High capacity provides an exploitable store of energy when a given mass of hot matter at one 

temperature is brought into contact with a cold sink at a lower temperature.  Energy flows from 

the hot source to the cold sink until the temperature of the source reaches the temperature of the 

sink, at which point the stored thermal energy has been drained from the source.
102

  For energy 

storage via heat capacity, we assume the source material does not change its physical state (i.e., 

solid, liquid, gas) and the cold sink does not warm up during the energy transfer.  We also ignore 

the rate at which energy leaks away from the hot source by radiation, convection, or other means, 

as this leakage rate is highly implementation-dependent. 

                                                                                                                                                 

 
 
98

 It has been alleged that reversible-energy-fluctuation converters can obtain useful electrical work from 

thermal Nyquist noise, up to power densities of 10
6
-10

7
 MW/L at ~300 K.  See:  Yater JC. Power 

conversion of energy fluctuations. Phys Rev A 1974 Oct;10(4):1361-1369; 

https://journals.aps.org/pra/abstract/10.1103/PhysRevA.10.1361.  Yater JC. Physical basis of power 

conversion of energy fluctuations. Phys Rev A 1982 Jul;26(1):522-538; 

http://adsabs.harvard.edu/abs/1982PhRvA..26..522Y.  See also: 

https://patents.google.com/patent/US4004210A/en, Phys Rev A 1978 Aug;18:767-772, Phys Rev A 1979 

Aug;20:623-627, and Phys Rev A 1979 Oct;20:1614-1618. 
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 https://en.wikipedia.org/wiki/Heat_capacity#Specific_heat_capacity. 
100

 https://en.wikipedia.org/wiki/Volumetric_heat_capacity. 

 
101

 For the specific heat of liquid water, heating water causes it to expand, doing work against the 

surrounding pressure, and this expansion takes a bit more work at higher pressure.  For example, heating 1 

kg of water from 10 ºC to 30 ºC decreases density from 999.7026 kg/m
3
 to 995.6502 kg/m

3
, an expansion 

of 4.071 x 10
-6
 m

3
 that does a very small 0.413 J of work at 1 atm (101,325 N/m

2
) or 1.24 J at 3 atm, 

compared to the vastly larger ~84,360 J (~4218 J/kg-K x 1 kg x 20 K) of energy that is needed to heat the 

water; http://physics.stackexchange.com/questions/100044/does-specific-heat-change-with-pressure-if -so-

why. 
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 Of course, this process would completely waste the energy, maximally increasing entropy and doing no 

work unless a heat engine is interposed between the hot and cold objects, allowing extraction of useful 

energy from that flow, i.e., to perform work.  See: 

http://demonstrations.wolfram.com/IrreversibleAndReversibleTemperatureEquilibration/. 
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Table 6. Specific heat capacity (ñspecific heatò) data for various materials 
 

 

Material  

 

Phase 

Specific 

Heat 

(J/kg-K) 

 

Material  

 

Phase 

Specific 

Heat 

(J/kg-K) 

 

Material  

 

Phase 

Specific 

Heat 

(J/kg-K) 

Hydrogen 

Hydrogen 

Helium 

Ammonia 

Lithium 

Water 

Lithium 

Beryllium 

Calcium 

   chloride 

Graphite 

Paraffin wax 

Propylene 

1-nonanol 

1-undecanol 

Beryllium 

1-decanol 

gas 

liq 

gas 

liq 

liq 

liq 

solid 

liq 

 

liq 

liq 

solid 

liq 

liq 

liq 

solid 

liq 

10800 

9780 

5193 

4700 

4246 

4218 

3602 

3270 

 

3060 

3000 

2900 

2850 

2820 

2789 

2774 

2725 

1-heptanol 

1-hexanol 

1-octanol 

1-pentanol 

1-butanol 

Methanol 

1-propanol 

Ethanol 

Glycerine 

Ethylene 

   glycol 

Boron 

Polyethylene 

n-butane 

Hexane 

Heptane 

Octane 

liq 

liq 

liq 

liq 

liq 

liq 

liq 

liq 

liq 

 

liq 

solid 

solid 

liq 

liq 

liq 

liq 

2671 

2662 

2641 

2632 

2599 

2522 

2515 

2446 

2430 

 

2360 

2313 

2303 

2300 

2260 

2240 

2220 

Ethyl ether 

Decane 

Aniline 

Iodine 

Acetone 

Water-ice 

Graphite 

Diamond 

Lithium 

   nitrate 

Acetic acid 

Nitrogen 

Ether 

Benzene 

Basaltic 

  magma103 

liq 

liq 

liq 

liq 

liq 

solid 

solid 

solid 

 

liq 

liq 

liq 

gas 

liq 

 

liq 

2220 

2210 

2180 

2150 

2150 

2100 

2081 

2081 

 

2074 

2043 

2028 

1950 

1920 

 

1450 

 

 

The maximum exploitable amount of energy that can be stored via heat capacity varies according 

to the physical state of the storage material.  In the case of solids (Section 3.1.1), the maximum 

temperature change would occur when the hot source temperature is at the melting point (Tm.p.) of 

the material and the cold sink is at 4 K,
104

 e.g., ȹTsolid = Tm.p. ï 4 K.  In the case of liquids 

(Section 3.1.2), the maximum temperature change occurs when the hot source is at its boiling 

point (Tb.p.) and the cold sink is at its melting point, e.g., ȹTliquid = Tb.p. ï Tm.p..
105

  In the case of 

gases (Section 3.1.3), the cold sink must be at the boiling point but the maximum temperature of 

the source is indeterminate, since the temperature of matter can in theory rise without limit.  

                                                 

 
103

 http://magma.geol.ucsb.edu/papers/EoV%20chapter%205%20Lesher&Spera.pdf. 

 
104

 A microkelvin sink near absolute zero (0 K) could extract a bit more energy, but would require the 

expenditure of additional energy to keep the sink cooled to below the ~4 K natural background temperature 

of the universe. 

 
105

 Higher pressures may allow a larger range for ȹTliquid.  The use of still higher pressures above the 

critical point to avoid boiling (i.e., no abrupt transition from liquid to gas with increasing temperature) 

might provide even larger usable temperature ranges. 
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Rather than choosing some arbitrary uppermost source temperature,
106

 we estimate the energy 

storage of gases in energy units per kilokelvin (1000 K) of temperature differential between 

source and sink, e.g., ȹTgas ~ 1000 K. 

 

Depending on the particular application, it is a matter of design and engineering to determine how 

best to extract the energy differential between a hot source and a cold sink.  The extraction 

process will generally consist of some means by which the stored energy can be converted into 

some other form of energy that can do something useful in the context of the application.  The 

specification or design of such conversion systems is beyond the scope of the present work, but a 

few representative approaches can be mentioned. 

 

For example, extracted energy can be converted into mechanical work by various classes of heat 

engines, including the steam engine,
107

 the Stirling engine,
108

 or the Ericsson engine,
109

 all of 

which require a working fluid that remains either gaseous or liquid throughout the entire range of 

operation.
110

  (Nakajima
111

 has built and operated a 50 mm
3
 Stirling engine working at 10 Hz 

between 273-373 K producing 10
2
 watts yielding a power density of PD = 0.0002 MW/L , and has 

demonstrated the theoretical engineering feasibility of microscale Stirling engines.)  The Banks 

engine
112

 is another heat engine that uses nitinol
113

 to produce mechanical energy from hot and 

cold heat sources, though the operating temperature is narrow
114

 and a practical full -range system 

would need to include a variety of different ñshape memoryò materials
115

 to optimize energy 

extraction in multiple overlapping temperature bands.  Energy from a hot source and cold sink 

                                                 

 
106

 For example, one could choose (a) the maximum solid temperature of any known material that could 

serve as a physical container for the source material (e.g., tungsten at 3695 K, graphite carbon (1 atm) at 

3915 K, tantalum hafnium carbide or Ta4HfC5 at 4215 K, and the recently computationally discovered 

tantalum nitrogen carbon alloy (Ta0.53N0.20C0.27) at ~4400 K; Hong QJ, van de Walle A. Prediction of the 

material with highest known melting point from ab initio molecular dynamics calculations. Phys. Rev. B 

2015 Jul 20;92:020104; http://authors.library.caltech.edu/59499/1/PhysRevB.92.020104.pdf);  (b) the first 

ionization temperature of the source material (Tionization ~ Eionization / kB, for Boltzmann constant kB = 1.38 x 

10
-23

 J/K;  e.g., Tionization = 116,000 K for Eionization = 10 eV; see Section 4.4.3.1), whereupon the material 

changes physical state from gas to plasma);  or (c) various other alternatives. 

 
107

 https://en.wikipedia.org/wiki/Steam_engine. 
108

 https://en.wikipedia.org/wiki/Stirling_engine. 
109

 https://en.wikipedia.org/wiki/Ericsson_cycle#Ericsson_engine. 

 
110

 From 4-20 K, the only available gaseous working fluid is helium, with hydrogen gas available over 20 K 

and neon gas above 27 K; https://en.wikipedia.org/wiki/Boiling_points_of_the_elements_(data_page). 

 
111

 Nakajima N, Ogawa K, Fujimasa I. Study on Microengines: Miniaturizing Stirling Engines for 

Actuators.  Sensors and Actuators 1989;20:75-82; https://ieeexplore.ieee.org/abstract/document/77979. 

 
112

 Banks R. The Banks Engine. Die Naturwissenschaften. 1975 Jul;62(7):305-308; 

http://link.springer.com/article/10.1007/BF00608890. 

 
113

 https://en.wikipedia.org/wiki/Nickel_titanium. 

 
114

 ñNitinol Heat Engine Kitò; http://www.imagesco.com/nitinol/heat-engine.html.  

 
115

 https://en.wikipedia.org/wiki/Shape-memory_alloy. 
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can also be converted into acoustic energy using a thermoacoustic heat engine,
116

 or into electrical 

energy using a Seebeck effect
117

 thermoelectric generator
118

 or thermopile
119

, pyroelectric 

generator,
120

 thermogalvanic cell,
121

 or thermophotovoltaic generator.
122

 

 

In the ideal case of a reversible heat engine,
123

 we would extract the maximum possible work 

without increasing the entropy. 
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119
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120

 https://en.wikipedia.org/wiki/Pyroelectricity#Power_generation. 
121

 https://en.wikipedia.org/wiki/Thermogalvanic_cell. 
122

 https://en.wikipedia.org/wiki/Thermophotovoltaic. 

 
123

 Leff HS. Reversible and irreversible heat engine and refrigerator cycles. Am J Phys. 2018 Apr 

19;86:344; https://www.cpp.edu/~hsleff/Leff%202018a.pdf.  ñReversible Heat Engine,ò ScienceDirect, 

2019; https://www.sciencedirect.com/topics/engineering/reversible-heat-engine. 
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3.1.1  Heat Capacity of Solids 

A classical rule, described by Lewis and Gibson
124

 following the law of Dulong and Petit,
125

 says 

that the heat capacity of solid pure elements very roughly approaches a maximum of ~25 J/K per 

mole of atoms
126

 at room temperature and above.  The natural element with the heaviest atoms 

(
238

U) has almost the lowest specific heat of any solid material, at 116 J/kg-K (2010 J/L-K),
127

 

very close to the rule-predicted value of 105 J/kg-K.  Lithium, the lightest solid element at room 

temperature, has the highest room temperature specific heat (for solids) at 3580 J/kg-K (1910 J/L-

K) at 298 K, also very close to the rule-predicted maximum of 3600 J/kg-K. 

 

A few substances, particularly the hard high-melting 

crystals of the light atoms of beryllium, boron, and carbon 

(both graphite and diamond), have specific heats much 

smaller than this rule predicts across a wide temperature 

range.  For example, diamond (crystalline carbon) at 298 

K has a specific heat of 509 J/kg-K (1790 J/L-K), only a 

quarter of the rule-predicted 2080 J/kg-K maximum;  by 

1100 K, the specific heat of diamond has risen to 1870 

J/kg-K (6580 J/L-K), much closer to the rule-predicted 

maximum (see chart, right). 

 

The specific heat capacity of solids is generally highest just below the melting point, declining 

slightly as temperature falls but then falling more rapidly at very low temperatures ( ́T
3
),

128
 

eventually reaching zero in the limit at 0 K.
129

  As a result, applying the maximum specific heat 

estimate to the full temperature differential ȹTsolid = Tm.p. ï 4 K may overestimate the exploitable 

energy storage that is potentially available by up to a factor of ~2, but at least provides a useful 

crude upper limit. 

 

Table 7 shows a ranked list of the maximum specific energy of heat capacity for the solid 

elements and a few other representative solids (range 0.029-8.1 MJ/kg ), mostly computed by 

multiplying the rule-predicted maximum specific heat capacity with the maximum exploitable 
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 Lewis GN, Gibson GE. The entropy of the elements and the third law of thermodynamics. J Am Chem 

Soc 1917;39:2554-2581; http://pubs.acs.org/doi/abs/10.1021/ja02257a006. 

 
125

 Petit AT, Dulong PL. Recherches sur quelques points importants de la Théorie de la Chaleur. Annales 

de Chimie et de Physique. 1819;10:395-413 (in French); http://web.lemoyne.edu/~giunta/PETIT.html. 

 
126

 This is ~3R, where R = 8.31446 J/mole-K; https://en.wikipedia.org/wiki/Gas_constant. 

 
127

 https://en.wikipedia.org/wiki/Heat_capacities_of_the_elements_(data_page). 
128

 https://en.wikipedia.org/wiki/Debye_model. 

 
129

 Daniels F, Alberty RA. Physical Chemistry, 3rd Ed., John Wiley & Sons, New York, NY, 1966, p. 46. 
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temperature range ȹTsolid as defined earlier.
130

  The average density of the solid at room 

temperature is then used to compute the maximum energy density of heat capacity (range 0.10-18 

MJ/L ) as shown in Table 8.  (The density of most solids doesnôt change dramatically with 

temperature.) 

 

The specific heat and density for the representative non-elemental solids of anhydrous calcium 

chloride,
131

 concrete,
132

 fused silica,
133

 glucose,
134

 granite,
135

 naphthalene,
136

 paraffin wax,
137

 and 

polyethylene
138

 are taken at room temperature.  The specific heat for water-ice is taken as the 

maximum near-melting-point value of ~2100 J/kg-K,
139

 with ice density taken as the mean ~928 

kg/m
3
 over the entire available ȹT for ice.

140
  (An integration of interpolated specific heat data 

over the entire ȹTsolid = 269 K temperature range for water-ice
141

 gives a total exploitable specific 

heat capacity of 1123 J/kg-K, about 53% of the maximum value of ~2100 J/kg-K used in our 

tables.)  The values for beryllium, boron, diamond and graphite are similarly overestimated.  For 

example, an integration of interpolated specific heat data, taken from both below
142

 and above
143

 

room temperature, over the entire ȹTsolid ~ 2000 K temperature range for solid diamond
144

 gives a 

total exploitable specific heat capacity of 1461 J/kg-K, or about 70% of the maximum value of 
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 There are quantum models of the heat capacity of solids that include the decrease at low temperatures 
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temperature range for various solids if more realistic estimates are required. 
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 https://en.wikipedia.org/wiki/Silicon_dioxide; https://en.wikipedia.org/wiki/Heat_capacity. 
134

 https://en.wikipedia.org/wiki/Glucose. 
135
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136

 https://en.wikipedia.org/wiki/Naphthalene. 
137

 https://en.wikipedia.org/wiki/Paraffin_wax. 
138
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139
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140
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141
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143

 Victor AC.  Heat capacity of diamond at high temperatures, J Chem Phys 1962 Apr 1;36(7):1903-1911;  
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144

 Above ~2000 K, diamond graphitizes at ordinary pressure.  Evans T, James PF. A study of the 

transformation of diamond to graphite. Proc Roy Soc A 1964 Jan 21;277:260-269; 

http://rspa.royalsocietypublishing.org/content/277/1369/260.short. 

