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Preface

Theprimarypurpose of this book is &urvey a wide range of energy and power sources,
including current, neaterm, proposed, bleedingdge and speculativ€fun!) possibilities. The
focus is almost exclusively on two principal performance mea$ugasrgy per unit mass
(specific energy) and energy per unit volume (energy deriség)opposed to other practical
energyrelatedmeasures such as cost, safety, ease of use witmgxisthnologies, or regulatory
approval.

This book differs from standard engineermeference materiakthat emphasize current
commercial method®r energy storage. i$ intended as mmuchbroader survey, including such
exotic methods asiolecular reombination energymetastable nuclear isomeasd antimatterin
addition to more conventionahergy storageptions such as batteries, combustibles and
explosives.

A number of examples from nanoengineering (e.g., nanorobaties)cludedecause onef the
motivations of writing the book is to survey opportunities for future nanotechnology
development. Tis work is in some ways an extension of previoyslplished material on
energy sources for atomically precise molecular machine sySigmmsidinga much more
comprehensive survey of possible design choices and identifying a few particularly good
candidates for nanomachine applications. Another motivation is to establigbetiagional
energylimits, within known sciencegf proposed power supptidor future macroscale
applications (e.g., flying cars, sdiifficient houses, closetcle space suits, etc.).

The book includes 62 numerical tables and 15 charts, mangmihsive explanatory
information and references feachitem listed Thereis an attempt to calculat@ergy density
and specific energgata in a internallyconsistent manner and presenthat datan a format
thatallowse asy fappl es t o. Othergdurees @.g.cWikipedasodgle®o n s
Google Scholat WolframAlpha) may beless consistentess transpareriess conveniengr
less comprehensive in their coverage of the possibilities.

Acknowledgements. The author thanks Tad HoggdMichael ShawnMarshallfor useful
comments, suggestiorsts ofinformation,and critiques of earlier versions of this manuscript.
Any remaining errors anthershortcoming®f this textaresolelythe responsibility of the author.

! Freitas RA d., Nanomedicine, Volume |: Basic Capabilities, Landes Bioscience, Georgetown, TX, 1999,
Chapt er gnttp:/NMvRvonanemedicine.com/NMI/6.1.htm

2 hitps://en.wikipedia.org/wiki/Energy density#Table of energy content
https://en.wikipedia.org/wiki/Energy density Extended Referehable

3 https://www.google.com/search?q=%22energy+density%22
* https://scholar.google.com/scholar?hl=en&q=egedensity
5 https://www.wolframalpha.com/input/?i=%22energy+density%22



http://www.nanomedicine.com/NMI/6.1.htm
https://en.wikipedia.org/wiki/Energy_density#Table_of_energy_content
https://en.wikipedia.org/wiki/Energy_density_Extended_Reference_Table
https://www.google.com/search?q=%22energy+density%22
https://scholar.google.com/scholar?hl=en&q=energy+density
https://www.wolframalpha.com/input/?i=%22energy+density%22

Chapter 1. Introduction

Energy is the ultimate driver of all physical action. Power, the tateeat 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 susthmebre

power that is available, the larger tinagnitude 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 ma8sHence all eergy storage systefnsan 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 ratid®ysical systems with higher ratios represent more
resourceefficient 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 gasol@e) whi

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, trinakss, wateeraft, aircraft and

spacecraft wherein the energy store and the power generator must be moved along with the
transportation devicethe combined system can move for greater total distances and attain

higher accelerations if energgr unitmass and poweer unitmass 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 thecheeminimize 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 numbés 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 éeakthree
dimensions, favoring maximum powerplant energy/volume and power/volume®ratios.

This booksurveys all majorfundamentatlasses of energy storage gmanarypower generation,
identifying in each class the physical systems possessing thestégergy density
(energy/volume ratio, measured in megajoules per liter or Mspiegific energy® (energy/mass

® Energy can be stored in the form of massless particles such as pi@iapsef 6), but as far as we kmo
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 ofgetias 8.3.

" https://en.wikipedia.org/wiki/Energy _storage

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

Section 6.5. 4, i Sel e c thttp/ivwwefanoRadicimecaomiNMI/6.5B.biwwer Sour ceo

° https://en.wikipedia.org/wiki/Energy_density
10 hitps//en.wikipedia.org/wiki/Specific_energy
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ratio, measured in megajoules per kilogram or MJfgyver density* (power/volume ratio,
measured in megawatts per liter or MW/j) speciic power'? (power/mass ratio, measured in
megawatts per kilogram or MW/kg) For energy storage or power systems composed of
ordi nary s @d~ildg/Limapecifieenergy or power per kg will be numerically
similar to energy and power densitjeer liter.

As a point of referenclr nan@ngineers interested in molecular machine systepgating
nanomechanical systems may dissipate power iA.8a#000 MW/L power densityange. For
example, a simple nanosié¥éor separating molecules basenl size and shape may have a
power density of .08 MW/L for large molecules (~10 nm molecules, ~5.9 %r6lecules/sec)
or ~0.8 MWI/L for small molecules (~0.64 nm molecules, ~1.5 ?(ﬁhOIecuIes/sec); each unit of
a diffusion cascade systefif held toa ~L MW/L limit, can process ~f&mall molecules/sec;
telescoping nanorobotic manipulat§rs100 nm in length may dissipaté MW/L (~0.96
MW/kg) in continuous operation at a ~1 cm/sec arm speed; classic sorting tytucslly
dissipate up to 30 MW/L (~6.9 MW/kg) when operated at full speed (>fé//sec);a
nanomechanical apparatus for performing production mechanosynthetic chemical
transformation$ may require ~8 MW/kg (32 MWI/L); transporter pumpstransporting ~10
molecules/sec may draw ~30Wikg (-45 MWI/L); a ~1 GHz rodogic-based mechanical

Maka. #fAvol ume hips/ierwikipeda.org/\wiki/Bower density

2g5eealsothecloselye | at e do-wied ogvhet fittpsr/eniwikipedia.org/wiki/Poweto-
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 rtiply by 10’ to obtain J/mor W/n?. To convert

specific energy or specific power in MJ/kg or MW/kg to standard mks units, multiply %y dbtain J/kg

or W/kg.