 

https://en.wikipedia.org/wiki/Debye_model
https://en.wikipedia.org/wiki/Calcium_chloride
https://www.hindawi.com/journals/isrn/2014/468510/
https://en.wikipedia.org/wiki/Silicon_dioxide
https://en.wikipedia.org/wiki/Heat_capacity
https://en.wikipedia.org/wiki/Glucose
https://en.wikipedia.org/wiki/Granite
http://hyperphysics.phy-astr.gsu.edu/hbase/Tables/sphtt.html#c1
https://en.wikipedia.org/wiki/Naphthalene
https://en.wikipedia.org/wiki/Paraffin_wax
https://en.wikipedia.org/wiki/Polyethylene
https://en.wikipedia.org/wiki/Heat_capacity
https://en.wikipedia.org/wiki/Water_(data_page)#Thermodynamic_properties
https://en.wikipedia.org/wiki/Properties_of_water#/media/File:Density_of_ice_and_water_(en).svg
https://en.wikipedia.org/wiki/Water_(data_page)
https://en.wikipedia.org/wiki/Properties_of_water
http://www.colorado.edu/physics/phys4340/phys4340_sp15/hw/JChemPhys_6_68_1938_Diamond.pdf
http://www.colorado.edu/physics/phys4340/phys4340_sp15/hw/JChemPhys36_1903_1962_Diamond.pdf
http://rspa.royalsocietypublishing.org/content/277/1369/260.short
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2081 J/kg-K used in the tables.  The maximum Carnot efficiency
145

 ɖCarnot = ȹTsolid / Tm.p. > 98.3% 

in all cases if we assume that a low-cost 4 K cold sink is readily available.  If a higher-

temperature cold sink must be used, the Carnot efficiency will decline and the values estimated in 

Table 7 and Table 8 must be reduced accordingly. 

 

 
 

Table 7.  Maximum exploitable specific energy in heat capacity for  solids 
 

 

Atom or Molecule 

In Solid Phase 

 

Specific 

Energy 

(MJ/kg) 

 

Atom or Molecule 

In Solid Phase 

 

Specific 

Energy 

(MJ/kg) 

 

Atom or Molecule 

In Solid Phase 

 

Specific 

Energy 

(MJ/kg) 

Carbon (graphite) 

Boron 

Beryllium 

Carbon (diamond) 

Beryllium oxide 

Boron nitride (cubic) 

Lithium 

Concrete 

Silicon 

Silicon dioxide (fused) 

Granite 

Vanadium 

Chromium 

Titanium 

Scandium 

Paraffin wax 

Magnesium 

Polyethylene 

Aluminum 

Wood 

Iron 

Molybdenum 

8.140 

5.423 

4.316 

4.155 

2.832 

2.574 

1.620 

1.569 

1.498 

1.393 

1.208 

1.069 

1.046 

1.012 

1.007 

0.977 

0.945 

0.930 

0.861 

0.843 

0.809 

0.754 

Cobalt 

Niobium 

Nickel 

Calcium 

Manganese 

Calcium chloride 

Zirconium 

Water-ice 

Rhodium 

Copper 

Yttrium 

Glucose 

Tungsten 

Tantalum 

Naphthalene 

Osmium 

Palladium 

Germanium 

Sodium 

Iridium 

Hafnium (hexagonal) 

Sulfur (rhombic) 

0.748 

0.739 

0.734 

0.693 

0.689 

0.685 

0.582 

0.565 

0.542 

0.533 

0.505 

0.503 

0.502 

0.454 

0.452 

0.434 

0.428 

0.415 

0.399 

0.353 

0.350 

0.299 

Strontium 

Arsenic 

Silver 

Zinc 

Platinum 

Gadolinium 

Thorium 

Potassium 

Antimony 

Gold 

Selenium 

Uranium 

Tellurium 

Cadmium 

Gallium 

Tin (white) 

Rubidium 

Iodine 

Lead 

Bismuth 

Cesium 

Mercury 

0.298 

0.295 

0.285 

0.263 

0.261 

0.251 

0.218 

0.213 

0.185 

0.169 

0.155 

0.147 

0.141 

0.131 

0.107 

0.106 

0.090 

0.075 

0.072 

0.065 

0.056 

0.029 

 

 

Carbon, boron and beryllium top both lists in terms of theoretical total exploitable energy storage, 

though tungsten and osmium are also in the top five on the energy density list (Table 8) due to 

their very high densities and melting points, and many other heavy metals are also high on the 

energy density list.  It appears that maximum exploitable specific energies in the 4-8 MJ/kg range 

and energy densities in the 8-18 MJ/L range might be possible to achieve using the heat capacity 

of solids.  Note that while the highest heat capacities per degree K are available at the highest 

                                                 

 
145

 https://en.wikipedia.org/wiki/Carnot%27s_theorem_(thermodynamics).  Note that ñthe Carnot efficiency 

is invariably far above the efficiency of real heat engines...because the reversible conditions under which 

heat engines would have to operate to achieve Carnot efficiency correspond to zero power output.ò Chen J. 

The maximum power output and maximum efficiency of an irreversible Carnot heat engine. J Phys D: Appl 

Phys. 1994;27:144-1149; https://core.ac.uk/download/pdf/41373385.pdf. 

 

https://en.wikipedia.org/wiki/Carnot%27s_theorem_(thermodynamics)
https://core.ac.uk/download/pdf/41373385.pdf
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temperatures, this is also where the Carnot efficiencies are lowest, so a proper design must seek 

the optimum balance of these factors for the particular application. 

 

 
 

Table 8.  Maximum exploitable energy density in heat capacity for solids 
 

 

Atom or Molecule 

In Solid Phase 

 

Energy 

Density 

(MJ/L) 

 

Atom or Molecule 

In Solid Phase 

 

Energy 

Density 

(MJ/L) 

 

Atom or Molecule 

In Solid Phase 

 

Energy 

Density 

(MJ/L) 

Carbon (graphite) 

Carbon (diamond) 

Boron 

Boron nitride (cubic) 

Tungsten 

Osmium 

Beryllium oxide 

Beryllium 

Molybdenum 

Tantalum 

Iridium 

Cobalt 

Chromium 

Niobium 

Vanadium 

Rhodium 

Nickel 

Iron 

Platinum 

Palladium 

Hafnium (hexagonal) 

Copper 

18.45 

14.60 

12.85 

8.881 

8.834 

8.679 

8.523 

7.295 

7.030 

6.810 

6.709 

6.630 

6.591 

6.333 

5.882 

5.805 

5.735 

5.646 

5.161 

5.152 

4.664 

4.272 

Titanium 

Manganese 

Silicon 

Concrete 

Zirconium 

Granite 

Silicon dioxide (fused) 

Gold 

Scandium 

Silver 

Uranium 

Thorium 

Germanium 

Yttrium 

Aluminum 

Gadolinium 

Zinc 

Arsenic 

Magnesium 

Calcium chloride 

Antimony 

Calcium 

4.158 

4.102 

3.850 

3.609 

3.376 

3.261 

3.060 

2.929 

2.818 

2.659 

2.546 

2.545 

2.212 

2.140 

2.044 

1.986 

1.731 

1.687 

1.497 

1.473 

1.207 

1.074 

Cadmium 

Polyethylene 

Paraffin wax 

Tellurium 

Lithium 

Glucose 

Lead 

Tin (white) 

Strontium 

Bismuth 

Gallium 

Sulfur (rhombic) 

Selenium 

Water-ice 

Wood 

Naphthalene 

Mercury 

Iodine 

Sodium 

Potassium 

Rubidium 

Cesium 

1.049 

0.893 

0.880 

0.879 

0.865 

0.775 

0.768 

0.738 

0.709 

0.650 

0.634 

0.620 

0.619 

0.525 

0.506 

0.463 

0.388 

0.372 

0.370 

0.176 

0.132 

0.103 
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3.1.2  Heat Capacity of Liq uids 

The heat capacity of a liquid at constant pressure (CP) usually varies relatively little across the 

entire liquid temperature range ȹTliquid (= Tb.p. ï Tm.p.), so the assumption that it is constant is 

generally adequate as a first approximation.  The heat capacity of high-temperature liquid metals 

and molten oxides is essentially constant with temperature.  The variation in heat capacity with 

temperature for lower-temperature liquid elements and other liquid materials is also relatively 

small but varies in shape according to the substance involved.  For example, the CP of the liquid 

elements Au, Bi, Ga, Hg, In, Li, Pb, and Rb is highest at Tm.p. and decreases toward Tb.p.;  the CP 

for liquefied gases such as Ar, H2, N2, Ne, and Xe is lowest at Tm.p. and increases toward Tb.p., 

exactly the reverse;  the Cp for liquid S is convex-shaped between Tm.p. and Tb.p.;  and the Cp for 

liquid Cs, H2O, K, Na, and O2 is concave-shaped between Tm.p. and Tb.p..
146

 

 

Among liquids generally, the specific heat of water is extremely high and varies little with 

temperature at standard pressure, falling from 4217 J/kg-K at 0 ºC to a low of 4178 J/kg-K at 34 

ºC,
147

 then rising back to 4219 J/kg-K at 100 ºC,
148

 a variation of less than 1% with an average of 

~4200 J/kg-K over the full ȹTliquid = 100 K range at 1 atm.  Unfortunately, this ȹTliquid is 

relatively small compared to other possible energy storage liquids, so the greatest specific heat 

energy that can be stored in 100 ºC liquid water, then extracted by cooling it to 0 ºC without a 

change in phase, is only (4200 J/kg-K) (100 K) = 0.42 MJ/kg.
149

  (Near the boiling point, the 

specific heat capacity at constant volume for water only varies from these numbers by up to 

0.0005 MJ/kg-K at pressures up to 400 atm.
150

)  Taking 958 kg/m
3
 as the water density at 100 ºC, 

the greatest extractible energy density is 0.404 MJ/L.   

 

Table 9 shows a ranked list of the Carnot-adjusted maximum specific energy of heat capacity for 

various liquid elements and other representative organic and inorganic liquids (range 0.005-8.4 

MJ/kg), calculated as the product of the heat capacity at constant pressure (CP), estimated either 

                                                 

 
146

 Fegley B Jr. Practical Chemical Thermodynamics for Geoscientists, Academic Press, 2012, p. 83; 

https://books.google.com/books?id=CzHRZBolGR4C&pg=PA83. 

 
147

 ñHeat capacity of liquid water from 0 ÁC to 100 ÁCò; 

http://www.vaxasoftware.com/doc_eduen/qui/caloresph2o.pdf. 

 
148

 http://www.engineeringtoolbox.com/water-thermal-properties-d_162.html. 

 
149

 Higher pressures, extending even to above the critical point pressure, may allow a larger range for 

ȹTliquid. 

 
150

 http://www.ems.psu.edu/~radovic/Watson_IEC_1943.pdf. 

 

https://books.google.com/books?id=CzHRZBolGR4C&pg=PA83
http://www.vaxasoftware.com/doc_eduen/qui/caloresph2o.pdf
http://www.engineeringtoolbox.com/water-thermal-properties-d_162.html
http://www.ems.psu.edu/~radovic/Watson_IEC_1943.pdf
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as the average of the values at Tm.p. and Tb.p. or as a representative value from several data 

sources,
151

 and the maximum exploitable temperature range ȹTliquid as defined earlier. 

 

 
 

Table 9.  Maximum exploitable specific energy in heat capacity for liqui ds 
 

 

Atom or Molecule 

In Liquid Phase 

 

Specific 

Energy 

(MJ/kg) 

 

Atom or Molecule 

In Liquid Phase 

 

Specific 

Energy 

(MJ/kg) 

 

Atom or Molecule 

In L iquid Phase 

 

Specific 

Energy 

(MJ/kg) 

Carbon (graphite) 

Lithium 

Calcium chloride 

Beryllium 

Aluminum 

Silicon 

Sodium 

Titanium 

Vanadium 

Tin 

Iron 

Cobalt 

Uranium 

Nickel 

Copper 

Potassium 

Thorium 

Niobium 

Zirconium 

1-propanol 

Plutonium 

Glycerine 

Scandium 

Molybdenum 

1-pentanol 

Rhodium 

1-butanol 

Lithium nitrate 

8.427 

3.499 

1.870 

1.666 

1.409 

0.881 

0.715 

0.582 

0.530 

0.469 

0.461 

0.442 

0.408 

0.395 

0.377 

0.374 

0.365 

0.359 

0.343 

0.339 

0.326 

0.320 

0.316 

0.306 

0.299 

0.295 

0.286 

0.283 

1-nonanol 

1-decanol 

1-undecanol 

1-heptanol 

Ethanol 

1-hexanol 

1-octanol 

Propylene 

Manganese 

Sulfuric acid 

Ethylene glycol 

Heptane 

Decane 

Methanol 

Magnesium 

Toluene 

Chromium 

Platinum 

Octane (~gasoline) 

Yttrium 

Hexane 

Tantalum 

Aniline 

Tungsten 

Gold 

Silver 

Ethyl ether 

Rubidium 

0.280 

0.276 

0.271 

0.263 

0.258 

0.258 

0.251 

0.239 

0.239 

0.235 

0.222 

0.215 

0.205 

0.196 

0.190 

0.190 

0.186 

0.186 

0.185 

0.185 

0.178 

0.177 

0.173 

0.172 

0.168 

0.166 

0.164 

0.163 

n-butane 

Lead 

Bismuth 

Acetone 

Xylene 

Antimony 

Osmium 

Iridium 

Water 

Cesium 

Carbon disulfide 

Zinc 

Selenium 

Naphthalene 

Strontium 

Acetic acid 

Cadmium 

Chloroform 

Ammonia 

Mercury 

Benzene 

Carbon tetrachloride 

Iodine 

Hydrogen (LH2) 

Sodium nitrate 

Potassium nitrate 

Bromine 

Nitrogen (LN2) 

0.158 

0.155 

0.150 

0.148 

0.144 

0.137 

0.119 

0.116 

0.113 

0.104 

0.077 

0.076 

0.072 

0.066 

0.066 

0.054 

0.050 

0.049 

0.039 

0.035 

0.030 

0.025 

0.023 

0.019 

0.013 

0.009 

0.006 

0.005 
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 Data sources:  C1-C18 1-alkanols https://www.nist.gov/sites/default/files/documents/srd/jpcrd390.pdf, 

alkali metal liquids https://www.nist.gov/sites/default/files/documents/srd/jpcrd474.pdf, liquid iron 

http://webbook.nist.gov/cgi/cbook.cgi?ID=C7439896&Units=SI&Mask=2#Thermo-Condensed, liquid 

nitrogen https://www.bnl.gov/magnets/staff/gupta/cryogenic-data-handbook/Section6.pdf, liquid hydrogen 

http://technifab.com/cryogenic-resource-library/cryogenic-fluids/liquid-hydrogen/, molten nitrate salts 

http://energy.sandia.gov/wp-content/gallery/uploads/Thermodynamic-Porperties-of-Molten-Nitrate-Salts-

Cordaro.pdf, and other liquids http://www.engineeringtoolbox.com/specific-heat-fluids-d_151.html and 

http://www.engineeringtoolbox.com/liquid-metal-boiling-points-specific-heat-d_1893.html. 

 

https://www.nist.gov/sites/default/files/documents/srd/jpcrd390.pdf
https://www.nist.gov/sites/default/files/documents/srd/jpcrd474.pdf
http://webbook.nist.gov/cgi/cbook.cgi?ID=C7439896&Units=SI&Mask=2#Thermo-Condensed
https://www.bnl.gov/magnets/staff/gupta/cryogenic-data-handbook/Section6.pdf
http://technifab.com/cryogenic-resource-library/cryogenic-fluids/liquid-hydrogen/
http://energy.sandia.gov/wp-content/gallery/uploads/Thermodynamic-Porperties-of-Molten-Nitrate-Salts-Cordaro.pdf
http://energy.sandia.gov/wp-content/gallery/uploads/Thermodynamic-Porperties-of-Molten-Nitrate-Salts-Cordaro.pdf
http://www.engineeringtoolbox.com/specific-heat-fluids-d_151.html
http://www.engineeringtoolbox.com/liquid-metal-boiling-points-specific-heat-d_1893.html
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The Carnot efficiency of heat energy extraction (ɖCarnot = ȹTliquid / Tb.p.) ranges from 15%-82% for 

these liquids, so the available specific energy must be reduced by this percentage in each case to 

accord with the Second Law of Thermodynamics.
152

  This gives the maximum exploitable 

specific energy in heat capacity for liquids.  The density of most liquids doesnôt change 

dramatically with temperature, so the average density of the liquid is used to compute the 

maximum energy density of heat capacity (range 0.001-15.2 MJ/L ) as shown in Table 10. 

 

Liquid carbon is at the top of both lists but 

requires some explanation.  At normal 

pressure, graphite sublimates at ~3900 K.  

The operating pressure must be raised to at 

least 10.8 MPa (107 atm) to obtain liquid 

carbon at the triple point, and even higher 

into the 0.1-10 GPa range (1000-100,000 

atm) to obtain a substantial liquid operating 

range between ~4700 K and 10,000 K (or 

higher)
153

 as indicated in the phase diagram 

of carbon
154

 (chart, left).  The 

experimentally-determined specific heat 

capacity of ~3000 J/kg-K for liquid carbon 

near the melting point,
155

 coupled with a mean density of ~1800 kg/m
3
 in the pressurized liquid 

state,
156

 along with a potentially very large ȹTliquid Ó 5300 K operating range, yield the highest 

theoretical values for specific energy and energy density shown in the tables. 