4 Freitas RA Jr., Nanomedicine, Volume I: Basic Capabilities, Landes Bioscience, GeorgExgua99,
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nanocomputéf may draw 4000 MW/L (~640 MW/kg) of power; and a nanocentrifage
dissipates up to ~1500 MW/kg1200 MW/L) when operated at ~20% it$ bursting speed.
Cooling systems for macroscopiclumes of nanomachinery have been proposed to deal with
power densitiesip to~100 MW/L.*

Macroscalesystems ang@roductscontainingatomically precise componentsay have power
densities ranging from as low a5 x 10’ MW/L (~0.00010 MW/kg)or seagoingarbon
capture paddlebodtso ~2.6 x 10° MW/L (~0.001® MW/kg) for a mature desktop
nanofactory’’ ~2.9 x 10° MW/L (~0.00005MW/kg) for a whiskeysynthesizing machir@,and,
for medical nanorobots;0.00605MW/L (resting) to~0.12 MW/L (peak) for respiroytes
(artificial red cells)® up to~0.032 MW/L (~0.0314 MW/kg) for microbivoregqartificial white
cells)*” andup t0~0.0029 MW/L (~0.00253 MW/kg) for chromallocytesell repair
machinesf®

Leaving aside operating speedsemblindarger diamondoidtauctures fromatomically precise
1-nmprecursoicubes mayequire a specific energyp to 9 MJ/kg, although energy recovery
techniques might reduce the cost of block assembly of larger structures to as & 86 ~

2 Freitas RA Jr., Nanomedicine, Volume |: Basic Capabilities, Landes Bioscience, Georgetown, TX, 1999,
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MJ/kg .?° The mechanosynthetic prodiom of suchprecursorcubes may require betweef.t
MJ/kg (using fully reversible chemical transformations) ai@6-MJ/kg (fully irreversible);
depending on computation, materials handling, and other requirements in a particular
implementation Assemlting prefabricated diamondoid pdite or modulelike components into
larger structures will probably cost3 MJ/kg of energy*°

It is of greatinterest to examine the practical upper limits to controllable energy storage and
power generation, especiatijven the future availability of molecular manufacturing and the
comingability to build machines congged of atomically precise materials and mechanisms.
However, we usually will not focus dheefficiency of energy storage, production, or
conversionwhich is an entirely different question than raw enetgysityor power density.

We also do not explore technologies for energy recdV@eyg., regenerative brakirigpr issues

involving the thermodynamically reversiBleperation of machines (for whichere is an

extensive literature in the field of computatidhlput focus almost exclusively on irreversibler

dissipative energy use. Thatftise discussion is usually concerned withh e r mody nami cal | y i
energyo that can,dandmputioose, e, topdrferm wdkef caursd, r act e

energy storageanbe useful to temporarily hold recoverable energy, such agavéational

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

the coungrweight is near the top of the buildirgection 8.}, orin capacitors in electric circuits

(Section 6.3. In some nanoscale machine systdhtise energy required to go over potential

barriers (recoverable) can be #old higher than the energy lostfriction (unrecoverable).

2 Freitas RA Jr., Nanomedicine, Volume |: Basic Capabilities, Landes Bioscience, GeorgeXoWwaoy,
Section6 . 5. 6, fAPower Atpdhwwwsnanemedigine.@m/sVIG.6.@htm

% Freitas RA Jr., Nanomedicine, Volume I: Basic Capabilities, Landes Bioscience, Georgetown, TX, 1999,
Section6 . 5. 6, fAPower Atpd/wwwsnanemedigine.@m/sIMI@.6.@htm

31 https://en.wikipedia.org/wiki/Energy _recovery

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

3 https://en.wikipedia.org/wiki/Reversible process_(thelgnamics)
3 https://en.wikipedia.org/wiki/Reversible _computing

% https://en.wikipedia.org/wiki/lrreversible _process

% For example, an ocean of rosdemperature water has lots of internal energy that is not extractable at

room temperature, whereas it would have lots of recoverable energy in a cryogenic envifoamase

where (recoverable) energy density dependsentlt i r cumst ances rather than bei ng
system.

%"Hogg T, Moses M, Allis D. Evaluating the friction in rotary joints in molecular machines. Mol Syst Des
Eng. 2017;2:238252; http://pubs.rsc.org/en/content/articlehtml/2017/me/c7me0Q021a



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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Energydensityis an intrinsic property? a scaleinvariantproperty® of a given quantity of

matter’® Powerdensity on the othehand.is an extrinsic propertyarying according to the
circumstances under which the latentrggeas release@husrequiing assamptions about system
size and geometfy Consider a molecule of gasolined.,octane hydrocarbon). It has a mass of
m and releasesnergyE when combusted with oxygen, a chemical reaction that requiietet

to canplete. The specific energy of a single molecule of gasoline under combushtien&sm
(MJ/kg) and the specific power of a single molecule of gasolifgrng (MW/kg). Now consider

a gallon of gasoline, containimg (~10°) molecules of gasoline. Ttpecific energy of gasoline
remains the same, BIm, 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 gasolim®lecules are ignited simultaneously, then the
maximum specific power is attained NEE/Nmt = E/mt (MW/kg). But if the molecules are
ignited sequentially, one at a time, tremuch lowespecific power is attained, BINmt

(MW/kg). Similarly, the enegy density of a wire carrying electrical current is a constant
regardless of the length of the wietion 6.2, whereas the power density is a function of the
length of the wire.

Fission poweis oneexceptionto this general rulesinceisolated or sbcritical masses of
radionuclides decay with a particular hifié, giving rise to an intrinsic power density the

material Of coursefission reactions can be artificially suppressed or enhanttezlbest

example ofwhichis the nuclear chain reéen, wherein packintarge numbers df°Us, atoms

into a dense bathaycause its power generation to rise astronomicallgn explosively§ection

7.1). Hence a more general rule may be stated: When energy can be released from a stored
source indepatently of time, then no intrinsic power dengityspecific power existisecause the
energy can be released on any schedule desired, enabling a higher power density over a shorter
duration or vice versaAn intrinsic power density or specific power candpecified only when

stored energy must be released on a fixed schéoiwethin narrow limitsof time).

38 ~

filntrinsicd and fAextrinsicd properties as used in en
(https://en.wikipedia.org/wiki/Intriis_and_extrinsic_propertips can be di stinguished fror
and Aextensived properties as used in thermodynamics
(https://en.wikipedia.org/wiki/Intensive_and_extensipmpertiey. Thermodynamic variables can be

iintensived variables (e.g., temperatur e, pressur e, C
materi al, or filextensiveo variables (e.g., vol ume, ma ¢

Thermodynamics, JHU Press, 2009, pp. 145643, 91, 122;
https://books.google.com/books?hl=en&lr=&id=WFZ{2G80tNcC&oi=fnd&pg=PA122

% That is, nodependent upon the size or volume of the object, or upon how much material (e.g., mass) is
presenthttps://en.wikipedia.org/wiki/Intrinsic_and_extrinsic_properties

“Densty is an example of an Aintrinsico property of an
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 esitriproperty that depends on another object
(https://en.wikipedia.org/wiki/Intrinsic_and_extrinsic_propertiesince the kinetic energy of an object

depends on how fast it isoving 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 Bection 4.1.1bateries can often be discharged more quickly but at the
cost of lower capacity (th®tal amount of charge deliveref).