 

Liquid lithium has the highest exploitable specific energy at normal pressures because it has the 

second-highest average specific heat of 4246 J/kg-K between Tm.p. and Tb.p. and a very high 

ȹTliquid of 1149 K giving a very high Carnot efficiency of 72%.  (Only liquid ammonia has a 

higher specific heat of 4700 J/kg-K on this list, but ammoniaôs ȹTliquid is a miniscule 44 K, giving 

a Carnot efficiency of only 18%.)  Similarly, liquid uranium has the highest exploitable energy 

density because it has the second-largest ȹTliquid of 2999 K (giving the fifth-highest Carnot 

efficiency of 68.1%) and the sixth-largest mass density (17,300 kg/m
3
) on the list, even though its 

                                                 

 
152

 https://en.wikipedia.org/wiki/Carnot%27s_theorem_(thermodynamics). 

 
153

 Ghiringhelli LM, Meijer EJ.  Chapter 1. Liquid Carbon: Freezing Line and Structure Near Freezing. In: 

Colombo L, Fasolino A, eds., Computer-Based Modeling of Novel Carbon Systems and Their Properties, 

Carbon Materials: Chemistry and Physics 3, Springer, 2010, pp. 1-36; http://th.fhi-

berlin.mpg.de/site/uploads/Publications/Ghiringhelli-Meijer_LiquidCarbon.pdf. 

 
154

 Zazula JM. On Graphite Transformations at High Temperature and Pressure Induced by Absorption of 

the LHC Beam. CERN LHC Project Note 78/97, 1997 Jan 18; 

http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.617.810&rep=rep1&type=pdf. 

 
155

 Korobenko VN, Savvatimskiy AI, Cheret R. Graphite melting and properties of liquid carbon. Int. J. 

Thermophys. 1999 Jul;20(4):1247-1256; http://link.springer.com/article/10.1023/A:1022679509593. 

 
156

 Savvatimskiy A. Measurements of the melting point of graphite and the properties of liquid carbon (a 

review for 1963-2003). Carbon. 2005;43(6):1115; 

http://www.sciencedirect.com/science/article/pii/S0008622305000291 

https://en.wikipedia.org/wiki/Carnot%27s_theorem_(thermodynamics)
http://th.fhi-berlin.mpg.de/site/uploads/Publications/Ghiringhelli-Meijer_LiquidCarbon.pdf
http://th.fhi-berlin.mpg.de/site/uploads/Publications/Ghiringhelli-Meijer_LiquidCarbon.pdf
http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.617.810&rep=rep1&type=pdf
http://link.springer.com/article/10.1023/A:1022679509593
http://www.sciencedirect.com/science/article/pii/S0008622305000291
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average specific heat is very poor (200 J/kg-K).  It appears that exploitable specific energies 

around ~3-8 MJ/kg  and exploitable energy densities around ~7-15 MJ/L  might be possible to 

achieve using the heat capacity of liquids. 

 

 
 

Table 10.  Maximum exploitable energy density in heat capacity for liqui ds 
 

 

Atom or Molecule 

In Liquid Phase 

 

Energy 

Density 

(MJ/L) 

 

Atom or Molecule 

In Liquid Phase 

 

Energy 

Density 

(MJ/L) 

 

Atom or Molecule 

In Liquid Phase 

 

Energy 

Density 

(MJ/L) 

Carbon (graphite) 

Uranium 

Plutonium 

Thorium 

Calcium chloride 

Cobalt 

Platinum 

Aluminum 

Tin 

Iron 

Rhodium 

Nickel 

Niobium 

Tungsten 

Copper 

Vanadium 

Gold 

Molybdenum 

Beryllium 

Tantalum 

Titanium 

Osmium 

Silicon 

Iridium 

Zirconium 

Lithium 

Lead 

Silver 

15.17 

7.066 

5.419 

4.267 

4.020 

3.918 

3.674 

3.347 

3.278 

3.216 

3.151 

3.086 

3.073 

3.034 

3.024 

2.914 

2.909 

2.856 

2.816 

2.651 

2.391 

2.371 

2.265 

2.203 

1.991 

1.792 

1.650 

1.543 

Bismuth 

Manganese 

Chromium 

Antimony 

Scandium 

Yttrium 

Lithium nitrate 

Sodium 

Zinc 

Mercury 

Sulfuric acid 

Glycerine 

Cadmium 

n-butane 

Potassium 

Magnesium 

Selenium 

1-propanol 

Ethylene glycol 

1-pentanol 

Rubidium 

1-nonanol 

1-butanol 

1-decanol 

1-undecanol 

1-heptanol 

1-hexanol 

1-octanol 

1.507 

1.422 

1.174 

0.897 

0.885 

0.785 

0.673 

0.662 

0.498 

0.469 

0.432 

0.403 

0.398 

0.392 

0.310 

0.301 

0.289 

0.272 

0.247 

0.242 

0.237 

0.233 

0.232 

0.229 

0.225 

0.215 

0.210 

0.207 

Ethanol 

Cesium 

Aniline 

Toluene 

Strontium 

Methanol 

Decane 

Propylene 

Heptane 

Octane (~gasoline) 

Xylene 

Ethyl ether 

Acetone 

Hexane 

Iodine 

Water 

Carbon disulfide 

Chloroform 

Naphthalene 

Acetic acid 

Carbon tetrachloride 

Sodium nitrate 

Benzene 

Ammonia 

Bromine 

Potassium nitrate 

Nitrogen (LN2) 

Hydrogen (LH2) 

0.204 

0.192 

0.177 

0.165 

0.156 

0.156 

0.150 

0.147 

0.147 

0.130 

0.125 

0.117 

0.116 

0.116 

0.115 

0.108 
0.098 

0.068 

0.064 

0.057 

0.039 

0.030 

0.026 

0.026 

0.019 

0.019 

0.004 

0.001 

 

The heat capacity of molten salt can be used as a thermal energy storage method ñto retain 

thermal energy collected by a solar tower
157

 or solar trough of a concentrated solar power plant, 

so that it can be used to generate electricity in bad weather or at night.ò
158

  With proper insulation 

                                                 

 
157

 e.g., https://en.wikipedia.org/wiki/Crescent_Dunes_Solar_Energy_Project.  

 
158

 https://en.wikipedia.org/wiki/Thermal_energy_storage#Molten_salt_technology and 

https://en.wikipedia.org/wiki/Thermal_energy_storage#Solar_energy_storage. 

 

https://en.wikipedia.org/wiki/Crescent_Dunes_Solar_Energy_Project
https://en.wikipedia.org/wiki/Thermal_energy_storage#Molten_salt_technology
https://en.wikipedia.org/wiki/Thermal_energy_storage#Solar_energy_storage
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on the tank, the thermal energy can be usefully stored for up to a week.
159

  The most widely 

employed fusible salts include the nitrates of lithium, potassium, and sodium,
160

 which 

unfortunately have low ȹTliquid and therefore low ɖCarnot as well.  Low-capacity storage heaters 

using solid bricks, concrete, earth, or water for diurnal
161

 or longer-term
162

 heat storage are also 

commonplace. 

                                                 

 
159

 ñ13.1.2.2. Thermal storage,ò in Ehrlich R. Renewable Energy: A First Course, CRC Press, 2013, p. 375; 

https://www.crcpress.com/Renewable-Energy-A-First-Course/Ehrlich/p/book/9781439861158, 

http://www.gbv.de/dms/ilmenau/toc/726403032.PDF (TOC). 

 
160

 A mixture of 60% NaNO3 + 40% KNO3 (ñMolten salts properties; 

http://www.archimedesolarenergy.com/molten_salt.htm), sometimes called ñsolar saltò 

(https://en.wikipedia.org/wiki/Eutectic_system#Others), may be used for thermal energy storage in 

concentrated solar power plants. 

 
161

 https://en.wikipedia.org/wiki/Storage_heater and https://en.wikipedia.org/wiki/Solar_pond. 
162

 https://en.wikipedia.org/wiki/Seasonal_thermal_energy_storage. 

https://www.crcpress.com/Renewable-Energy-A-First-Course/Ehrlich/p/book/9781439861158
http://www.gbv.de/dms/ilmenau/toc/726403032.PDF
http://www.archimedesolarenergy.com/molten_salt.htm
https://en.wikipedia.org/wiki/Eutectic_system#Others
https://en.wikipedia.org/wiki/Storage_heater
https://en.wikipedia.org/wiki/Solar_pond
https://en.wikipedia.org/wiki/Seasonal_thermal_energy_storage
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3.1.3  Heat Capacity of Gases 

For gases, we shall use heat capacity at constant volume (CV) because a practical tank or 

container for stored energy will normally possess some particular volume.  (The constant pressure 

value CP (å CV + R) only makes sense if the containment has variable volume and can expand as 

the storage material is heated, allowing pressure to remain constant as work is done during the 

expansion.  When heat is added to a gas confined to a constant volume, the pressure rises but no 

work is done.) 

 

The CV of a gas may be thought of as the sum of four separate components.  The first component 

is the translational kinetic energy due to the three-dimensional motion of the gas molecule 

through space, or 1.5R per mole (~12.47 J/mole-K) taking 0.5R per translational degree of 

freedom.  This is the sole contribution for monatomic gases.  The second component is the 

rotational energy of the gas molecule.  Ideal diatomic molecules effectively have two degrees of 

rotational freedom, contributing another R per mole (~8.31 J/mole-K), and rotations are excited at 

temperatures below the boiling point for virtually all gases except H2, for which rotational energy 

only becomes significant over ~85 K due to the moleculeôs small moment of inertia which causes 

a wide spacing of its rotational energy levels.  The third component is vibrational energy, whose 

modes (typically excited at temperatures Ó1000 K) contribute another R per mole (~8.31 J/mole-

K) for ideal diatomic molecules having two degrees of freedom.  (Triatomic and larger 

polyatomic molecules have still more rotational and vibrational degrees of freedom and can store 

still more energy.)  In practice the contributions from these 

latter two sources bring the total to less than ~3.5R (see 

chart, left; CV in units of R),
163

 in part because vibrational 

states, and to a lesser extent rotational states, are quantized, 

and in part because vibrational modes are generally not 

completely excited before the dissociation temperature is 

reached except for diatomic molecules where both atoms 

are very heavy.  The fourth component is electronic energy 

modes, which normally are not excited below ~10,000 K.
164

 

 

To avoid the effort of compiling and integrating comprehensive CV(T) curves over the entire 

ȹTgas = 1000 K temperature range for every gas of interest, we can generate a reasonable 

comparative estimate of the potential for energy storage with each material by simply multiplying 

the CV at NTP (i.e., ñNormal Temperature and Pressureò; 20 ºC ~ 293 K, 1 atm)
165

 by ȹTgas and 

                                                 

 
163

 https://en.wikipedia.org/wiki/Heat_capacity#Diatomic_gas. 

 
164

 Fegley B Jr. Practical Chemical Thermodynamics for Geoscientists, Academic Press, 2012, p. 82-3; 

https://books.google.com/books?id=CzHRZBolGR4C&pg=PA83. 

 
165

 Data sources:  Gas densities at STP and NTP from http://www.engineeringtoolbox.com/gas-density-

d_158.html, ñGases - Specific Heat Capacities and Individual Gas Constantsò 

http://catalog.conveyorspneumatic.com/Asset/FLS%20Specific%20Heat%20Capacities%20of%20Gases.p

df, https://en.wikipedia.org/wiki/Chloromethane; https://en.wikipedia.org/wiki/Nitrous_oxide, 

http://scorecard.goodguide.com/chemical-profiles/html/carbondisulfide.html, 

 

 

https://en.wikipedia.org/wiki/Heat_capacity#Diatomic_gas
https://books.google.com/books?id=CzHRZBolGR4C&pg=PA83
http://www.engineeringtoolbox.com/gas-density-d_158.html
http://www.engineeringtoolbox.com/gas-density-d_158.html
http://catalog.conveyorspneumatic.com/Asset/FLS%20Specific%20Heat%20Capacities%20of%20Gases.pdf
http://catalog.conveyorspneumatic.com/Asset/FLS%20Specific%20Heat%20Capacities%20of%20Gases.pdf
https://en.wikipedia.org/wiki/Chloromethane
https://en.wikipedia.org/wiki/Nitrous_oxide
http://scorecard.goodguide.com/chemical-profiles/html/carbondisulfide.html
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by the Carnot efficiency of heat energy extraction ɖCarnot = ȹTgas / (ȹTgas + Tb.p.), yielding the 

Carnot-adjusted exploitable specific heat capacity per kilokelvin (range 0.04-10 MJ/kg) in Table 

11. 

 

 
 

Table 11.  Exploitable specific energy per kilokelvin in heat capacity for gases at 1 atm 

pressure 
 

 

Atom or Molecule 

In Gas Phase 

 

Specific 

Energy 

(MJ/kg) 

 

Atom or Molecule 

In Gas Phase 

 

Specific 

Energy 

(MJ/kg) 

 

Atom or Molecule 

In Gas Phase 

 

Specific 

Energy 

(MJ/kg) 

Hydrogen (H2) 

Helium 

Methane 

Ether 

Ammonia 

Ethane 

Ethanol 

Propane 

Butane 

Acetylene 

Methanol 

Water 

Ozone 

10.59 

5.171 

1.529 

1.491 

1.339 

1.249 

1.236 

1.202 

1.202 

1.152 

1.144 

1.092 

1.095 

Propylene (Propene) 

Ethylene 

Acetone 

Sodium (@ 1200 K) 

Benzene 

Nitrogen (N2) 

Methyl chloride 

Carbon monoxide 

Hydrogen sulfide 

Nitric oxide 

Nitrogen dioxide 

Oxygen (O2) 

Neon 

1.069 

1.052 

0.993 

0.779 

0.732 

0.690 

0.669 

0.666 

0.645 

0.640 

0.630 

0.604 

0.602 

Nitrous oxide 

Carbon dioxide 

Hydrogen chloride 

Carbon disulfide 

Chloroform 

Sulfur dioxide 

Chlorine (Cl2) 

Argon 

Hydrogen bromide 

Bromine (Br2) 

Krypton 

Xenon 

Mercury 

0.582 

0.548 

0.480 

0.417 

0.412 

0.404 

0.291 

0.287 

0.213 

0.150 

0.133 

0.082 

0.038 

 

 

Multiplying the specific heat by the density of each gas at NTP gives the exploitable energy 

density of heat capacity per kilokelvin (range 0.0001-0.007 MJ/L at 1 atm) as shown in Table 

12.  Of course, increasing the pressure while maintaining constant volume will increase the 

exploitable energy density per kilokelvin simply because the gas density goes up.  For example, 

sodium vapor
166

 at 1 atm near Tb.p. ~ 1200 K with a mass density of 0.394 kg/m
3
 has a specific 

heat of 1680 J/kg-K, yielding a Carnot-adjusted energy density of 0.0003 MJ/L per kilokelvin.  If 

we now increase the temperature by ȹTgas = 1000 K up to 2200 K at constant volume, the 

pressure rises to ~70 atm with a mass density of 27.7 kg/m
3
 while the specific heat falls slightly to 

1340 J/kg-K, but the Carnot-adjusted energy density rises 56-fold to 0.0172 MJ/L per kilokelvin. 

                                                                                                                                                 

 
http://www.thermalfluidscentral.org/encyclopedia/index.php/Thermophysical_Properties:_Ethanol, 

http://www.thermalfluidscentral.org/encyclopedia/index.php/Thermophysical_Properties:_Acetone, 

http://encyclopedia2.thefreedictionary.com/Bromine+vapor, http://scorecard.goodguide.com/chemical-

profiles/html/chloroform.html, https://en.wikipedia.org/wiki/Nitrogen_dioxide (NO2), 

http://www.chemicalbook.com/chemicalproductproperty_en_cb6853949.htm (diethyl ether), 

https://en.wikipedia.org/wiki/Helium, http://www.ne.anl.gov/eda/ANL-RE-95-2.pdf (sodium), 

https://www.bnl.gov/magnets/staff/gupta/cryogenic-data-handbook/Section3.pdf (hydrogen gas), and 

https://books.google.com/books?id=CzHRZBolGR4C&pg=PA68 (O3, HBr, Kr, Xe). 

 
166

 Fink JK, Leibowitz L. Thermodynamic and Transport Properties of Sodium Liquid and Vapor. Argonne 

National laboratory, Reactor Engineering Division, ANL/RE-95/2, Jan 1995, pp. 15, 87; 

http://www.ne.anl.gov/eda/ANL-RE-95-2.pdf. 

http://www.thermalfluidscentral.org/encyclopedia/index.php/Thermophysical_Properties:_Ethanol
http://www.thermalfluidscentral.org/encyclopedia/index.php/Thermophysical_Properties:_Acetone
http://encyclopedia2.thefreedictionary.com/Bromine+vapor
http://scorecard.goodguide.com/chemical-profiles/html/chloroform.html
http://scorecard.goodguide.com/chemical-profiles/html/chloroform.html
https://en.wikipedia.org/wiki/Nitrogen_dioxide
http://www.chemicalbook.com/chemicalproductproperty_en_cb6853949.htm
https://en.wikipedia.org/wiki/Helium
http://www.ne.anl.gov/eda/ANL-RE-95-2.pdf
https://www.bnl.gov/magnets/staff/gupta/cryogenic-data-handbook/Section3.pdf
https://books.google.com/books?id=CzHRZBolGR4C&pg=PA83
http://www.ne.anl.gov/eda/ANL-RE-95-2.pdf
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Table 12.  Exploitable energy density per kilokelvin in heat capacity for gases at 1 atm 

pressure 
 

 

Atom or Molecule 

In Gas Phase 

 

Energy 

Density 

(MJ/L) 

 

Atom or Molecule 

In Gas Phase 

 

Energy 

Density 

(MJ/L) 

 

Atom or Molecule 

In Gas Phase 

 

Energy 

Density 

(MJ/L) 

Ether 

Butane 

Benzene 

Ozone 

Propane 

Chloroform 

Propylene (Propene) 

Ethane 

Methyl chloride 

Ethylene 

Carbon disulfide 

Acetylene 

Nitrogen dioxide 

0.0046 

0.0030 

0.0026 

0.0023 

0.0023 

0.0020 

0.0019 

0.0016 

0.0015 

0.0013 

0.0013 

0.0013 

0.0012 

Nitrous oxide 

Bromine (Br2) 

Methane 

Carbon dioxide 

Ammonia 

Hydrogen (H2) 

Hydrogen sulfide 

Sulfur dioxide 

Water 

Chlorine (Cl2) 

Helium 

Nitric oxide 

Nitrogen (N2) 

0.0012 

0.0011 

0.0010 

0.0010 

0.0010 

0.0010 

0.0009 

0.0009 

0.0009 

0.0009 

0.0009 

0.0008 

0.0008 

Oxygen (O2) 

Hydrogen bromide 

Carbon monoxide 

Hydrogen chloride 

Neon 

Krypton 

Xenon 

Argon 

Sodium (@ 1200 K) 

Acetone 

Methanol 

Ethanol 

0.0008 

0.0008 

0.0008 

0.0007 

0.0005 

0.0005 

0.0005 

0.0005 

0.0003 

0.0003 

0.0002 

0.0001 

 

 

Gaseous hydrogen has the highest exploitable specific energy because it has the highest specific 

heat of the listed materials at NTP (10,160 J/kg-K) and the second-highest Carnot efficiency 

(98%) because only heliumôs Tb.p. is lower than hydrogenôs.  Nitrogen dioxide has the second 

highest specific heat (4600 J/kg-K) on the list.  However, gaseous hydrogen has very poor 

exploitable energy density because it has the lowest mass density at STP (0.09 kg/m
3
) on the list.  

It appears that exploitable specific energies of 3-10 MJ/kg and exploitable energy densities of 

~0.007 MJ/L per kilokelvin per atm of pressure might be possible to achieve using the heat 

capacity of gases. 
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3.2  Latent Heat 

ñLatent heatò is the energy released by, or absorbed by, a material body at some constant 

temperature, most typically during a phase change from solid to liquid or gas, or from liquid to 

gas, or the reverse.  Also known as the ñheat of transitionò or ñenthalpy of transitionò, the latent 

heat of fusion (melting) or the latent heat of vaporization (boiling) are processes that require an 

energy input.  A similar amount of energy is released during a transition in the opposite direction. 

 

The specific latent heat is the latent heat per unit mass of the storage material (MJ/kg), and the 

latent heat energy density is the latent heat per unit volume (MJ/L), normally measured at 1 atm 

pressure.  Energy release occurs only at a specific temperature ï i.e., the melting point Tm.p. or 

boiling point Tb.p., as measured at 1 atm.  The heat may be used to increase the temperature of 

another material which can serve as the hot source, after which the energy can be extracted via 

heat engine as described in Section 3.1.  Alternatively, the release of latent heat may involve a 

significant change in pressure or volume of the energy storage material, which can be converted 

to mechanical energy as described in Section 5. 

 

The heat of fusion is only negligibly affected by increasing pressure because liquids are relatively 

incompressible.  But gases are highly compressible, so raising pressure causes the heat of 

vaporization to fall, eventually reaching zero at the critical point (e.g., at 218 atm and 647 K for 

water)
167

 where the liquid and vapor phases become thermodynamically indistinguishable. 

 

                                                 

 
167

 https://en.wikipedia.org/wiki/Critical_point_(thermodynamics)#Overview. 

 

https://en.wikipedia.org/wiki/Critical_point_(thermodynamics)#Overview
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3.2.1  Heat of Fusion 

Latent heat energy storage systems exploit the energy that is released during a phase change in 

the storage material.  Existing systems (almost exclusively solid/liquid) typically use paraffin wax 

or fatty acid materials with specific heats of fusion in the range of 0.072-0.214 MJ/kg,
168

 or 

hydrated salt materials yielding in the range of 0.115-0.492 MJ/kg.
169

  There is interest in using 

encapsulated phase change materials, e.g., aluminum and sodium chloride,
170

 for this purpose.  

Ice storage is also used commercially for the reverse purpose ï to provide the ability to absorb 

energy upon demand, as in air conditioning systems for buildings.
171

 

 

Table 13 shows a ranked list of the specific heat of fusion for the solid elements, oxides, 

organics, and other representative solids (range 0.011-8.74 MJ/kg),
172

 while Table 14 presents a 

                                                 

 
168

 Kenisarin M, Mahkamov K. Solar Energy Storage Using Phase Change Materials. Renewable and 

Sustainable Energy Reviews 2007;11:1913-1965. 

 
169

 Zalba B, Marin JM, Cabeza LF, Mehling H. Review on Thermal Energy Storage with Phase Change: 

Materials, Heat Transfer Analysis and Applications. Applied Thermal Engineering 2003;23:251-283. 

 
170

 Solomon LD. The use of Sodium Chloride & Aluminum as Phase Change materials for High 

Temperature Thermal Energy Storage Characterized by Calorimetry. Lehigh University Masters Thesis, 

Paper 1364, 2013; http://preserve.lehigh.edu/cgi/viewcontent.cgi?article=2364&context=etd. 

 
171

 At nighttime in the office tower at 1 Bryant Park in New York, a large refrigerator in the basement chills 

a water+glycol solution to below the freezing point of water using cheap overnight electricity from the grid.  

The system pumps the mixture into two miles of tubing coiled inside each of nearly four dozen 750-gallon 

tanks full of water at ~27 °F, freezing the water.  The next day, the glycol solution flows out of the coils 

and into a closed-loop air-conditioning system.  Combining with water and air, it helps to chill the 

buildingôs 2.35 million square feet for as many as 10 hours during the day, when power is typically pricier.  

https://www.nytimes.com/2017/06/03/business/energy-environment/biggest-batteries.html. 

 
172

 Data Sources:  Handbook of Chemistry and Physics, 49th edition (1969):D-33 to D-37, Wikipedia, Air 

Liquide http://encyclopedia.airliquide.com/Encyclopedia.asp, Engineering Toolbox 

(http://www.engineeringtoolbox.com/fusion-heat-metals-d_1266.html, 

http://www.engineeringtoolbox.com/latent-heat-melting-solids-d_96.html, 

heat of fusion for elements (http://periodictable.com/Properties/A/FusionHeat.an.html), boron 

http://periodictable.com/Elements/005/data.html, carbon http://periodictable.com/Elements/006/data.html, 

HF http://pubs.acs.org/doi/abs/10.1021/ja01101a066, formic acid 

https://cameochemicals.noaa.gov/chris/FMA.pdf, naphthalene 

https://cameochemicals.noaa.gov/chris/NTM.pdf, isopropyl alcohol (https://www.alibaba.com/product-

detail/we-can-supply-iso-propyl-alcohol_1276438951.html), XeF4 

(http://chemister.ru/Database/properties-en.php?dbid=1&id=595), XeF2 

(http://www.chemicaldictionary.org/dic/X/Xenon-difluoride_198.html), PH3 

(http://www.concoa.com/phosphine_properties.html), 

germane (https://books.google.com/books?id=fmc-pXKkslkC&pg=PA536), NaCl 

https://en.wikipedia.org/wiki/Sodium_chloride_(data_page), and BeO 

https://books.google.com/books?id=Xn8KbsgeFrwC&pg=PA479. 

 

http://preserve.lehigh.edu/cgi/viewcontent.cgi?article=2364&context=etd
https://www.nytimes.com/2017/06/03/business/energy-environment/biggest-batteries.html
http://encyclopedia.airliquide.com/Encyclopedia.asp
http://www.engineeringtoolbox.com/fusion-heat-metals-d_1266.html
http://www.engineeringtoolbox.com/latent-heat-melting-solids-d_96.html
http://periodictable.com/Properties/A/FusionHeat.an.html
http://periodictable.com/Elements/005/data.html
http://periodictable.com/Elements/006/data.html
http://pubs.acs.org/doi/abs/10.1021/ja01101a066
https://cameochemicals.noaa.gov/chris/FMA.pdf
https://cameochemicals.noaa.gov/chris/NTM.pdf
https://www.alibaba.com/product-detail/we-can-supply-iso-propyl-alcohol_1276438951.html
https://www.alibaba.com/product-detail/we-can-supply-iso-propyl-alcohol_1276438951.html
http://chemister.ru/Database/properties-en.php?dbid=1&id=595
http://www.chemicaldictionary.org/dic/X/Xenon-difluoride_198.html
http://www.concoa.com/phosphine_properties.html
https://books.google.com/books?id=fmc-pXKkslkC&pg=PA536
https://en.wikipedia.org/wiki/Sodium_chloride_(data_page)
https://books.google.com/books?id=Xn8KbsgeFrwC&pg=PA479


42 

 

       

 

similar materials list ranked by heat of fusion energy density (range 0.002-11.98 MJ/L ), 

calculated using the mass density near Tm.p. in almost all cases. 

 

Carbon tops both lists, but to repeatedly cycle between solid and liquid graphite to extract (or 

recharge) the latent heat of fusion will require continuous pressurization of the storage materials 

to at least 10.8 MPa (107 atm) to obtain liquid carbon at the triple point
173

 (see carbon phase 

diagram chart, Section 3.1.2).  Liquid graphite has a density of about 1370 kg/m
3
 at the triple 

point,
174

 and the very high required operating temperature of Tm.p. ~ 4700 K at pressures Ó 107 

atm will make it very challenging to find a suitable container. 

 

The next most useful heat of fusion-based energy storage material is boron, which provides the 

highest specific heat of fusion and the highest heat density of fusion at normal pressure.  The 

operating temperature will be a lot lower than for graphite, with Tm.p. = 2349 K at 1 atm.  

Elemental boron has low toxicity, similar to that of table salt.
175

  A preliminary design for a phase 

transition energy storage system using molten boron with a per-cycle storage efficiency of 75% 

has been published.
176

 

 

Beryllium oxide at normal pressure provides the next highest energy density both by mass and by 

volume, with a reasonably modest operating temperature of Tm.p. = 2780 K at 1 atm.  While BeO 

is carcinogenic and can cause beryllium disease in particle form, once confined to solid form it 

should be safe to handle if not subjected to subsequent machining that releases dust.
177

  

 

Note that it is possible to ñsupercoolò a liquid to below its melting point and not observe the heat 

evolved by the phase change from liquid to solid as long as the material remains liquid.  The 

latent heat of fusion appears instantly when the liquid freezes.  Explains one source:
178

  ñA liquid 

crossing its standard freezing point will crystallize in the presence of a seed crystal or nucleus 

                                                 

 
173

 Zazula JM. On Graphite Transformations at High Temperature and Pressure Induced by Absorption of 

the LHC Beam. CERN LHC Project Note 78/97, 1997 Jan 18; 

http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.617.810&rep=rep1&type=pdf. 

 
174

 Haaland D. Graphite-liquid-vapor triple point pressure and the density of liquid carbon. Carbon 

1976;14(6):357; http://www.sciencedirect.com/science/article/pii/0008622376900105?via%3Dihub.  

Sekine T. An evaluation of the equation of state of liquid carbon at very high pressure. Carbon 

1993;31:227. 

 
175

 https://en.wikipedia.org/wiki/Boron#Health_issues_and_toxicity. 

 
176

 Gilpin MR, Scharfe DB, Young MP, Pancotti AP. Molten boron phase-change thermal energy storage: 

Containment and applicability to microsatellites. 42nd AIAA Plasmadynamics and Laser Conference, held 

in Honolulu, HI, 27-30 June 2011; http://www.dtic.mil/dtic/tr/fulltext/u2/a546871.pdf. 

 
177

 Beryllia ceramic MSDS; 

http://web.archive.org/web/20160118131605/http://americanberyllia.com/lit/Beryllium_Oxide_MSDS.pdf. 

 
178

 Mishima O, Stanley HE. The  relationship  between  liquid,  supercooled  and  glassy  water. Nature 

1998;396:329-335; http://www.nims.jp/water/Publications/MS1998nature-b.pdf.  See also 

https://en.wikipedia.org/wiki/Supercooling#Explanation. 
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http://www.nims.jp/water/Publications/MS1998nature-b.pdf
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around which a crystal structure can form creating a solid.  Lacking any such nuclei, the liquid 

phase can be maintained all the way down to the temperature at which crystal homogeneous 

nucleation occurs.  Homogeneous nucleation can occur above the glass transition temperature, but 

if homogeneous nucleation has not occurred above that temperature, an amorphous (non-

crystalline) solid will form.ò  For example, pure nucleation-site-free liquid water (Tm.p. = 273.15 

at 1 atm) can be supercooled down to its crystal nucleation temperature of 224.8 K. 

 

In summary:  Prior to any consideration of the attainable per-cycle storage efficiency in real 

physical systems, it appears that exploitable specific energies of 4-8 MJ/kg and exploitable 

energy densities of 8-11 MJ/L  might be possible to achieve using the latent heat of fusion by 

cycling between solid and liquid phases of a suitable storage material. 
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Table 13.  Maximum exploitable specific heat of fusion for solid/liquid latent heat cycling 
 

 

Material Cycling  

Between Solid and 

Liquid Phases 

 

 

Specific 

Energy 

(MJ/kg) 

 

Material Cycling  

Between Solid and 

Liquid Phases 

 

 

Specific 

Energy 

(MJ/kg) 

 

Material Cycling  

Between Solid and 

Liquid Phases 

 

 

Specific 

Energy 

(MJ/kg) 
Carbon (C) 

Boron (B) 

Beryllium oxide 

Lithium oxide 

Magnesium oxide 

Silicon (Si) 

Calcium oxide 

Aluminum oxide 

Magnesium fluoride 

Vanadium monoxide 

Beryllium (Be) 

Titanium dioxide 

Manganese monoxide 

Zirconium dioxide 

Titanium sesquioxide 

Scandium sesquioxide 

Nickel monoxide 

Strontium oxide 

Cobalt monoxide 

Vanadium sesquioxide 

Lithium (Li)  

Niobium monoxide 

Peridotite179 

Sodium chloride 

Potassium fluoride 

Yttrium sesquioxide 

Cerium dioxide 

Germanium (Ge) 

Iron monoxide 

Titanium (Ti) 

Vanadium (V) 

Aluminum (Al) 

Magnesium (Mg) 

Scandium (Sc) 

Water (H2O) 

Ammonia (NH3) 

Chromium (Cr) 

Boron trioxide 

Nickel (Ni) 

Molybdenum (Mo) 

Niobium (Nb) 

Formic acid (CH2O2) 

Cobalt (Co) 

8.743 

4.625 

2.844 

1.960 

1.921 

1.787 

1.343 

1.067 

0.940 

0.938 

0.882 

0.838 

0.767 

0.706 

0.699 

0.698 

0.678 

0.674 

0.670 

0.670 

0.669 

0.615 

0.580 

0.478 

0.468 

0.463 

0.462 

0.438 

0.437 

0.419 

0.410 

0.398 

0.368 

0.356 

0.334 

0.332 

0.331 

0.317 

0.297 

0.289 

0.285 

0.276 

0.276 

Iron (Fe) 

Manganese (Mn) 

Uranium dioxide 

Plutonium dioxide 

Zirconium (Zr) 

Dry granite180 

Dodecane (C12H26) 

Calcium (Ca) 

Copper (Cu) 

Decane (C10H22) 

Glycerol (C3H8O3) 

Stearic acid (C18H36O2) 

Hydrogen fluoride (HF) 

Uranium carbide 

Tungsten (W) 

Silicon dioxide (quartz) 

Carbon dioxide (CO2) 

Acetic acid (C2H4O2) 

Ethylene glycol (C2H6O2) 

Octane (C8H18) 

Carbon tetrachloride (CCl4) 

Tantalum (Ta) 