The fundamentahajor classes of energy storage aricharygeneratiorsurveyed in this book
include energy and power densitwiariousnaturaland engineeresystems Chapter 2) and in
specific classes ahergy storage systems including thermochemical en€tgpter 3),
chemical energyGhapter 4), mechanical energy¥Chapter 5), electromagnetic energgZhapter
6), nuclear energyGhapter 7), and gravitational energZhapter 8).

The bookconcludeswith a summaryf the datdn Chapter 9. Summaryscatterplotharts of

energy density vs. specific energy are provided for thermocherfigalr¢ 2), chemical Figure

3), mechanicalKigure 4), and nuclearKigure 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 cellsKFigure 7), alphaemitting radionuclidesHigure 8), spontaneous fission diRTGs
(Figure 9), nuclear isomerd={gure 10), and nuclear bombs and catalyzed fuskigyre 11),

with a collective chart ifrigure 12 Scatterplot charts comparing specific energy vs. specific
power Figure 13) and energy density vs power denskjglre 14), dong withbar charts
summarizing specific enerdfigure 15 and energy densitffFigure 16) for most of the major
energy storage modalities described in this baokalsoprovided inChapter 9.

Some excellent recent literature is availablelanrelated subject of high energy density physics,
which is an area of active current resedfch.

“https://en.wikipedia.org/wiki/Peukertods | aw

“2Fortov VA. Extreme States of Matter. High Energy Density Physics. Second Edition, Springer, 2018;
https://www.amazon.com/ExtrentatesMatterSpringerMaterials/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 Naturabnd Engineered
Systems

In this Chapter webriefly summarizeenergy storage and power generatiowdrious miliar

natural systems, including nuclear and atomic systems (e.g., radionuclide atoms), biological
systems (e.qg., plants, animals, and microbes), plaiget physical systems (e.g., weather,

geological events), and astronomical systems (e.g., plarsets, glaxies, and beyond) to

provide some context and appropriate comparis@ada are included below fdlne energy

density Table 1), specific energyTable 2), power density{able 3), and specific powefT@ble

4) of natural systemsThis is followed by a brief summary of thenergy density, specific energy,
andspecific power attained in conventional contemporary engineered systems including a variety
of engines, batteries, and vehicl@slfle 5).

A few observatios:

(1) Conventional wind energfincluding hurricanes and tornadogtsjal energymarine
tidal oscillations) geothermal energyncluding tidal and radioactive internal heating,
earthquakes, and volcanoem)dgravitationalhydroelectric energgdam reservos) generally
have extremlg low ratios, thus are poor candidates for maximizing energy or power density.

(2) Lightning bolts exhibit good power density but are too slvet to provide a
reliable energy source.

(3) Cosmic rays provide high energy dendityt their flux is t@ low to provide a useful
power source For example, lowenergy 18' eV cosmic rays have a local flux of 1 ray/sec?®
a surface power density of oryx 10° W/m? or ~10™ the intensity of sunlight High-energy
10" eV cosmic rays have a local flux ® x 10" ray/nf-sec, a surface power density of oBly
10 W/m? or ~10" the intensity of sunlight'

(4) Biological systems have higher power densities than nastednomicastars of all
classes, but botbystems providenimpressiveatios

(5Not surprisingly, the cosmic egg or Ayl emo
estimatedheoretical energy and power degsit

3 https://en.wikipedia.orgfiki/Cosmic_ray

* The GreiserzatsepinKuzmin 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 limitould 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/Greisé@atsepiii Kuzmin_limit). The GZK Limitis 5 x 18’ eV

(~8 J) for protons and 2.8 x 4@V (450 J) for iron nuclei (the heaviest abundant element in cosmic rays);
either limit corresponds to a specific egeof 5 x 1G* MJ/kg for ultra-high-energy cosmic rays
(https://en.wikipedia.org/wiki/Ultrdnigh-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 consider the theoreticaleasurabléimits of our ratiosof concern
assuming physics aseveurrently understand it is fundamentally corfédn this casethe
smallest measurable energy;, mightbe defined by Heisenbdiguncertainty principle as.k =
h/4p tpa=1.2117 x 162 J, where h = 6%1x 10** J/sec (Plandls constanff ard t,., = the
longest measurable time ~ 4.3517 x"Hec, the estimated current age of the Univ&rg@his
conveniently defines the minimum measurable mass,asMEyi/c® = 1.3482 x 16° kg, where
¢ = 2.9979 x 1®m/se¢ the speed of light)

A similar calculation for the smallemeasurable time yiestt i, = h / 4p Enax= 4.06x 10'% seg
taking Eqaxas the estimated totalassenergy of the universeM ¢ = 1.3L x 10° J, wherethe
maximum measurable mass,M= My = 1.46 x 16°kg (the totalmass of the observable
baryonicuniverse)”® However, itcan beargued that the smallest measurable time in our physical
universemay begoverned by a more restrictive caadtti the speed of lighit which implies
thatthe smallest measurable time isttivhichis required for the fastest knowarticle(the

photon, travelling at the speed of light) to traveteePlanck lengtfl (Lpanc= 1.616 x 16° m),
which issometimessserted to bihe ortest measurablength giving a revised estimated of
tranck = 5.39 x 10" sec aka. the Planck tin®® The minimum measurable volurig,;, is then the
Planck volume or Manck= Lpianct = 4.22 x 10°°m?, and the maximum measurable volume is that
of the observable univerSeor Viax = Vuniverse~ 3.58 x 18 m®. These estimates suggts
following ultimatemeasurabléimits for our ratios of interest

Minimum energy density Enin = Emin/ Vinax= 3.38 x 10 MJL
Maximum energy densitygax= Emax/ Vmin = 3.10 X 16°°MJ/L

Minimum specific eneng Esmin = Emin/ Mmax= 8.30 x 10"2 MJ/kg
Maximum specific energy &ax = Emax/ Mmin = 9.72 X 16% MJ/kg

Minimum power density Bmin = Eo,min/ tmax= 7.77 X 10°° MW/L
Maximum power density Prax = Ep max/ teianck= 5.75 x 16°® MW/L

Minimum specific power 8nin = Esmin/ tmax= 1.92x 10" MW/kg
Maximum specific power 8y = Esmax/ teianck= 1.80x 10" MW/kg

It is unknown if these ultimate measurable limits, spanning more than 300 orders of magnitude,
have any direct or pracitconsequences.

“Wedre al so assumiemeqy df theauhive is reot essentiatlyl zetom g.,.shecause
positive values from matter are counterbalanced by negative gravitational potential, or because of the
existence of large amounts of antimatter or negative m&estion 8.3 beyond our observational horizon.

“® https://en.wikipedia.org/wiki/Planck_constant

7 https://en.wikipedia.org/wiki/Age_of the_univer&8.799 x 18years).