Rhodium (Rh) 

Palmitic acid (C16H32O2) 

Sulfuric acid (H2SO4) 

Antimony (Sb) 

Hexane (C6H14) 

Naphthalene (C10H8) 

Osmium (Os) 

Heptane (C7H16) 

Iridium (Ir) 

Cyclopropane (C3H8) 

Benzene (C6H6) 

Phenol (C6H6O) 

Ethylene (C2H4) 

Aniline (C6H7N) 

Sodium (Na) 

Zinc (Zn) 

Silver (Ag) 

Ethanol (C2H5OH) 

Xenon difluoride (XeF2) 

Platinum (Pt) 

Methanol (CH3OH) 

0.272 

0.268 

0.259 

0.255 

0.230 

0.220 

0.216 

0.213 

0.205 

0.201 

0.201 

0.199 

0.196 

0.196 

0.193 

0.188 

0.184 

0.181 

0.181 

0.181 

0.174 

0.172 

0.167 

0.164 

0.163 

0.161 

0.152 

0.147 

0.142 

0.140 

0.138 

0.129 

0.127 

0.121 

0.119 

0.114 

0.113 

0.113 

0.111 

0.108 

0.100 

0.100 

0.099 

Acetone (C3H6O) 

Diethyl ether (C4H10O) 

Strontium (Sr) 

Chlorine (Cl2) 

Isopropyl alcohol (C3H8O) 

Propane (C3H8) 

Xenon tetrafluoride (XeF4) 

Methylpropane (C4H10) 

Chloroform (CHCl3) 

Nitric oxide 

Toluene (C7H8) 

Thorium (Th) 

Propylene (C3H6) 

Selenium (Se) 

Bromine (Br2) 

Gold (Au) 

Iodine (I2) 

Potassium (K) 

Tin (Sn) 

Methane (CH4) 

Barium (Ba) 

Hydrogen (H2) 

Carbon disulfide (CS2) 

Cadmium (Cd) 

Bismuth (Bi) 

Uranium (U) 

Sulfur (S) 

Phosphine (PH3) 

Carbon monoxide (CO) 

Argon (Ar) 

Nitrogen (N2) 

Rubidium (Rb) 

Lead (Pb) 

Xenon (Xe) 

Neon (Ne) 

Cesium (Cs) 

Oxygen (O2) 

Fluorine (F2) 

Plutonium (Pu) 

Helium (He) 

Mercury (Hg) 

Germane (GeH4) 

0.098 

0.093 

0.091 

0.090 

0.088 

0.080 

0.079 

0.078 

0.077 

0.077 

0.072 

0.071 

0.070 

0.067 

0.067 

0.063 

0.062 

0.061 

0.059 

0.058 

0.058 

0.058 

0.058 

0.055 

0.052 

0.050 

0.039 

0.033 

0.030 

0.030 

0.026 

0.026 

0.023 

0.017 

0.016 

0.016 

0.014 

0.013 

0.013 

0.012 

0.011 

0.011 
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Table 14.  Maximum exploitable heat of fusion energy density for solid/liquid latent heat 

cycling 
 

 

Material Cycling  

Between Solid and 

Liquid Phases 

 

 

Energy 

Density 

(MJ/L) 

 

Material Cycling  

Between Solid and 

Liquid Phases 

 

 

Energy 

Density 

(MJ/L) 

 

Material Cycling 

Between Solid and 

Liquid Phases 

 

 

Energy 

Density 

(MJ/L) 
Carbon (C) 

Boron (B) 

Beryllium oxide 

Magnesium oxide 

Vanadium monoxide 

Silicon (Si) 

Nickel monoxide 

Niobium monoxide 

Calcium oxide 

Aluminum oxide 

Cobalt monoxide 

Manganese monoxide 

Zirconium dioxide 

Lithium oxide 

Titanium dioxide 

Tungsten (W) 

Cerium dioxide 

Vanadium sesquioxide 

Strontium oxide 

Titanium sesquioxide 

Magnesium fluoride 

Plutonium dioxide 

Osmium (Os) 

Uranium dioxide 

Molybdenum (Mo) 

Scandium sesquioxide 

Uranium carbide 

Iridium (Ir) 

Tantalum (Ta) 

Iron monoxide 

Germanium (Ge) 

Cobalt (Co) 

Niobium (Nb) 

Yttrium sesquioxide 

Nickel (Ni) 

Vanadium (V) 

Chromium (Cr) 

Platinum (Pt) 

Iron (Fe) 

Rhodium (Rh) 

Titanium (Ti) 

Copper (Cu) 

Manganese (Mn) 

11.98 

9.620 

8.560 

6.875 

5.398 

4.593 

4.521 

4.487 

4.486 

4.374 

4.315 

4.164 

4.012 

3.946 

3.546 

3.397 

3.333 

3.263 

3.169 

3.136 

2.959 

2.922 

2.840 

2.839 

2.696 

2.694 

2.666 

2.622 

2.580 

2.509 

2.452 

2.445 

2.442 

2.321 

2.320 

2.255 

2.085 

1.977 

1.899 

1.787 

1.722 

1.644 

1.595 

Peridotite181 

Beryllium (Be) 

Zirconium (Zr) 

Potassium fluoride 

Gold (Au) 

Antimony (Sb) 

Sodium chloride 

Silver (Ag) 

Scandium (Sc) 

Boron trioxide 

Aluminum (Al) 

Uranium (U) 

Thorium (Th) 

Zinc (Zn) 

Magnesium (Mg) 

Bismuth (Bi) 

Dry granite182 

Silicon dioxide (quartz) 

Cadmium (Cd) 

Xenon difluoride (XeF2) 

Tin (Sn) 

Lithium (Li) 

Formic acid (CH2O2) 

Water (H2O) 

Xenon tetrafluoride (XeF4) 

Carbon tetrachloride (CCl4) 

Iodine (I2) 

Sulfuric acid (H2SO4) 

Calcium (Ca) 

Carbon dioxide (CO2) 

Ammonia (NH3) 

Selenium (Se) 

Glycerol (C3H8O3) 

Lead (Pb) 

Strontium (Sr) 

Plutonium (Pu) 

Bromine (Br2) 

Ethylene glycol (C2H6O2) 

Barium (Ba) 

Acetic acid (C2H4O2) 

Hydrogen fluoride (HF) 

Stearic acid (C18H36O2) 

Dodecane (C12H26) 

1.560 

1.491 

1.335 

1.161 

1.091 

1.051 

1.036 

1.035 

0.997 

0.996 

0.945 

0.865 

0.832 

0.742 

0.583 

0.522 

0.517 

0.498 

0.440 

0.434 

0.412 

0.343 

0.337 

0.333 

0.318 

0.315 

0.307 

0.300 

0.294 

0.287 

0.271 

0.267 

0.253 

0.245 

0.217 

0.210 

0.207 

0.201 

0.195 

0.190 

0.188 

0.168 

0.162 

Mercury (Hg) 

Decane (C10H22) 

Naphthalene (C10H8) 

Chlorine (Cl2) 

Palmitic acid (C16H32O2) 

Phenol (C6H6O) 

Octane (C8H18) 

Chloroform (CHCl3) 

Aniline (C6H7N) 

Benzene (C6H6) 

Sodium (Na) 

Hexane (C6H14) 

Heptane (C7H16) 

Carbon disulfide (CS2) 

Cyclopropane (C3H8) 

Ethanol (C2H5OH) 

Methanol (CH3OH) 

Acetone (C3H6O) 

Sulfur (S) 

Isopropyl alcohol (C3H8O) 

Ethylene (C2H4) 

Diethyl ether (C4H10O) 

Toluene (C7H8) 

Xenon (Xe) 

Potassium (K) 

Methylpropane (C4H10) 

Propane (C3H8) 

Propylene (C3H6) 

Argon (Ar) 

Rubidium (Rb) 

Cesium (Cs) 

Methane (CH4) 

Phosphine (PH3) 

Carbon monoxide (CO) 

Nitrogen (N2) 

Oxygen (O2) 

Fluorine (F2) 

Neon (Ne) 

Germane (GeH4) 

Hydrogen (H2) 

Helium (He) 

0.153 

0.147 

0.141 

0.141 

0.140 

0.129 

0.127 

0.120 

0.116 

0.112 

0.105 

0.100 

0.095 

0.089 

0.088 

0.085 

0.078 

0.077 

0.071 

0.069 

0.068 

0.066 

0.063 

0.051 

0.051 

0.046 

0.046 

0.043 

0.041 

0.037 

0.029 

0.025 

0.025 

0.024 

0.022 

0.022 

0.020 

0.020 

0.015 

0.004 

0.002 
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Among existing practical systems, ice storage air conditioning makes use of the heat of fusion of 

water by using cheaper electricity at night to freeze water into ice, then using warm daytime ice 

melting to reduce electricity demands during the more expensive afternoon peak demand 

period.
183

  ñPumpable iceò technology uses 5-10,000 µm ice particles in a slush or slurry as a 

refrigerant fluid.
184

 

 

Molten silicon energy storage systems currently under investigation in Spain
185

 and Australia
186

 

are claimed to be able to store more than ~3.6 MJ/L at 1400 ºC, with conversion efficiencies over 

50%. 

 

Immiscible metal alloys used in Miscibility Gap Alloy storage systems
187

 also rely on the phase 

change of a metallic material to store thermal energy,
188

 and are claimed to achieve energy 

storage densities in the range 0.2-2.2 MJ/L.
189

 

 

A number of fairly low-performance solid/liquid phase change materials
190

 are already in 

widespread commercial use. 

 

 

                                                 

 
183

 https://en.wikipedia.org/wiki/Ice_storage_air_conditioning. 
184

 https://en.wikipedia.org/wiki/Pumpable_ice_technology. 

 
185

 ñMolten silicon used for thermal energy storage,ò The Engineer, 18 Oct 2016; 

https://www.theengineer.co.uk/molten-silicon-used-for-thermal-energy-storage/. 

 
186

 ñEnergy storage system based on silicon from sand,ò Power Engineering International, 17 Nov 2015; 

http://www.powerengineeringint.com/articles/2015/11/australian-company-develops-energy-storage-

system-based-on-silicon-from-sand.html. 

 
187

 

https://en.wikipedia.org/wiki/Thermal_energy_storage#Miscibility_Gap_Alloy_technology_.28MGA.29. 

 
188

 Rawson A, Kisi E, Sugo H, Fiedler T. Effective conductivity of CuïFe and SnïAl miscibility gap alloys. 

International Journal of Heat and Mass Transfer 2014 Oct 1;77:395-405; 

http://www.sciencedirect.com/science/article/pii/S0017931014004244. 

 
189

 Sugo H, Kisi E, Cuskelly D. Miscibility gap alloys with inverse microstructures and high thermal 

conductivity for high energy density thermal storage applications. Applied Thermal Engineering. 2013 Mar 

1;51(1-2):1345-1350; http://www.sciencedirect.com/science/article/pii/S1359431112007818. 

 
190

 https://en.wikipedia.org/wiki/Phase-change_material. 
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3.2.2  Heat of Vaporization 

Latent heat energy storage systems that exploit the energy that released during a phase change 

between liquid and vapor in the storage material have not been widely explored.  The heat of 

vaporization (aka. ñenthalpy of vaporizationò or ñheat of condensationò during the energy 

extraction half of the cycle) is most commonly reported at a normal pressure of 1 atm.  This 

presents an interesting issue in storage system design, because the volume of a vapor at 1 atm will 

normally be a thousand-fold larger than the volume of the same mass of storage material in liquid 

form.  A practical storage system will require, in most circumstances, a more compact volume in 

which to store the vapor portion of the cycle. 

 

To deal with this issue, let us first consider the exemplar phase diagram for water in the chart, 

below.
191

  The vaporization or condensation of water takes place along the ñphase boundaryò 

separating the liquid and vapor phases, starting from the triple point at 273 K and 0.006 atm 

(0.0061 MPa) and ending at the critical point at 647 K and 218 atm (22 MPa).  The conventional 

boiling point of 373 K is reported at the normal atmospheric pressure of 1 atm.  At temperatures 

below the triple point temperature of 273 K, the liquid form of water does not exist and solid ice 

sublimates directly into vapor form without boiling.  At temperatures above the critical point 

temperature of 647 K, boiling also cannot occur because the liquid and vapor phases have become 

thermodynamically indistinguishable. 

 

 

 

                                                 

 
191

 https://en.wikipedia.org/wiki/Water_(data_page)#Phase_diagram. 

 

https://en.wikipedia.org/wiki/Water_(data_page)#Phase_diagram
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The chart at right
192

 shows what 

happens to the heat of vaporization at 

various temperatures along the 

liquid/vapor phase boundary (the 

purple curve on the chart).  Because 

vapor is highly compressible, the heat 

of vaporization (reported here as 

J/mole) is highest at the triple point 

temperature (which happens to be just 

0.01 K above the melting point for 

water) and falls when temperature and 

pressure rises as we follow the phase 

boundary upward, eventually reaching 

zero at the critical point temperature 

and pressure.  Three other common 

liquid materials shown on the chart 

exhibit similar behavior. 

 

The chart at left shows the specific heat of vaporization 

(MJ/kg) for water as a function of pressure (atm) along 

the liquid/vapor phase boundary.
193

  The specific heat 

is a maximum (2.502 MJ/kg ) at the triple point 

(273.16 K, 0.006 atm) very near the freezing point, 

only slightly lower (2.256 MJ/kg) at the conventional 

boiling point (373.15 K, 1 atm), but falling to 0 MJ/kg 

at the critical point (647 K, 218 atm).  However, heat 

of vaporization data is usually reported at the normal 

boiling 

temperature 

for the 

substance at 1 atm, not at the triple point where the value 

would be at its highest.  Hence the use of conventional 

boiling-point data for the heat of vaporization will often 

somewhat underestimate the maximum specific heat of 

vaporization that is actually available at the triple point, 

yielding a ñconservativeò estimate of the energy storage 

capacity of the material.  In a few cases such as carbon 

dioxide (chart, right),
194

 the material can only sublime at 

                                                 

 
192

 https://en.wikipedia.org/wiki/Enthalpy_of_vaporization. 

 
193

 Data sources:  ñSaturated Steam Tableò http://www.systhermique.com/steam-

condensate/tables/saturated-steam-table/;   Handbook of Chemistry and Physics, 49th edition (1969):E-12. 

 
194

 Data sources:  Heat of vaporization http://www.ddbst.com/en/EED/PCP/HVP_C1050.php and density 

http://www.peacesoftware.de/einigewerte/co2_e.html for CO2 as a function of pressure and temperature. 

 

H2O 

CO2 

https://en.wikipedia.org/wiki/Enthalpy_of_vaporization
http://www.systhermique.com/steam-condensate/tables/saturated-steam-table/
http://www.systhermique.com/steam-condensate/tables/saturated-steam-table/
http://www.ddbst.com/en/EED/PCP/HVP_C1050.php
http://www.peacesoftware.de/einigewerte/co2_e.html
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1 atm, and the pressure must be raised to the triple point pressure of 5.117 atm before the 

substance can be liquefied and made to boil.  In this case, the heat of vaporization is reported at 

the triple point (215.58 K), giving the true maximum value of 0.3482 MJ/kg for the specific heat 

of vaporization. 

 

Table 15 shows a ranked list of the specific heat of vaporization for the pure elements, various 

oxides, organics and other representative liquids (range 0.02-50.8 MJ/kg),
195

 ñconservativelyò 

estimated using the conventional heat of vaporization at the boiling temperature at 1 atm in 

almost all cases, as described above.  Once again carbon tops the list, but to repeatedly cycle 

between liquid and vapor graphite to extract (or recharge) the latent heat of vaporization will 

require continuous pressurization of the storage materials to at least 10.8 MPa (107 atm) to obtain 

liquid or vapor carbon at the triple point
196

 (see carbon phase diagram chart, Section 3.1.2).  The 

very high required operating temperature of Tb.p. ~ 4700 K at pressures Ó 107 atm will make it 

very challenging to find a suitable container. 