“8 https://en.wikipedia.org/wiki/Speed_of_light

“9 https://en.wikipedia.org/wiki/Observable _univerBstimates _based_on_critical_density

%0 https://en.wikipedia.org/wiki/Planck_length

*1 https://en.wikipedia.org/wiki/Planck_time

%2 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 systentd

Energy Energy
Natural Systems Density Natural Systems Density

(MJIIL) (MJIIL)
Nuclear and Atomic Astronomical
Most energetic cosmic ray known 1.82x 10*° Ylem (cosmic egg) 3.10x 10'%®
Polonium210 radionuclide 2.24x 10/ Quantum vacuum energy (Planck) | 5.80x 10'%
Gadolinium148 radionuclide 1.64x 10’ Evap BH: ~16m boulder (~13* M) | 6.43x 10’
Eurgpium-147 radionuclide 1.00x 10 Evap BH: ~1 km meteor (~I8Mg.,) | 6.43x 103
Francium215 radionuclide 9.16x 1¢ Evap BH: Asteroidal (~18 M) 6.43x 10°*
Neodymium144 radionuclide 8.59x 1¢° Evap BH: Planetary (~10Mgo) 6.43x 10
Rest mass energy of one iolecule | 8.12x 10° Quark nova 1.00x 10°®
Chemical bond energy, Hinolecule 1.93x 102 Quark nova 1.00x 10°®
Thermal energy, kimolecule at STP | 1.52x 10* Evap BH: Stellar (~1 M) 6.43x 107

Quantum vacuum energy (Compton) | 1.30x 10%
Biological Binary black hole merger 1.38x 107
Fat (oxidation, excluding £ 4.11x 10" Evap BH: Galactic core (~£0 ) 6.43x 10'°
Glucose (oxidation, excluding,) 2.47x 10" Type la supernova 1.00x 10*
Human body (typical, male, fasting) | 9.62x 1¢° Brown dwarf (W0607+24) 7.07x 10%°
ATP (1 mole, full conversion to AMP)| 1.56x 10* Type M9 star 1.44x 10°
Glucose (oxidation, incl. 0@ STP) | 2.14x 10° Sun (typical G2 star) 1.28x 10°
Fat (oxidation, including ©@ STP) | 1.84x 10? Jupiter mass (as fusion fuel) 1.19x 10°
Resilin pad of the fleaSpilopsylluy 3.00x 10° Type O9 star 7.16x 10/
Apple falling from a tree 8.79x 10° Type Il supernova 3.33x 10/
Electric eel Electrophorus electdus | 8.50x 10° Type Il supernova 1.00x 10/
Electric eel Electrophorus electricys | 6.00x 108 Solar flare (Sun) 1.73x 10°
Sun rotational energy 1.16x 1P

Planetwide Earth rotational energy 2.36x 10t
Asteroid impact, ext. level (Chicxulub| 2.80x 1CG° Moon orbiting Earth (kinetic energy) | 1.01x 10°
Meteoroid impact (Meteor Crater, AZ| 1.62x 10° Earth orbiting Sun (kinetic energy) 5.36x 10°®
Earthquake, mag. 9.5 (Valdivia, 1960 8.46x 107 Globular cluster (M15) 4.17x 10"
Lightning bolt (average neg discharge 2.50x 10 Milky Way galaxy 2.28x 10%2
Volcanic eruption, Class 8 (La Garita] 2.00x 10* Rest mass of observable universe 3.67 x 10%°
Volcanic eruption, Class 5 (St. Helen{ 2.38x 102 Universe 3.67 x 10%
Tornado (maximum EF5) 9.52x 10*
Hydroelectric dam reservoir (Hoover)| 7.91x 10*
Lightning bolt (average neg dischargg 6.25x 10
Hurricane (typical) 1.24x 10° Theoretical maximum (measurable) | 3.10x 10'%°
Tsunami (typical) 1.67x 108 Theoretical minimum (measurable) | 3.38x 102

%3 Data fromTable Alin Appendix A.1.




15

Table 2. Specific energy of natural systeni$

Specific Specific
Natural Systems Energy Natural Systems Energy

(MJ/kg) (MJ/kg)
Nuclear and Atomic Astronomical
Most energetic cosmic ray known 3.05x 107 Quantum vacuum energy (Compton)| 9.29x 10'°
Rest mass energy of one iolecule | 9.01x 10%° Quantumvacuum energy (Planck) 9.06x 10'°
Francium215 radionuclide 4.90x 1¢° Evap BH: ~16m rock (~10** Mggpa) 9.00x 10'°
Polonium210 radionuclide 2.44x 10° Evap BH: ~1 km meteor (~T§Mg,) | 9.00x 10%°
Gadolinium148 radionuclide 2.07x 1¢ Evap BH: Asteroidal (~18 M) 9.00x 10'°
Europium147 radionuclide 1.91x 1¢° Evap BH: Planetary (~19Mgg) 9.00x 10%°
Neodymium144 radionuclide 1.23x 1¢° Evap BH: Stellar (~1 M) 9.00x 10%°
Chemical bond energy, Hinolecule 2.14x 1¢ Evap BH: Galactic core (~£0/) 9.00x 10Y°
Thermal energy, kimolecule at STP | 1.69x 1¢ Ylem (cosmic egg) 8.97 x 10'°

Rest mass of observable universe | 8.97 x 10'°
Biological Quark nova 3.33x 10
Fat (oxidation, excluding £ 3.70x 10 Quark nova 2.78x 10'°
Glucose (oxidation, excludingD 1.60x 10 Binary black hole merger 4.16x 10°
Fat (oxidation, including @@ STP) 9.56x 1¢° Type O9 star 9.12x 1¢°
Human body (typical, male, fasg) 9.25x 1¢° Globular cluster (M15) 9.09x 1¢°
Glucose (oxidation, incl. 0@ STP) | 7.73x 10 Sun (typical G2 star) 9.05x 1¢°
ATP (1 mole, full conversion to AMP)| 1.50x 10* Brown dwarf (W0607+24) 9.00x 10°
Resilin pad of the fleaSpilopsylluy 2.26x 10° Jupiter mass (as fusion fuel) 8.95x 10°
Apple falling from a tree 1.93x 10° Universe 8.97 x 10°
Electric eel Electrophorus electricys | 8.50x 10° Milky Way galaxy 8.88x 10°
Electric eel Electrophorus electricys | 6.00x 108 Type M9 star 8.72x 1¢°
Type Il supernova 6.25x 10°