                                                 

 
195

 Data Sources:  Handbook of Chemistry and Physics, 49th edition (1969):D-33 to D-37, Wikipedia, Air 

Liquide http://encyclopedia.airliquide.com/Encyclopedia.asp, Heat of Vaporization of the elements 

(Wolfram Research) http://periodictable.com/Properties/A/VaporizationHeat.an.html,  

Engineering Toolbox (http://www.engineeringtoolbox.com/melting-boiling-temperatures-d_390.html, 

http://www.engineeringtoolbox.com/fluids-evaporation-latent-heat-d_147.html), Al 2O3  

http://www.matweb.com/search/datasheet.aspx?matguid=c8c56ad547ae4cfabad15977bfb537f1&ckck=1, 

boron http://periodictable.com/Elements/005/data.html, CaO 

https://books.google.com/books?id=ZJk3BQAAQBAJ&pg=PA137, CO2, 

https://en.wikipedia.org/wiki/Carbon_dioxide_(data_page), formic acid 

https://cameochemicals.noaa.gov/chris/FMA.pdf, HF http://pubs.acs.org/doi/abs/10.1021/ja01101a066, 

isopropyl alcohol (https://www.alibaba.com/product-detail/we-can-supply-iso-propyl-

alcohol_1276438951.html), KF  http://chemister.ru/Database/properties-en.php?dbid=1&id=530, MgF2  

http://chemister.ru/Database/properties-en.php?dbid=1&id=641, MgO http://www.microkat.gr/msdspd90-

99/Magnesium%20oxide.htm, NaCl and KCl  

https://books.google.com/books?id=qMQ6AQAAMAAJ&pg=PA615, naphthalene 

https://cameochemicals.noaa.gov/chris/NTM.pdf, palmitic acid 

(https://pubchem.ncbi.nlm.nih.gov/compound/palmitic_acid), phenol 

(https://pubchem.ncbi.nlm.nih.gov/compound/phenol), PuO2 (p.43), UC (p.53), and BeO (p131) [Kirillov 

PL, ed. Thermophysical Properties of materials for Nuclear Engineering, Obninsk, 2006; 

https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=24&ved=0ahUKEwjB48PNl-

7SAhUHwlQKHY1kBJg4FBAWCCowAw&url=http%3A%2F%2Ftherpro.hanyang.ac.kr%2Fcontent%2F

attach_down.jsp%3Fdispos%3Dy%26b%3D130890718532272%26n%3D1%26&usg=AFQjCNFxECDC4l

Tq3rk4f2Yrv6aCbN_Jtg&bvm=bv.150475504,d.cGw&cad=rjastearic acid 

(http://www.chemicalbook.com/ProductMSDSDetailCB4853859_EN.htm), SiO  

http://onlinelibrary.wiley.com/doi/10.1111/j.1151-2916.1967.tb15135.x/abstract, TiO2 

http://www.chemicalbook.com/ProductMSDSDetailCB7461626_EN.htm, and ZrO2  

https://archive.org/stream/DTIC_AD0018364/DTIC_AD0018364_djvu.txt.  Regarding carbon, the book 

(Barrett J, Malati MA. Fundamentals of Inorganic Chemistry, Horwood Publishing, 1998, p. 162; 

https://books.google.com/books?id=pwEDm8u5PVsC&pg=PA102) reports 715 kJ/mole (59.529 MJ/kg) as 

the heat of sublimation for graphite;  subtracting 8.743 MJ/kg as our previously reported latent heat of 

fusion to melt graphite gives an estimate of 50.786 MJ/kg for the latent heat of vaporization for carbon. 

 
196

 Zazula JM. On Graphite Transformations at High Temperature and Pressure Induced by Absorption of 

the LHC Beam. CERN LHC Project Note 78/97, 1997 Jan 18; 

http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.617.810&rep=rep1&type=pdf. 

 

http://encyclopedia.airliquide.com/Encyclopedia.asp
http://periodictable.com/Properties/A/VaporizationHeat.an.html
http://www.engineeringtoolbox.com/melting-boiling-temperatures-d_390.html
http://www.engineeringtoolbox.com/fluids-evaporation-latent-heat-d_147.html
http://www.matweb.com/search/datasheet.aspx?matguid=c8c56ad547ae4cfabad15977bfb537f1&ckck=1
http://periodictable.com/Elements/005/data.html
https://books.google.com/books?id=ZJk3BQAAQBAJ&pg=PA137
https://en.wikipedia.org/wiki/Carbon_dioxide_(data_page)
https://cameochemicals.noaa.gov/chris/FMA.pdf
http://pubs.acs.org/doi/abs/10.1021/ja01101a066
https://www.alibaba.com/product-detail/we-can-supply-iso-propyl-alcohol_1276438951.html
https://www.alibaba.com/product-detail/we-can-supply-iso-propyl-alcohol_1276438951.html
http://chemister.ru/Database/properties-en.php?dbid=1&id=530
http://chemister.ru/Database/properties-en.php?dbid=1&id=641
http://www.microkat.gr/msdspd90-99/Magnesium%20oxide.htm
http://www.microkat.gr/msdspd90-99/Magnesium%20oxide.htm
https://books.google.com/books?id=qMQ6AQAAMAAJ&pg=PA615
https://cameochemicals.noaa.gov/chris/NTM.pdf
https://pubchem.ncbi.nlm.nih.gov/compound/palmitic_acid
https://pubchem.ncbi.nlm.nih.gov/compound/phenol
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=24&ved=0ahUKEwjB48PNl-7SAhUHwlQKHY1kBJg4FBAWCCowAw&url=http%3A%2F%2Ftherpro.hanyang.ac.kr%2Fcontent%2Fattach_down.jsp%3Fdispos%3Dy%26b%3D130890718532272%26n%3D1%26&usg=AFQjCNFxECDC4lTq3rk4f2Yrv6aCbN_Jtg&bvm=bv.150475504,d.cGw&cad=rja
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=24&ved=0ahUKEwjB48PNl-7SAhUHwlQKHY1kBJg4FBAWCCowAw&url=http%3A%2F%2Ftherpro.hanyang.ac.kr%2Fcontent%2Fattach_down.jsp%3Fdispos%3Dy%26b%3D130890718532272%26n%3D1%26&usg=AFQjCNFxECDC4lTq3rk4f2Yrv6aCbN_Jtg&bvm=bv.150475504,d.cGw&cad=rja
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=24&ved=0ahUKEwjB48PNl-7SAhUHwlQKHY1kBJg4FBAWCCowAw&url=http%3A%2F%2Ftherpro.hanyang.ac.kr%2Fcontent%2Fattach_down.jsp%3Fdispos%3Dy%26b%3D130890718532272%26n%3D1%26&usg=AFQjCNFxECDC4lTq3rk4f2Yrv6aCbN_Jtg&bvm=bv.150475504,d.cGw&cad=rja
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=24&ved=0ahUKEwjB48PNl-7SAhUHwlQKHY1kBJg4FBAWCCowAw&url=http%3A%2F%2Ftherpro.hanyang.ac.kr%2Fcontent%2Fattach_down.jsp%3Fdispos%3Dy%26b%3D130890718532272%26n%3D1%26&usg=AFQjCNFxECDC4lTq3rk4f2Yrv6aCbN_Jtg&bvm=bv.150475504,d.cGw&cad=rja
http://www.chemicalbook.com/ProductMSDSDetailCB4853859_EN.htm
http://onlinelibrary.wiley.com/doi/10.1111/j.1151-2916.1967.tb15135.x/abstract
http://www.chemicalbook.com/ProductMSDSDetailCB7461626_EN.htm
https://archive.org/stream/DTIC_AD0018364/DTIC_AD0018364_djvu.txt
https://books.google.com/books?id=pwEDm8u5PVsC&pg=PA102
http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.617.810&rep=rep1&type=pdf


50 

 

       

 

 
 

Table 15.  Exploitable specific heat of vaporization for liquid/vapor latent heat cycling 
 

 

Material Cycling  

Between Liquid and 

Vapor Phases 

 

 

Specific 

Energy 

(MJ/kg) 

 

Material Cycling  

Between Liquid and 

Vapor Phases 

 

 

Specific 

Energy 

(MJ/kg) 

 

Material Cycling  

Between Liquid and 

Vapor Phases 

 

 

Specific 

Energy 

(MJ/kg) 
Carbon (C) 

Boron (B) 

Beryllium (Be) 

Lithium (Li)  

Beryllium oxide 

Aluminum oxide 

Calcium oxide 

Silicon (Si) 

Aluminum (Al) 

Vanadium (V) 

Titanium (Ti) 

Magnesium oxide 

Lithium oxide 

Titanium dioxide 

Niobium (Nb) 

Scandium (Sc) 

Silicon monoxide 

Chromium (Cr) 

Cobalt (Co) 

Zirconium (Zr) 

Nickel (Ni) 

Molybdenum (Mo) 

Iron (Fe) 

Silicon dioxide (quartz) 

Magnesium (Mg) 

Rhodium (Rh) 

Copper (Cu) 

Germanium (Ge) 

Tungsten (W) 

Vanadium monoxide 

Magnesium fluoride 

Sodium (Na) 

Manganese (Mn) 

Tantalum (Ta) 

Calcium (Ca) 

Cobalt monoxide 

Boron trioxide 

Osmium (Os) 

Iron monoxide 

Sodium chloride 

Iridium (Ir) 

Potassium fluoride 

Platinum (Pt) 

50.79 

46.90 

32.45 

21.03 

19.60 

19.38 

10.97 

10.68 

10.50 

8.873 

8.795 

8.205 

7.840 

7.667 

7.498 

6.989 

6.880 

6.622 

6.389 

6.376 

6.311 

6.232 

6.090 

6.050 

5.242 

4.791 

4.726 

4.599 

4.482 

4.380 

4.370 

4.218 

4.114 

4.106 

3.833 

3.406 

3.310 

3.299 

3.200 

3.170 

3.142 

2.974 

2.614 

Tin (Sn) 

Germanium dioxide 

Silver (Ag) 

Potassium chloride 

Water (H2O) 

Thorium (Th) 

Uranium carbide 

Tin dioxide 

Potassium (K) 

Uranium (U) 

Zinc (Zn) 

Gold (Au) 

Gallium trioxide 

Strontium (Sr) 

Uranium dioxide 

Ammonia (NH3) 

Plutonium dioxide 

Plutonium (Pu) 

Indium trioxide 

Niobium pentoxide 

Praseodymium sesquioxide 

Zirconium dioxide 

Methanol (CH3OH) 

Chromium trioxide 

Barium (Ba) 

Cerium sesquioxide 

Glycerol (C3H8O3) 

Samarium sesquioxide 

Cadmium (Cd) 

Lead (Pb) 

Rubidium (Rb) 

Ethanol (C2H5OH) 

Ethylene glycol (C2H6O2) 

Isopropyl alcohol (C3H8O) 

Antimony (Sb) 

Phenol (C6H6O) 

Acetone (C3H6O) 

Sulfuric acid (H2SO4) 

Cesium (Cs) 

Formic acid (CH2O2) 

Bismuth (Bi) 

Ethylene (C2H4) 

Methane (CH4) 

2.492 

2.440 

2.323 

2.270 

2.257 

2.217 

2.120 

2.080 

2.043 

1.765 

1.764 

1.698 

1.670 

1.643 

1.530 

1.371 

1.365 

1.332 

1.280 

1.260 

1.140 

1.140 

1.104 

1.050 

1.034 

1.020 

0.974 

0.960 

0.890 

0.858 

0.845 

0.841 

0.800 

0.732 

0.634 

0.614 

0.539 

0.510 

0.510 

0.502 

0.501 

0.482 

0.481 

Cyclopropane (C3H8) 

Aniline (C6H7N) 

Hydrogen (H2) 

Propylene (C3H6) 

Phosphine (PH3) 

Propane (C3H8) 

Acetic acid (C2H4O2) 

Benzene (C6H6) 

Hydrogen fluoride (HF) 

Methylpropane (C4H10) 

Hexane (C6H14) 

Diethyl ether (C4H10O) 

Palmitic acid (C16H32O2) 

Carbon disulfide (CS2) 

Toluene (C7H8) 

Carbon dioxide (CO2) 

Naphthalene (C10H8) 

Selenium (Se) 

Heptane (C7H16) 

Octane (C8H18) 

Mercury (Hg) 

Chlorine (Cl2) 

Decane (C10H22) 

Dodecane (C12H26) 

Chloroform (CHCl3) 

Xenon tetrafluoride (XeF4) 

Stearic acid (C18H36O2) 

Carbon monoxide (CO) 

Oxygen (O2) 

Xenon difluoride (XeF2) 

Nitrogen (N2) 

Carbon tetrachloride (CCl4) 

Bromine (Br2) 

Germane (GeH4) 

Fluorine (F2) 

Iodine (I2) 

Argon (Ar) 

Xenon (Xe) 

Neon (Ne) 

Sulfur (S) 

Helium (He) 

0.472 

0.450 

0.448 

0.439 

0.429 

0.426 

0.402 

0.390 

0.374 

0.365 

0.365 

0.353 

0.351 

0.351 

0.351 

0.348 

0.338 

0.333 

0.318 

0.298 

0.295 

0.288 

0.263 

0.256 

0.247 

0.230 

0.224 

0.215 

0.213 

0.204 

0.198 

0.194 

0.187 

0.184 

0.171 

0.164 

0.161 

0.096 

0.086 

0.054 

0.021 
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Second on the list and almost as good as graphite is elemental boron, a low-toxicity substance 

that provides the highest specific heat of vaporization at normal pressure.  The operating 

temperature will be somewhat lower than for graphite at Tb.p. = 4200 K at 1 atm, just low enough 

that a viable physical container conceivably might be made of some high melting point material 

such as tantalum hafnium carbide (Ta4HfC5, Tm.p. = 4215 K) or perhaps the recently 

computationally-discovered tantalum nitrogen carbon alloy (Ta0.53N0.20C0.27, Tm.p. ~ 4400 K)
197

 if 

it can be manufactured.  The triple point of boron is presently unknown,
198

 but might provide a 

somewhat lower operating temperature and a slightly higher specific heat of vaporization. 

 

Elemental beryllium provides the second-highest specific heat of vaporization at normal pressure, 

with a quite reasonable operating temperature of Tb.p. = 2742 K at 1 atm that should make 

containerization relatively easy.  The 35 µg of Be normally present in the average human body is 

not considered harmful, but any dust or fumes that are released and inhaled can cause 

berylliosis
199

 or acute beryllium poisoning.
200

 

 

The specific heat of vaporization of ~21 MJ/kg for elemental lithium is reported at the relatively 

modest boiling point of Tb.p. = 1603 K at 1 atm, but its triple point
201

 is an even lower 453.7 K at 2 

x 10
-13

 atm (an excellent vacuum), potentially an extremely low operating temperature for an 

energy storage system at which the heat of vaporization of lithium rises slightly to 22.40 

MJ/kg .
202

  Both beryllium oxide (see Section 3.2.1) and aluminum oxide also provide over 19 

MJ/kg  of energy storage capacity but again at the cost of very high operating temperatures (Tb.p. 

= 4170 K and 3250 K, respectively, at 1 atm).
203

 

                                                 

 
197

 Hong QJ, van de Walle A. Prediction of the material with highest known melting point from ab initio 

molecular dynamics calculations. Phys. Rev. B 2015 Jul 20;92:020104; 

http://authors.library.caltech.edu/59499/1/PhysRevB.92.020104.pdf. 

 
198

 Young DA. Phase Diagrams of the Elements, Lawrence Livermore Laboratory, UCRL-51902, 1975 Sep 

11, p. 7; http://www.iaea.org/inis/collection/NCLCollectionStore/_Public/07/255/7255152.pdf?r=1.  

Parakhonskiy G, Dubrovinskaia N, Bykova E, Wirth R, Dubrovinsky L. Experimental pressure-temperature 

phase diagram of boron: resolving the long-standing enigma. Scientific Reports 2011 Sep 19;1:96; 

http://www.nature.com/articles/srep00096. 

 
199

 https://en.wikipedia.org/wiki/Berylliosis. 
200

 https://en.wikipedia.org/wiki/Acute_beryllium_poisoning. 

 
201

 ñTable III. Some Thermodynamic Properties of Lithium,ò in D. Gruen. ed., The Chemistry of Fusion 

Technology: Proceedings of a Symposium on the Role of Chemistry in the Development of Controlled 

Fusion, an American Chemical Society Symposium, held in Boston, Massachusetts, April 1972, Springer 

Science & Business Media, 2012, p. 96; https://books.google.com/books?id=oEnhBwAAQBAJ&pg=PA96. 

 
202

 Williams RK, Coleman GL, Yarbrough DW. An Evaluation of Some Thermodynamic and Transport 

Properties of Solid and Liquid Lithium over the Temperature range 200-1700 K, Oak Ridge National 

Laboratory, ORNL/TM-10622, March 1988, p. 8; 

http://web.archive.org/web/20170127012232/http://web.ornl.gov/info/reports/1988/3445602747393.pdf. 
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 https://en.wikipedia.org/wiki/Beryllium_oxide and https://en.wikipedia.org/wiki/Aluminium_oxide. 
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These estimates for the specific heat of vaporization (MJ/kg) of various materials are relatively 

straightforward, but similar estimates for the heat of vaporization energy density (MJ/L) are not 

so simple.  This is because, as noted earlier, the volume of a vapor at 1 atm may be a thousand-

fold larger than the volume of the same mass of storage material in liquid form, leading to 

impractically low values of MJ/L.  One possible solution to this problem is to seek a more 

compact volume in which to store the vapor portion of the cycle. 