Planetwide Type Il supernova 1.25x 10°
Earthquakemag. 9.5 (Valdivia, 1960) | 3.14x 10 Type la supernova 7.14x 10/
Lightning bolt (average neg discharge 2.50x 107 Solar flare (Sun) 1.19x 10°
Meteoroid impact (Meteor Crater, AZ| 2.17x 107 Sun rotational energy 8.20x 10*
Asteroid impact, extevel (Chicxulub) | 1.24x 107 Earth rotational energy 4.29x 10°
Tornado (maximum EF5) 8.70x 10t Moon orbiting Earth (kinetic energy) | 6.30x 10°
Lightning bolt (average neg discharge 5.68x 10 Earth orbiting Sun (kinetic energy) 1.33x 10°
Volcanic eruption, Class 8 (La Garita) 7.69x 102
Hurricare (typical) 1.11x 10?
Volcanic eruption, Class 5 (St. Helen{ 9.09x 10°
Hydroelectric dam reservoir (Hoover)| 7.91x 10* Theoretical maximum (measurable) | 9.72x 10**2
Tsunami (typical) 1.61x 108 Theoretical minimum (measurable) | 8.30x 102

%4 Data fromTable Alin Appendix A.1.
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Table 3. Power density of natural systenis

Power Power
Natural Systems Density Natural Systems Density

(MWIL) (MWIL)
Nuclear and Atomic Brown fat cell (resting) 3.00x 10”7
Frarcium-215 radionuclide 1.81x 10% Evergreen trees (pine, fir, larch) 2.75x 107
Europium147 radionuclide 3.34x 1 Protists (phytoplakton, algae) 9.00x 108
Polonium210 radionuclide 1.30x 10° Erythrocyte (red blood cell) 8.51x 108
Gadolinium148 radionuclide 4.82x 10° Osteocyte (bone) 6.67x 108
Neodymium144 radionuclide 8.24x 10 Global photosynthesis (all plants) 5.00x 10°®
Biological Animals
Honeybee flight muscle 2.64x 10° Fungi Saccharomycesp) 5.56x 10°
Platelet (activated) 2.33x 10° Bacterium Barcina luted 3.80x 10°
Myosin muscle motor 2.00x 10° Nematode Rlectu 7.90x 10°
Bacterial flagellar motor 2.00x 10° Rat, adult male 7.50x 10°
E. foecalisbacterium(max. growth) 1.15x 10° Nematode Rlectu 5.60x 10°®
Skeletal muscle cell (max. tetanic) 1.15x 10° Chicken, adult male 4.62x 10°
Mitochondrion organelle 1.10x 10° Guinea pig, adult male 3.00x 10°
Flea jumping 6.67x 10* Goat, adult 2.00x 10°
T-cell lymphocyte (antigen response)| 6.50x 10* Protozoa Chaos chags 1.40x 10°
Heart muscle cell (max.) 6.25x 10* Horse, adult male 1.22x 10°
Heart muscle cell (max.) 4.38x 10* Pig, adult male 1.16x 10°
A. maculatunilorets 4.00x 10* Diptera (flies; larvae ofTipula sp) 1.16x 10°
Brown fat cell (thermogenic) 3.20x 10* Beef cattle, adult male 1.02x 10°
Platelet (activated) 2.33x 10* Protozoa Chaos chads 9.20x 107
T-cell lymphocyte (basal) 2.00x 10* Mollusc (garden snailHelix aspersi | 4.90x 107
Bee hummingbird in flight 1.48x 10* Annelid (earthwormlum. terrestriy 3.40x 107
Mitochondrion organelle 1.00x 10* Mollusc (garden snailHelix aspersa | 2.40x 10”7
E. colibacterium (basal) 7.69x 10°
Philodendronspadix at 10 °C ambient| 7.20x 10° Planetwide
Typical human tissue cell (max.) 6.00x 10° Meteoroid impact (Meteor Crater, AZ | 7.69x 10°
Skeletal muscle cell (max. voluntary) | 5.65x 10° Asteroid impact, ext. level (Chicxulub) 8.67x 10°
Kidney cell 4.33x 10° Lightning bolt (average neg discharge 5.00x 10°
Electric eel Electrophors electricuy | 4.30x 10° Earthquake, mag 9.5 (Valdivia, 1960)| 1.42x 1¢°
Heart muscle cell (typical) 3.63x 10° Lightning bolt (average neg dischargg 1.25x 10°
Platelet (resting) 3.00x 10° Volcanic eruption, Class 5 (St. He®n | 3.10x 10*
Electric eel Electrophorus electricys | 2.50x 10° Tornado (maximum EF5) 4.05x 107
Neutrophil (white blood cell, activated 2.43x 10° Tsunami (typical) 3.33x 10%°
Human body (max.) 2.38x 10° Hurricane (typical) 3.53x 10
Neuron (max.) 2.36x 10°
Kidney cell 1.94x 10° Astronomical
Adrenal cell 1.88x 10° Ylem (cosmic egg) 5.75x 10°%®
Testicular cell 1.86x 10° Evap BH: ~16m boulder (~16*Mgy) | 2.57x 10"
Neuron (max.) 1.82x 10° Evap BH: ~1 km meteor (~18Mgy.) | 2.57x 10
Hepatocyte (livecell) 1.80x 10° Quark nova 3.00x 10°°
Human brain 1.67x 10° Quark nova 3.00x 107
Thyroid cell 1.63x 10° Binary black hole merger 6.93x 107
Pancreatic islet (mukgell) 1.13x 10° Type la supernova 5.00x 10*
Heart muscle cell (typical) 1.09x 10° Evap BH: Asteoidal (~10™ M) 2.57x 10"
Spleen cell 1.00x 10° X-ray pulsar, ex. star (Centaurus®X | 2.94x 10*°