 

To release the stored condensation energy, a systemôs pressure and temperature must lie 

somewhere on the gas/liquid phase boundary and must traverse that boundary by, for example, 

bringing a cold sink into contact with the hot vapor source.  The chart of the heat of vaporization 

(Hvap, in MJ/kg) of water as a function of pressure presented earlier shows that Hvap is highest at 

the lowest pressure on the gas/liquid phase boundary and falls to zero at the highest pressure.  

However, the density (ɟvap, in kg/L) of the vaporous storage material responds oppositely, rising 

linearly with increasing pressure.  As a result, the heat of vaporization energy density (EDvap ~  

ɟvap Hvap, in MJ/L), which is the product of these two pressure-dependent variables, falls to lows 

at the highest and lowest pressures but reaches a maximum value at some intermediate pressure 

on the gas/liquid phase boundary, as shown by the arrows in the charts for water (below, left) and 

carbon dioxide (below, right).  An energy storage system would be operated at that pressure. 

 

           
 

ñSteam tablesò and fluid density along the gas/liquid phase boundary for most materials can be 

difficult or impossible to find.  However, a simple power formula
204

 for estimating the heat of 

vaporization as a function of temperature along the gas/liquid phase boundary shows that the 

shapes of the curves are basically the same for a wide variety of inorganic liquids, hydrocarbons, 

water, CO2, NH3, and several elemental metals and gases, varying only by a scalar slope 

parameter that provides an excellent estimate with an average error of only 0.94%.  Can we find a 

method for at least coarsely estimating the maximum value of the heat of vaporization energy 

density, or EDvapMax, at the peaks of the above two charts? 

 

In the case of liquid water at Tb.p. = 373.15 K and 1 atm pressure, EDvap ~ 0.001 MJ/L, and is 0 

MJ/L at 647 K and 218 atm (critical point), but rises to a peak of 0.105 MJ/L at 636 K and 192 

atm.  Since Hvap (192 atm) = 0.649 MJ/kg and Hvap (1 atm, Tb.p.) = 2.256 MJ/kg, EDvap is a 

                                                 

 
204

 Martin JJ, Edwards JB. Correlation of the latent heats of vaporization. A.I.Ch.E. Journal 1965 

Mar;11(2):331-333; https://deepblue.lib.umich.edu/bitstream/handle/2027.42/37333/690110226_ftp.pdf. 

H2O CO2 
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maximum at 0.288 Hvap (1 atm, Tb.p.);  also, since ɟvap (192 atm) = 0.161 kg/L and ɟliq (1 atm, Tb.p.) 

= 0.958 kg/L, EDvap is a maximum at 0.168 ɟliq (1 atm, Tb.p.);  therefore, EDvapMax ~ 0.29 Hvap (1 

atm, Tb.p.) x 0.17 ɟliq (1 atm, Tb.p.) for water. 

 

In the case of liquid carbon dioxide at Tt.p. = 216 K (triple point) and 5.12 atm pressure, EDvap ~ 

0.006 MJ/L , and is 0 MJ/L  at 304 K and 72.8 atm (critical point), but rises to a peak of 0.0293 

MJ/L  at 298 K and 62.7 atm.  Since Hvap (62.7 atm) = 0.121 MJ/kg  and Hvap (5.12 atm, Tt.p.) = 

0.348 MJ/kg , EDvap is a maximum at 0.348 Hvap (5.12 atm, Tt.p.);  also, since ɟvap (62.7 atm) = 

0.242 kg/L and ɟliq (5.12 atm, Tt.p.) = 1.179 kg/L, EDvap is a maximum at 0.205 ɟliq (5.12 atm, Tt.p.);  

therefore, EDvapMax ~ 0.35 Hvap (5.12 atm, Tt.p.) x 0.21 ɟliq (5.12 atm, Tt.p.) for carbon dioxide. 

 

For further confirmation, the above analysis was 

repeated for the case of liquid ammonia
205

 at Tt.p. = 

195.4 K (triple point) and 6060 Pa (0.0598 atm) 

pressure, where EDvap ~ 0.00011 MJ/L, and is 0 MJ/L  

at 405.5 K and 111.3 atm (critical point), but rises to a 

peak of 0.0481 MJ/L  at 394 K and 91.5 atm (see 

chart, left).  Since Hvap (91.5 atm) = 0.466 MJ/kg and 

Hvap (0.0598 atm, Tt.p.) = 1.485 MJ/kg, EDvap is a 

maximum at 0.314 Hvap (0.0598 atm, Tt.p.);  also, since 

ɟvap (91.5 atm) = 0.103 kg/L and ɟliq (0.0598 atm, Tt.p.) 

= 0.732 kg/L, EDvap is a maximum at 0.141 ɟliq 

(0.0598 atm, Tt.p.);  therefore, EDvapMax ~ 0.31 Hvap 

(5.12 atm, Tt.p.) x 0.14 ɟliq (5.12 atm, Tt.p.) for ammonia, largely consistent with the previous two 

examples, above. 

 

Table 16 shows a ranked list of the maximum heat of vaporization energy density for the pure 

elements, various oxides, organics and other representative liquids (range 0.0001-5.27 MJ/L ), as 

crudely estimated using the parameters derived from the water, carbon dioxide and ammonia 

examples above, employing the consensus formula:  EDvapMax ~ 0.30 Hvap x 0.18 ɟliq, where Hvap 

is the heat of vaporization reported under boiling conditions (normally at 1 atm) and ɟliq is the 

liquid density reported under boiling conditions (normally at 1 atm)
206

.  The values reported for 

H2O, CO2 and NH3 in Table 16 are the ñactualò numbers calculated as described using the charts 

above.  The other values should be validated prior to use for engineering purposes. 

 

Of the top three materials on the list ï specifically boron (Tb.p. = 4200 K at 1 atm), aluminum 

oxide (Tb.p. = 3250 K at 1 atm), and tungsten (Tb.p. = 6203 K at 1 atm) ï aluminum oxide will be 

the easiest storage material for which to provide physical containment.  Tungsten is even more 

problematic than graphite vapor (Tb.p. ~ 4700 K at Ó 107 atm;  see above). 

                                                 

 
205
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Table 16.  Exploitable heat of vaporization energy density for liquid/vapor latent heat cycling 
 

 

Material Cycling  

Between Liquid and 

Vapor Phases 

 

 

Energy 

Density 

(MJ/L) 

 

Material Cycling  

Between Liquid and 

Vapor Phases 

 

 

Energy 

Density 

(MJ/L) 

 

Material Cycling  

Between Liquid and 

Vapor Phases 

 

 

Energy 

Density 

(MJ/L) 
Boron (B) 

Aluminum oxide 

Tungsten (W) 

Carbon (C) 

Osmium (Os) 

Niobium (Nb) 

Tantalum (Ta) 

Iridium (Ir) 

Beryllium oxide 

Molybdenum (Mo) 

Cobalt (Co) 

Beryllium (Be) 

Platinum (Pt) 

Rhodium (Rh) 

Nickel (Ni) 

Vanadium (V) 

Iron (Fe) 

Chromium (Cr) 

Copper (Cu) 

Zirconium (Zr) 

Calcium oxide 

Titanium (Ti) 

Titanium dioxide 

Uranium (U) 

Gold (Au) 

Magnesium oxide 

Uranium carbide 

Silicon (Si) 

Thorium (Th) 

Germanium (Ge) 

Vanadium monoxide 

Aluminum (Al) 

Manganese (Mn) 

Plutonium (Pu) 

Cobalt monoxide 

Silver (Ag) 

Scandium (Sc) 

Iron monoxide 

Tin (Sn) 

Uranium dioxide 

Silicon dioxide (quartz) 

Lithium oxide 

Plutonium dioxide 

5.268 

4.291 

4.260 

3.757 

3.563 

3.470 

3.326 

3.224 

3.186 

3.140 

3.057 

2.961 

2.791 

2.768 

2.662 

2.635 

2.295 

2.253 

2.047 

1.997 

1.979 

1.952 

1.751 

1.648 

1.587 

1.586 

1.560 

1.482 

1.404 

1.391 

1.362 

1.347 

1.322 

1.196 

1.185 

1.169 

1.057 

0.9927 

0.9405 

0.9055 

0.8651 

0.8522 

0.8477 

Silicon monoxide 

Tin dioxide 

Magnesium fluoride 

Zinc (Zn) 

Lithium (Li)  

Gallium trioxide 

Boron trioxide 

Germanium dioxide 

Indium trioxide 

Lead (Pb) 

Magnesium (Mg) 

Samarium sesquioxide 

Praseodymium sesquioxide 

Potassium fluoride 

Cadmium (Cd) 

Sodium chloride 

Zirconium dioxide 

Cerium sesquioxide 

Niobium pentoxide 

Calcium (Ca) 

Bismuth (Bi) 

Potassium chloride 

Antimony (Sb) 

Mercury (Hg) 

Sodium (Na) 

Strontium (Sr) 

Barium (Ba) 

Chromium trioxide 

Water (H2O) 

Potassium (K) 

Selenium (Se) 

Rubidium (Rb) 

Glycerol (C3H8O3) 

Cesium (Cs) 

Sulfuric acid (H2SO4) 

Xenon tetrafluoride (XeF4) 

Ammonia (NH3) 

Ethylene glycol (C2H6O2) 

Xenon difluoride (XeF2) 

Methanol (CH3OH) 

Iodine (I2) 

Ethanol (C2H5OH) 

Phenol (C6H6O) 

0.7913 

0.7694 

0.7429 

0.6257 

0.5813 

0.5808 

0.5623 

0.5571 

0.4962 

0.4937 

0.4484 

0.4327 

0.4248 

0.3983 

0.3841 

0.3706 

0.3497 

0.3415 

0.3130 

0.2852 

0.2722 

0.2432 

0.2234 

0.2158 

0.2111 

0.2108 

0.1864 

0.1531 

0.1047 

0.0913 

0.0718 

0.0666 

0.0663 

0.0507 

0.0507 

0.0502 

0.0481 

0.0481 

0.0475 

0.0472 

0.0436 

0.0358 

0.0355 

Formic acid (CH2O2) 

Bromine (Br2) 

Isopropyl alcohol (C3H8O) 

Carbon dioxide (CO2) 

Aniline (C6H7N) 

Chlorine (Cl2) 

Carbon disulfide (CS2) 

Acetone (C3H6O) 

Acetic acid (C2H4O2) 

Hydrogen fluoride (HF) 

Chloroform (CHCl3) 

Benzene (C6H6) 

Naphthalene (C10H8) 

Cyclopropane (C3H8) 

Phosphine (PH3) 

Carbon tetrachloride (CCl4) 

Toluene (C7H8) 

Palmitic acid (C16H32O2) 

Xenon (Xe) 

Ethylene (C2H4) 

Propylene (C3H6) 

Fluorine (F2) 

Diethyl ether (C4H10O) 

Germane (GeH4) 

Propane (C3H8) 

Oxygen (O2) 

Hexane (C6H14) 

Argon (Ar) 

Methylpropane (C4H10) 

Heptane (C7H16) 

Octane (C8H18) 

Methane (CH4) 

Decane (C10H22) 

Dodecane (C12H26) 

Stearic acid (C18H36O2) 

Carbon monoxide (CO) 

Nitrogen (N2) 

Neon (Ne) 

Sulfur (S) 

Hydrogen (H2) 

Helium (He) 

0.0331 

0.0314 

0.0311 

0.0293 

0.0248 

0.0243 

0.0240 

0.0228 

0.0228 

0.0194 

0.0186 

0.0185 

0.0176 

0.0173 

0.0171 

0.0166 

0.0165 

0.0162 

0.0153 

0.0148 

0.0145 

0.0139 

0.0136 

0.0135 

0.0133 

0.0131 

0.0129 

0.0122 

0.0117 

0.0117 

0.0113 

0.0110 

0.0104 

0.0104 

0.0103 

0.0092 

0.0086 

0.0056 

0.0053 

0.0017 

0.0001 
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Prior to any consideration of the attainable per-cycle storage efficiency in real physical systems, it 

appears that maximum exploitable specific energies of 30-50 MJ/kg and maximum exploitable 

energy densities of 3-5 MJ/L  might be possible to achieve using the latent heat of vaporization by 

cycling between liquid and vapor phases of a suitable storage material. 

 

Interestingly, liquid/vapor conversion energy storage systems, aka. ñcryogenic energy storageò,
207

 

are already being investigated to replace batteries for renewable power generation buffering,
208

 

with the current 25% efficiency potentially improvable to 70% with extensive engineering.  This 

idea has a long history:  a vehicle powered by a liquid nitrogen engine,
209

 with the brand name 

Liquid Air,
210

 was first demonstrated in 1902. 
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210
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3.2.3  Heat of Sublimation 

Sublimation is the phase transition of a material directly from solid to vapor form without passing 

through an intermediate liquid phase.
211

  For example, at room temperature and normal pressure, 

solid carbon dioxide or ñdry iceò sublimates directly into CO2 vapor, because the liquid form 

cannot exist below the triple point pressure of 5.12 atm. 

 

Sublimation is an endothermic process that occurs at temperatures and pressures below a 

substanceôs triple point in its phase diagram.  The reverse (exothermic) process of sublimation is 

called deposition or desublimation,
212

 in which a warm substance passes directly from a gas phase 

to a solid phase upon exposure to a cold sink.  These complementary processes define a 

potentially exploitable thermal energy storage cycle. 

 

The heat of sublimation, aka. enthalpy of sublimation, can be calculated by summing the heat of 

fusion and the heat of vaporization, taken at the temperature and pressure at which the 

sublimation takes place.  We will not here present separate data tables for sublimation-based 

storage materials because the specific energies for heat of vaporization are much larger than for 

heat of fusion (the two of which are being summed), so the former (Table 15) should be fairly 

representative of a similar materials list ranked by specific heat of sublimation (MJ/kg), and the 

numbers in that table should be fairly close to the sublimation numbers that we are not repeating 

here.  Similarly, the heat of fusion energy densities are generally higher than heat of vaporization 

energy density, so the former (Table 14) may be fairly representative of a similar materials list 

ranked by heat of sublimation energy density (MJ/L). 
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212

 Boreyko JB, Hansen RR, Murphy KR, Nath S, Retterer ST, Collier CP. Controlling condensation and 

frost growth with chemical micropatterns. Scientific Reports 2016 Jan 22;6(19131); 

http://www.nature.com/articles/srep19131. 

 

https://en.wikipedia.org/wiki/Sublimation_(phase_transition)
http://www.nature.com/articles/srep19131
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3.3  Thermochemical Phase Changes 

Any kind of reversible phase change in which energy repeatedly enters and leaves the system is 

potentially exploitable for energy storage purposes.  Single-use energy storage modalities are also 

useful, but less so. 

 

In this Section, we discuss possible energy storage using reversible enthalpies of solution 

(Section 3.3.1) and crystallization (Section 3.3.2), photoisomer conversion energy (Section 

3.3.3), allotropic transition energy (Section 3.3.4), crystal structure phase transition energy in 

polymorphs (Section 3.3.5), and several other phase-change enthalpies (Section 3.3.6). 

 

Heat engines can be used to convert the heat released during these processes by means previously 

described. 
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3.3.1  Heat of Solution 

The heat of solution, aka. enthalpy of solution or enthalpy of dissolution, is the amount of heat 

that is absorbed or evolved during the dissolution of a solute material in a solvent at a constant 

pressure.  Heat of solution (J/mole or J/kg of solute) is usually reported at the initial solvent 

temperature (e.g., 25 ÜC) and at ñinfinite dilutionò (where the addition of solvent produces no 

further thermal effect). 

 

Dissolution occurs in three steps:  (1) the endothermic breaking of solute-solute attractions (e.g., 

enthalpy of crystallization or lattice energy in solid salts), (2) the endothermic breaking of 

solvent-solvent attractions (e.g., of hydrogen bonding in water), and (3) the exothermic formation 

of solute-solvent attractions during solvation (e.g., the energy of hydration).
213

  The heat of 

solution is the sum of the enthalpies attributable to these three steps.  For solid solutes, 

dissolution can heat or cool the solvent, depending on the material.  Dissolution of gases in water 

usually releases heat;  adding heat to a saturated solution causes most gases to come out of 

solution.  This establishes the physical basis for a cyclable energy storage system:  Add solvent to 

an exothermic solute and heat is released;  add heat to the resulting solution, evaporating or 

boiling off the solvent, and heat is absorbed. 

 

Table 17 shows a ranked list of the specific heat of solution (MJ/kg) and heat of solution energy 

density (MJ/L) for a number of solids and gases placed into pure aqueous solution
214

 (range 0-3.1 

MJ/kg  and 0-6.1 MJ/L).
215

  Negative numbers indicate that the solute releases heat as it 

dissolves;  positive numbers indicate cooling during dissolution.  Density for gaseous solutes was 

taken as the density of the liquid form of the solute, as seemed appropriate for a compact energy 

storage system. 