% Data fromTable A2 in Appendix A.2.
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Diaphragm muscle cell 1.00x 10° X-ray pulsar, ex. star (Centaurus3X | 2.94x 10’
Lung cell 9.75x 10° Type Il supernova 3.33x 10°
Thymus cell 9.25x 10° Type Il supernova 1.00x 1¢°
Pancreatic cell 9.00x 10° Radio pulsar, first (PSR B1919+21) | 5.90x 10°
Neuron (basal) 7.86x 10° Solar flare (Sun) 5.45x 10
Neutrophil (white blood cell, resting) | 7.83x 10° Superlum. supernova (ASASSN6Ih) | 2.20x 10t
Spleen cell 7.50x 10° White dwarf star (ProcyoB) 7.09x 10°®
Hepatocyte (livecell) 7.03x 10° Type O9 star 9.45x 10°
Lung cell 7.00x 10° Sun (typical G2 star) 2.71x 10%°
Intestine/stomach cell 6.50x 10° Hyperluminous quasar (S5 0014+81)| 1.43x 10!
Pancreatic islet (muliell) 6.25x 10° Blue supergiant star (Deneb) 6.25x 10%2
Intestine/stomach cell 5.75x 10° Brown dwarf (W0607+24) 6.00x 10%2
Testicular cell 5.75x 10° Type M9 star 6.3 x 10%°
Bone marrow cell 5.63x 10° Red supergiant star (Betelgeuse) 2.83x 10
Skeletal muscle cell (resting) 5.00x 10° Red supergiant star (Betelgeuse) 2.38x 10
Typical human tissue cell (basal) 3.75x 10° Tidal heating oflovianmoon lo 6.32x 10%°
Skin cell 3.00x 10° Marine tical oscillations (EarttMoon) | 2.75x 10%°
Heart muscle cell (resting) 2.00x 10° Tidal heating oflovianmoon lo 2.37x 10%°
E. foecalisbaderium (basal) 1.75x 10° Jovithermal heat (whole planet, Jupitg 2.34x 10%°
Neutrophil (white blood cell, resting) | 1.74x 10° Geothermal heat (whole planet, Earth| 4.08x 10%’
Firefly (e.g.,Photinus pyrali} 1.63x 10° Evap BH: Planetary (~10Mgga) 2.57x 10%
Human body (basal) 1.49x 10° Globular cluster (M15) 5.83x 10%
Temperate zone herbs (wheat, tomat{ 1.35x 10° Milky Way galaxy 3.74x 10%
Osteocyte (bone) 1.27x 10° Milky Way galaxy 2.68x 103
Skin cell 1.00x 10° Universe 7.2 x 104
Platelet (resting) 1.00x 10° Evap BH:Stellar (~1 M) 2.57x 10%
Tropical grasses (maize, sugarcane) | 8.97x 107 Evap BH: Galactic core (~£04y) 2.57x 1077
Deciduous trees (oak, &eh) 5.04x 10”7

Skeletal muscle cell (resting) 5.00x 107 Theoretical maximum (measurable) | 5.75x 10?%
Chrondrocyte 4.48x 107 Theoretical minimum (measurable) | 7.77x 10
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Table 4. Specific power of nfural systems®

Specific Specific
Natural Systems Power Natural Systems Power

(MW/kg) (MW/kg)
Nuclear and Atomic Chrondrocyte 4.48x 10”7
Francium215 radionuclide 9.69x 10 Brown fat cell (resting) 3.33x 107
Europium147 radionuclide 6.35x 10* Protists (phytoplankton, algae) 9.00x 10°
Polonium210 radionuclide 1.41x 10* Erythrocyte (red blood cell) 7.27x 10°
Gadolinium148 radionuclide 6.10x 10¢ Global photosynthesis (all plants) 7.06x 10°
Neodymium144 radionuclide 1.18x 107 Osteocyte (bone) 6.67x 10°®
Biological Animals
Pancreatic cell 9.00x 10° Fungi Saccharomycesp) 5.56x 10°
Honeybee flight muscle 2.40x 10° Bacterium Barcina luted 3.80x 10°
Platelet (activated) 2.19x 10° Nematode Rlectus 7.90x 10°
Myosin muscle motor 2.00x 10° Rat, adult male 7.50x 10°
Bacterial flagellar motor 2.00x 10° Nematode Rlectus 5.60x 10°
E. foecalisbacterium (max. growth) 1.15x 10° Chicken, adult male 4.62x 10°
Skeletal muscle cell (max. tetanic) 1.05x 10° Guinea pig, adult male 3.00x 10°
Mitochondrion organelle 9.24x 10* Goat, adult 2.00x 10°
Flea jumping 6.67x 10* Protozoa Chaos chads 1.40x 10°
T-cell lymphocyte (antigeresponse) | 6.19x 10* Horse, adult male 1.22x 10°
Heart muscle cell (max.) 5.68x 10* Pig, adult male 1.16x 10°
A. maculatunilorets 4.00x 10* Diptera (flies; larvae ofTipula sp) 1.16x 10°
Heart muscle cell (max.) 3.98x 10* Beef cattle, adult male 1.02x 10°
Brown fat cell (thermogenic) 3.56x 10* Protozoa Chaos chads 9.20x 107
Bee hummingbird in flight 2.37x 10* Mollusc (garden snailHelix aspersa 4.90x 107
Platelet (activated) 2.19x 10* Annelid (earthwormlLum. terrestri¥ 3.40x 107
T-cell lymphocyte (basal) 1.90x 10* Mollusc (garden snailHelix aspersa 2.40x 107
Mitochondrion organelle 8.40x 10°
Philodendronspadix at 10 °C ambient | 7.20x 10° Planetwide
E. coli bacterium (basal) 6.94x 10° Lightning bolt (average neg discharge] 5.00x 10°
Typical human tissue cell (max.) 6.00x 10° Meteoroid impact (Meteor Crater, AZ | 1.03x 10°
Hepatocyte (liver cell) 5.75x 10° Lightning bolt (average negstharge) | 1.14x 10
Skeletal muscle cell (max. voluntary) | 5.14x 10° Asteroid impact, ext. level (Chicxulub)| 3.82x 107
Kidney cell 4.33x 10° Earthquake, mag 9.5 (Valdivia, 1960) | 5.29x 10*
Electric eel Electrophorus electricys | 4.30x 10° Tornado (maximum EF5) 3.70x 10*
Heart muscle cell (typical) 3.63x 10° Volcanic eruption, Class 5 (St. Helens| 1.18x 10*
Platelet (resting) 2.81x 10° Hurricane (typical) 3.16x 10°®
Electric eel Electrophorus kectricus 2.50x 10° Tsunami (typical) 3.23x 10%°
Neuron (max.) 2.36x 10°
Human body (max.) 2.29x 10° Astronomical
Hepatocyte (liver cell) 2.25x 10° Ylem (cosmic egg) 1.66x 10°*
Neutrophil (white blood cell, activated)| 2.24x 10° Binary black hole merger 2.09x 10%°
Kidney cell 1.94x 10° Quarknova 1.00x 10°
Adrenal cell 1.88x 10° Quark nova 8.33x 10°
Testicular cell 1.86x 10° Evap BH: ~16m boulder (~16* M) | 3.60x 1C°
Neuron (max.) 1.82x 10° Type Il supernova 6.25x 10’
Thyroid cell 1.63x 10° Type la supernova 3.57x 10/
Human brain 1.43x 10° Type Il supernova 1.25x 10
Pancreatic islet (muliell) 1.13x 10° Solar flare (Sun) 3.75x 10"

% Data fromTable A2 in Appendix A.2.
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Heart muscle cell (typicgal 1.09x 10° Superlum. supernova (ASASSNbIh) 2.75x 1¢°
Spleen cell 1.00x 10° Red supergiant star (Betelgeuse) 2.48x 10°
Diaphragm muscle cell 1.00x 10° Blue supergiant star (Deneb) 1.97x 10°®
Lung cell 9.75x 10° Red supergiant star (Bsgeuse) 1.48x 10°
Thymus cell 9.25x 10° Hyperlum. quasar (S5 0014+81) 1.25x 10°
Neuron (basal) 7.86x 10° Type O9 star 1.20x 107
Spleen cell 7.50x 10° X-ray pulsar, ex. star (Centaurus3X 4.17x 10°
Neutrophil (white blood cell, resting) | 7.20x 10° Evap BH: ~1 km meteor (~’8M,,) | 3.60x 10%°
Lung cell 7.00x 10° Sun (typical G2 star) 1.92x 10%°
Intestine/stomach cell 6.50x 10° Globular cluster (M15) 1.27x 10%°
Pancreatic islet (muliell) 6.25x 10° X-ray pulsar, ex. star (Centaurus3X | 4.17x 10%*
Intestine/stomach cell 5.75x 10° Milky Way galaxy 1.46x 10!
Testicular cell 5.75x 10° Milky Way galaxy 1.04x 10
Bone marrow cell 5.63x 10° Universe 9.24x 10
Skeletal muscle cell (resting) 4.55x 10° Radio pulsar, first (PSR B1919+21) | 8.21x 10*®
Typical human tissue cell (basal) 3.75x 10° Type M9 star 3.85x 10%°
Skin cell 3.00x 10° White dwarf star (Procyon B) 1.57x 102
Tropical grasses (maize, sugarcane) | 2.25x 10° Brown dwarf (W0607+24) 7.64x 10%
Heart muscle cell (resting) 1.82x 10° Marine tidal oscillations (EartMoon) | 2.63x 10%°
E. foecalisbacterium (basal) 1.75x 10° Tidal heating oflovianmoon lo 1.79x 10%°
Firefly (e.g.,Photinus pyrali} 1.63x 10° Tidal heating oflovianmoon lo 6.72x 10%°
Neutrophil (white blood cell, resting) | 1.60x 10° Jovithermal heat (whole planet, Jig) | 1.76x 10*®
Humanbody (basal) 1.43x 10° Geothermal heat (whole planet, Earth) 7.40x 1028
Temperate zone herbs (wheat, tomatd 1.35x 10° Evap BH: Asteroidal (~18 M) 3.60x 1028
Osteocyte (bone) 1.27x 10° Evap BH: Planetary (~10Mgga) 3.60x 10
Skin cell 1.00x 10° Evap BH: Stellar (~1 M) 3.60x 10%
Platelet (resting) 9.38x 107 Evap BH: Galactic core (~£Mgy) 3.60x 10%2
Deciduous trees (oak, beech) 7.20x 107

Evergreen trees (pine, fir, larch) 5.50x 107 Theoretical maximum (measurable) | 1.80x 10'®
Skeletal muscle cell (resting) 4.55x 107 Theoretical minimum (measurable) | 1.92x 10*%
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Table 5 below provides a brief summary efiergy density, specific energy, ahe powerto-
weight ratio>’ or specific power, in a variety of conventional contempoeayineered systems.
The specific power for most complete systems is surphislog, including fighter jets at only
~0.0055 MW/Kkg. The energy densitied complete machines areducedn part because those
machines devote only a fraction of their masenergy storage. For example, the hydrocarbon
fuel Jet Al used in fighter jets hasspecificenergy ofEs ~ 43 MJ/kg but thespecificenergy of
an entireF-22 fighter jet is onlyEs ~ 9.3MJ/kg.*® Interestingly, this issentially identicab the
erergy storage itheaveragehuman body: 9.3MJ/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 exampld 000 kg automobile with200 horsepowe(0.15 MW)
engineand a 1€gallon gas tank~33 MJ/L for gasoline Table 30) has &ully -fueledwhole-
machinespecificenergy of k ~ 2 MJ/kg but aspecificpowerof Ps ~ 0.00015MW/ kg. In this
case, the stated power level can only be maintained.f@s, ~ Es/ Ps~ 13,333 sec (3.7 h??.
Similarly, the Saturn V moon rockeiith LH,/LOX fuel (5.74 MJ/L; Table 28 andan overall
energy density 02.1 MJ/L had a fullyfueled specific energy ofd= 4.34 MJ/kg but a specific
power of only R=0.00423 MW/lg, allowing the average power level of 12.6 GW to be
maintained for onl{yraion~ Es/ Ps~ 1028 se®

The power density of our ordinary surroundingsraemallyquite low. For instance, a 2000 SF
house drawing 2 kilowatts continuously (~20 light bukachrated at 100 watts) has averall
power density of P~3x 10° MW/L . Inside the house, a ~T mefrigerator drawing 200 watts
has B ~ 2 x 10’ MW/L and asingleincandescent 10@att light bulb measuring 6 cm in
diameter has >~ 9 x 10°* MW/L . The~10 n? 200-horsepower car parked in the garagk

draw B ~ 1.5x 10° MW/L when acceleratingt maximum loagwhile its ~67.3liter volume
human occupant draws only P 1.5 x 10° MW/L at the 106watt basal metabolic rate.

5T https://en.wikipedia.org/wiki/Powen-weight _ratio

%8 Total mass of fulljoaded F22 fighter jet is 37,89 kg and total fuel mass 8163 kg
(https://en.wikipedia.org/wiki/Thrugb-weight ratio#Fighter_aircrdft specific energy of Jet-A is
similar to kerosene at 43.086 Mg (Table 29); so the net specific energy of a fuflyeled F22 fighter jet
is ~9.29 MJ/kg.

9 Amusingly, a 16gallon fillup at a gas station that requires ~1 minute to complete at the pump represents
a chemical energy transfer rate of (16 gallons)(&/gallon)(33 MJ/L)/(60 sec) ~ 33 MW.

0 saturn V datahttps://en.wikipedia.org/wiki/Saturn )V Stage 1 mass 2.29 x fkg, volume 3373
density 0.679 kg/L, burn time 168 sec, specific impuls @&, total energy 7.62 x 1BIJ, thrust power
4.54 x 16 MW, Es= 3.33 MJ/kg, 5 = 2.26 MJ/L. Stage 2 mass 4.96 x kg, volume 1987 rf) density
0.250 kg/L, burn time 360 sec, specific impulse 421 sec, total energy 4.234 1Mrust power 1.18 x
10° MW, Es = 8.53 MJ/kg, 5 = 2.13 MJ/L. Stage 3 mass 1.23 x Fkg, volume 643 r}) density 0.191
kg/L, burn time 500 sec, specific impulse 421 sec, total energy 1.05MJ1@hrust power 2.10 x 204w,
Es= 8.53 MJ/kg, 5 = 1.63 MJ/L. Whole rocket\ith payload mass 2.97 x fkg, volume 6129
density 0.485 kg/L, burn time 1028 sec, total energy 1.29 #IQaverage thrust power 1.26 X*NW,
Es= 4.34 MJ/kg, 5 = 2.10 MJ/L, R= 4.23 x 10 MW/kg, P, = 2.05 x 10° MWI/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 gecific power
(MW/kg) (at bottom), in conventional contemporary engineered systems