                                                 

 
213

 https://en.wikipedia.org/wiki/Enthalpy_change_of_solution. 

 
214

 It is more difficult to find data for potentially useful nonaqueous solvents such as liquid ammonia, liquid 

nitrogen, liquid SO2 (Elving PJ, Markowitz JM. Chemistry of solutions in liquid sulfur dioxide. J Chem 

Educ. 1960 Feb;37(2):75-81; http://www.sciencemadness.org/talk/files.php?pid=597011&aid=73447), or 

pressurized liquid CO2 (https://en.wikipedia.org/wiki/Supercritical_carbon_dioxide#Solvent).  But note that 

the solubility of, e.g., LiCl, is much higher in water than in methanol, ethanol, acetone, liquid ammonia, or 

formic acid; https://en.wikipedia.org/wiki/Lithium_chloride. 

 
215

 Data sources:  ñEnthalpy of solution of Electrolytesò 

http://sites.chem.colostate.edu/diverdi/all_courses/CRC%20reference%20data/enthalpies%20of%20solutio

n%20of%20electrolytes.pdf, Wikipedia https://en.wikipedia.org/wiki/Enthalpy_change_of_solution, Mg 

and Ca halides, nitrate and sulfate 

http://chem.libretexts.org/LibreTexts/Howard_University/General_Chemistry%3A_An_Atoms_First_Appr

oach/Unit_4%3A__Thermochemistry/09%3A_Thermochemistry/Chapter_9.05%3A_Enthalpies_of_Soluti

on, HCl, NaOH, and H2SO4 https://books.google.com/books?id=gJ7KNvbMtREC&pg=PA28, AlCl3 

http://www.science.uwaterloo.ca/~cchieh/cact/applychem/hydration.html, and FeCl3 

https://cameochemicals.noaa.gov/chris/FCL.pdf. 

 

https://en.wikipedia.org/wiki/Enthalpy_change_of_solution
http://www.sciencemadness.org/talk/files.php?pid=597011&aid=73447
https://en.wikipedia.org/wiki/Supercritical_carbon_dioxide#Solvent
https://en.wikipedia.org/wiki/Lithium_chloride
http://sites.chem.colostate.edu/diverdi/all_courses/CRC%20reference%20data/enthalpies%20of%20solution%20of%20electrolytes.pdf
http://sites.chem.colostate.edu/diverdi/all_courses/CRC%20reference%20data/enthalpies%20of%20solution%20of%20electrolytes.pdf
https://en.wikipedia.org/wiki/Enthalpy_change_of_solution
http://chem.libretexts.org/LibreTexts/Howard_University/General_Chemistry%3A_An_Atoms_First_Approach/Unit_4%3A__Thermochemistry/09%3A_Thermochemistry/Chapter_9.05%3A_Enthalpies_of_Solution
http://chem.libretexts.org/LibreTexts/Howard_University/General_Chemistry%3A_An_Atoms_First_Approach/Unit_4%3A__Thermochemistry/09%3A_Thermochemistry/Chapter_9.05%3A_Enthalpies_of_Solution
http://chem.libretexts.org/LibreTexts/Howard_University/General_Chemistry%3A_An_Atoms_First_Approach/Unit_4%3A__Thermochemistry/09%3A_Thermochemistry/Chapter_9.05%3A_Enthalpies_of_Solution
https://books.google.com/books?id=gJ7KNvbMtREC&pg=PA28
http://www.science.uwaterloo.ca/~cchieh/cact/applychem/hydration.html
https://cameochemicals.noaa.gov/chris/FCL.pdf
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Table 17.  Exploitable specific heat of solution and heat of solution energy density in aqueous 

solution cycling, including solute only (solute + solvent water figure in parens) 
 

 

Material Cycling  

Between Hydrated 

and Unhydrated 

 

 

Specific 

Energy 

(MJ/kg) 

 

Material Cycling  

Between Hydrated 

and Unhydrated 

 

 

Specific 

Energy 

(MJ/kg) 

 

Material Cycling  

Between Hydrated 

and Unhydrated 

 

 

Specific 

Energy 

(MJ/kg) 
Hydrogen fluoride 

Aluminum chloride 

Hydrogen chloride 

Ammonia 

Magnesium chloride 

Sodium hydroxide 

Hydrogen bromide 

Potassium hydroxide 

Magnesium bromide 

-3.07 

-2.80 (-0.87) 

-2.06 

-1.79 (-0.42) 

-1.68 (-0.59) 

-1.07 (-0.56) 

-1.05 (-0.69) 

-1.03 (-0.56) 

-1.01 (-0.51) 

Lithium hydroxide 

Sulfuric acid (liq) 

Li thium chloride 

Ferric chloride 

Magnesium iodide 

Magnesium sulfate 

Calcium chloride 

Hydrogen iodide 

Magnesium nitrate 

-0.99 (-0.11) 

-0.98 

-0.87 (-0.40) 

-0.84 (-0.40) 

-0.77 (-0.46) 

-0.76 (-0.20) 

-0.73 (-0.24) 

-0.64 (-0.45) 

-0.61 (-0.34) 

Lithium bromide 

Calcium bromide 

Cesium hydroxide 

Calcium iodide 

Acetic acid 

Glucose 

Sodium chloride 

-0.56 (-0.35) 

-0.52 (-0.30) 

-0.48 (-0.36) 

-0.41 (-0.16) 

-0.03 

+0.06 

+0.07 

 

Material Cycling  

Between Hydrated 

and Unhydrated 

 

 

Energy 

Density 

(MJ/L) 

 

Material Cycling  

Between Hydrated 

and Unhydrated 

 

 

Energy 

Density 

(MJ/L) 

 

Material Cycling  

Between Hydrated 

and Unhydrated 

 

 

Energy 

Density 

(MJ/L) 
Aluminum chloride 

Magnesium chloride 

Magnesium bromide 

Magnesium iodide 

Hydrogen fluoride 

Hydrogen chloride 

Ferric chloride 

Sodium hydroxide 

Potassium hydroxide 

-6.95 (-1.07) 

-3.90 (-0.74) 

-3.75 (-0.81) 

-3.40 (-0.85) 

-3.04 

-2.46 

-2.44 (-0.58) 

-2.28 (-0.78) 

-2.18 (-0.79) 

Magnesium sulfate 

Lithium bromide 

Li thium chloride 

Sulfuric acid (liq) 

Cesium hydroxide 

Calcium bromide 

Hydrogen bromide 

Calcium iodide 

Calcium chloride 

-2.02 (-0.23) 

-1.95 (-0.63) 

-1.81 (-0.52) 

-1.80 

-1.75 (-0.79) 

-1.73 (-0.52) 

-1.72 (-0.93) 

-1.61 (-0.23) 

-1.58 (-0.29) 

Hydrogen iodide 

Lithium hydroxide 

Magnesium nitrate 

Ammonia 

Acetic acid 

Glucose 

Sodium chloride 

-1.45 (-0.75) 

-1.44 (-0.12) 

-1.41 (-0.50) 

-1.22 (-0.38) 

-0.03 

+0.09 

+0.14 
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Hydrogen fluoride gives the best specific heat of solution for heat generation.  Aluminum 

chloride (AlCl3) gives the best heat of solution energy density and might be safer to work with 

than HF.  However, the hydration enthalpy of the Al
3+

 ion is so large that after dissolution in 

water, evaporation of the water does not yield the solid AlCl3 but rather a solid containing the 

hydrated aluminum ion and chloride ions [Al(H2O)6]Cl3, which upon further heating goes to 

[Al(H 2O)3]Cl3, and with still more heating HCl is lost rather than H2O, yielding Al(OH)3 + 3HCl 

instead of the original AlCl3.
216

 

 

Note that solvent mass and volume are not included in calculating the energy ratios given in the 

table, on the assumption that solvent water might be provided free from the environment.  If we 

include solvent mass and volume, this gives the lower ratios shown in parens in the table. 

  

Commercially available heat-of-solution single-use ñheat packsò employ calcium chloride or 

magnesium sulfate in dry crystal form, surrounding a small pouch filled with water.
217

  Breaking 

the pouch allows the chemical salt to dissolve in the water, producing heat in either of two 

temperature ranges, 120°- 130° F (49°-54°C) and 150-160°F (66°-71°C).
218

 

 

A fully reversible heat-of-solution system announced in 2013 by the Dutch technology developer 

TNO uses sodium hydroxide (NaOH) solvation in water to store heat in a container containing 

50% NaOH solution.  Energy is stored by heating the solution using a solar collector on a rooftop 

or any other heat source, and evaporating the water in an endothermic reaction.  Energy is 

extracted by adding water back, causing heat release in an exothermic reaction at 50 °C.  A 

container with a few cubic meters of salt could store enough thermochemical energy to heat a 

house through the winter in a temperate climate like that of the Netherlands, operating at 60% 

efficiency and able to store energy from a few months to years.
219

  Current systems only achieve 

0.18 MJ/L, but with ñfurther optimization of the selected reaction and architectureò the energy 

density might be improved to 1 MJ/L . 

 

                                                 

 
216

 House JE. Inorganic Chemistry, pp. 231-2; https://books.google.com/books?id=ocKWuxOur-

kC&pg=PA231. 

 
217

 http://sciencing.com/chemicals-used-heat-packs-7441567.html. 
218

 http://apbrwww5.apsu.edu/robertsonr/TSTA%20Presentation/CACL2LB.pdf. 

 
219

 De Jong A-J, Van Vliet L, Hoegaerts C, Roelands M, Cuypers R Ruud. Thermochemical Heat Storage ï 

from Reaction Storage Density to System Storage Density. Energy Procedia. 2016;91:128-37; 

https://dx.doi.org/10.1016%2Fj.egypro.2016.06.187.  Klose Rainer. Seasonal energy storage: Summer heat 

for the winter. Zurich, Switzerland: Empa; https://www.empa.ch/web/s604/naoh-heat-storage. 

 

https://books.google.com/books?id=ocKWuxOur-kC&pg=PA231
https://books.google.com/books?id=ocKWuxOur-kC&pg=PA231
http://sciencing.com/chemicals-used-heat-packs-7441567.html
http://apbrwww5.apsu.edu/robertsonr/TSTA%20Presentation/CACL2LB.pdf
https://dx.doi.org/10.1016%2Fj.egypro.2016.06.187
https://www.empa.ch/web/s604/naoh-heat-storage
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3.3.2  Heat of Crystallization 

The heat of crystallization, aka. enthalpy of crystallization, is the amount of heat that is absorbed 

or evolved during the crystallization of a solute material out of solution in a solvent at a constant 

pressure.  Heat of crystallization (J/mole or J/kg of solute) is usually reported at the initial 

solution temperature (e.g., 25 ÜC) and starting from ñinfinite dilution.ò  For example, potassium 

nitrate (KNO3) is a salt that dissolves more at higher temperature.  To recharge a cyclable energy 

storage system, we add heat to a slush of crystalline solid particles and solvent;  the crystals 

absorb heat and go into solution.  To extract energy, we cool the solution and the solid material 

crystallizes out, releasing heat. 

 

Table 18 shows a ranked list of the specific heat of crystallization (MJ/kg) and heat of 

crystallization energy density (MJ/L) for a number of solids placed into pure aqueous solution 

(range 0-0.4 MJ/kg  and 0-2.9 MJ/L ),
220

 with positive heat of solution numbers indicating that the 

solute releases heat as it crystallizes out of solution.  Note that including solvent mass and volume 

makes a huge difference in calculating the energy ratios given in the table (in parens), becoming 

significantly smaller than if solvent mass and volume are excluded from the calculation on the 

assumption that solvent water might be provided free from the environment. 

 

Potassium perchlorate provides the greatest heat of crystallization if we could ignore the mass and 

volume storage requirements of solvent provided as needed from the environment, but including 

solvent ruins the ratios for all the perchlorates because of their low solubility  in water.  Taking 

solvent into account, the best performers are ammonium nitrate, ammonium thiocyanate, sodium 

nitrate, and sodium chlorate, and the best ratios are around 0.2 MJ/kg and 0.3 MJ/L. 

 

                                                 

 
220

 Data sources:  ñEnthalpy of solution of Electrolytesò 

http://sites.chem.colostate.edu/diverdi/all_courses/CRC%20reference%20data/enthalpies%20of%20solutio

n%20of%20electrolytes.pdf, RbClO3 http://rubidium.atomistry.com/rubidium_chlorate.html, and 

Wikipedia. 

 

 

http://sites.chem.colostate.edu/diverdi/all_courses/CRC%20reference%20data/enthalpies%20of%20solution%20of%20electrolytes.pdf
http://sites.chem.colostate.edu/diverdi/all_courses/CRC%20reference%20data/enthalpies%20of%20solution%20of%20electrolytes.pdf
http://rubidium.atomistry.com/rubidium_chlorate.html
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Table 18.  Exploitable specific heat of crystallization and heat of crystallization energy density in 

aqueous solution cycling, including solute only (solute + solvent water figure in parens) 
 

 

Material Cycling 

Between Hydrated 

and Unhydrated 

 

 

Specific 

Energy 

(MJ/kg) 

 

Material Cycling  

Between Hydrated 

and Unhydrated 

 

 

Specific 

Energy 

(MJ/kg) 

 

Material Cycling  

Between Hydrated 

and Unhydrated 

 

 

Specific 

Energy 

(MJ/kg) 
KClO4 

KNO3 

KClO3 

NH4NO3 

RbClO4 

NH4CNS 

NaCNO 

+0.37 (+0.005) 

+0.35 (+0.08) 

+0.34 (+0.03) 

+0.32 (+0.19) 

+0.31 (+0.004) 

+0.30 (+0.17) 

+0.30 (+0.03) 

RbClO3 

KMnO4 

KBrO3 

NaNO3 

AgNO2  

CϜHϝNaOϜ Å 3HϜO 

CsClO4 

+0.28 (+0.01) 

+0.28 (+0.02) 

+0.25 (+0.02) 

+0.24 (+0.12) 

+0.24 (+0.001) 

+0.24 (+0.08) 

+0.24 (+0.005) 

KCl 

NaClO3 

NaBrO3 

NaCl 

Glucose 

+0.23 (+0.05) 

+0.20 (+0.11) 

+0.18 (+0.05) 

+0.07 (+0.02) 

+0.06 (+0.03) 

 

Material Cycling  

Between Hydrated 

and Unhydrated 

 

 

Energy 

Density 

(MJ/L) 

 

Material Cycling  

Between Hydrated 

and Unhydrated 

 

 

Energy 

Density 

(MJ/L) 

 

Material Cycling  

Between Hydrated 

and Unhydrated 

 

 

Energy 

Density 

(MJ/L) 
AgNO2 

KClO4 

RbClO3 

RbClO4 

KBrO3 

CsClO4 

KClO3 

+1.07 (+0.001) 

+0.93 (+0.005) 

+0.90 (+0.01) 

+0.88 (+0.004) 

+0.81 (+0.02) 

+0.79 (+0.005) 

+0.78 (+0.03) 

KMnO4 

KNO3 

NaBrO3 

NaCNO 

NH4NO3 

NaNO3 

NaClO3 

+0.75 (+0.02) 

+0.73 (+0.09) 

+0.60 (+0.06) 

+0.56 (+0.03) 

+0.55 (+0.26) 

+0.54 (+0.16) 

+0.52 (+0.15) 

KCl 

NH4CNS 

CϜHϝNaOϜ Å 3HϜO 

NaCl 

Glucose 

+0.46 (+0.05) 

+0.39 (+0.19) 

+0.35 (+0.08) 

+0.14 (+0.02) 

+0.09 (+0.03) 
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There are a few examples of 

commercial use of heat of 

crystallization energy storage.  The 

best-known is sodium acetate 

trihydrate (CϜHϝNaOϜ Å 3HϜO) which 

is used in heat packs that are fully 

reversible (see image, right).
221

   When 

heated, these crystals melt at 58 °C and 

dissolve in their water of 

crystallization;  if subsequently 

allowed to cool, the aqueous solution 

becomes supersaturated that is stable as 

low as room temperature without 

forming crystals.  By pressing on a 

metal disc within the heating pad, a 

nucleation center is formed, causing 

the solution to crystallize back into 

solid sodium acetate trihydrate ï a 

bond-forming process of crystallization 

that is exothermic by 0.264-0.289 

MJ/kg  (0.383-0.419 MJ/L).  This heat 

pack can be reused by immersing the 

pack in boiling water for a few minutes 

until the crystals are completely 

dissolved, then allowing the pack to 

slowly cool back to room temperature. 

                                                 

 
221

 https://en.wikipedia.org/wiki/Sodium_acetate#Heating_pad. 

 










































































































































































































































































































































































































































































































































































































































































































































































































































































































