Conventional Contemporary Engineered System MJ/L MJ/kg
Spring$* 0.0000049.0 | 0.00000058.0
Capacitors and supercapaciférs 0.000010.06 | 0.000010.036
Hydropower (water dams) 0.001 0.001
Compressed aBtorage systerfis 0.0150.2 0.5
Thermal energy’ 0.1-0.8 0.030.25
Flywheels(steel or composite materij?§ 0.1-5.3 0.030.5
Electrochemical batteriés 0.1-4.3 0.041.8
Chemicalfuels(ambient combustion, excl. oxygéh)

Liquid hydrogen 8.6 121

Dry wood 10-16 12.520

Crude oil, coal, methanol, ethanol 17-42 21-42
Passenger automobife 0.2 2
Saturn V moon rockét 2.10 4.34
F-22 fighter jet(suprg 9.3
Trinity A-bomb (fission}* 52,000 19,000
Tsar Bomba Fbomb (fusion}? 7,580,000 7,780,000
HERCULES 300 TW laser (530 nrhbeam energy on}y’ 670,000,000

1 Section 5.2

52 https://en.wikipedia.org/wiki/Energy density#Table of energy content

83 https://www.engineeringtdbox.com/energydensityd  1362.html

54 https://www.engineeringtoolbox.com/enerdgnsityd 1362.htm
https://en.wikipedia.org/wiki/Energy density#Table of energy content

% https://www.engineeringtoolbox.com/enerdgnsityd 1362.html

% https://www.engineeringtoolbox.com/enerdgnsityd 1362.htm)|
https://en.wikipedia.org/wiki/Enerqgy density#Table of energwntent

57 https://www.engineeringtoolbox.com/enerdgnsityd 1362.htm)|
https://en.wikipediarg/wiki/Energy density#Table of energy content

%8 https://www.engineeringtoolbox.com/enerdgnsityd 1362.htm| Table 29 andTable 30

9 A 1000 kg, 10 mcar with a full 16gallon gas tank has an overall energy densityxof EL6
gallons)(3.78 L/gallon)(33 MJ/L)/(10,000 L) = 0.2 MJ/L and specific energy E, / (0.1 kg/L) = 2
MJ/kg. If the car generates 200 hp (149 kW), ther B.5 x 10° MW/L and R~ 1.5 x 10 MW/kg.

"OWhole rocket with payloadmass 2.97 x ftkg, volume 6129 th density 0.485 kg/L, burn time 1028
sec, total energy 1.29 x 1B1J, average thrust power 1.26 X*]MW, Es= 4.34 MJ/kg, 5 = 2.10 MJ/L, R
=4.23 x 10 MW/kg, P, = 2.05 x 10 MW/L; https://en.wikipedia.org/wiki/Saturn_.\

L Section 7.2
2 Section 7.3.1

I https://cuos.engin.umich.effesearchgroups/hfs/facilities/hercufgstawattiaser/andSection 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 batterié$
Steam, diesel, and electric locomotivés
Batteries and fuel cellS able 24)

Eledrostatic, electrolytic and electrochemical capacffors 0.0000050.00804

Vestas V164 8 MW wind turbirfé

Fuel cell stacks and flow cell batterigs
Photovoltaic§

Abrams battle tarf

Heat engines and heat pufips

Fluid engines and fluid pum{¥s
Common passenger automiest®

800 KW diesel generatyr

Aircraft (propeller§®

Performance luxury, roadster, and mild sports automdbiles 0.0001240.000174

Sports vehicles (automobil&8)
Electic motors and electromotive generafbrs

Sports vehicles (raggars and racing motorcyclés) 0.00050.00572
Aircraft (jet fighters, max load using R ~ (200 m/sec)(thrust)/(mass| 0.001140.00176
Jet and rocket enginéSusing R ~ (200 m/sec)(thrust)/(mass) 0.003520.0353
Thermoelectric generators and electrothermal actators 0.005090.165

Nuclear reactor fission cote

0.0000020.0214
0.0000040.000041
0.0000040.0062

0.0000062
0.0000060.0015
0.0000060.002
0.00002
0.000030.153
0.0000470.0057
0.0000530.000114
0.000057
0.0001170.000361

0.0001790.000763
0.000290.0101

0.0077

" https://en.wikipedia.org/wiki/Powen-weight

ratio#(Closed_cell) batteries

S https://en.wikipedia.org/wiki/Powen-weight

ratio#Notable low ratio

8 https://en.wikipedia.org/wiki/Powen-

weight_ratio#Electrostatic, electrolytic_and_electrochemical capacitors

" https://len.wikipedia.org/wiki/Vestas V164
8 https://en.wikipedia.org/wiki/Powen-weight

ratio#Fuel_cell stacks and flow cell batteries

® https://en.wikipedia.org/wiki/Powen-weight

ratio#Photovoltaics

80 https://en.wikipedia.org/wiki/Powen-weight

ratio#Notable low ratio

81 https://en.wikipedia.org/wiki/Powen-weight

ratio#Heat _engines_and_heat pumps

82 https://en.wikipedia.org/wiki/Powen-weight

8 https://en.wikipedia.org/wiki/Powen-weight

ratio#Fluid_engines_and_fluid_pumps
ratio#Common_power

8 http://www.generac.com/Industrial/products/diegeherators/configured/800kuiesetgenerator

8 https://en.wikipedia.org/wiki/Powen-weight

ratio#Aircraft

8 https://en.wikipedia.org/wiki/Powen-weight

ratio#Performanc&uxury, roadsters_and mild sparts

87 https://en.wikipedia.org/wiki/Powen-weight

ratio#Sports _vehicles

8 https://en.wikipedia.org/wiki/Powen-weight

ratio#Electric_motors _and _electromotive generators

8 https://en.wikipedia.aywiki/Powerto-weight

ratio#Sports _vehicles

9 https://en.wikipedia.org/wiki/ Thrugb-weight

ratio#Fighter_aircraft

9 https://en.wikipedia.org/wiki/ Thrugb-weight

ratio#Jet_and rocket engines

92 https://enwikipedia.org/wiki/Poweito-

weight ratio#Thermoelectric generators_and electrothermal actuators

% 3Sun 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



https://en.wikipedia.org/wiki/Power-to-weight_ratio#(Closed_cell)_batteries
https://en.wikipedia.org/wiki/Power-to-weight_ratio#Notable_low_ratio
https://en.wikipedia.org/wiki/Power-to-weight_ratio#Electrostatic,_electrolytic_and_electrochemical_capacitors
https://en.wikipedia.org/wiki/Power-to-weight_ratio#Electrostatic,_electrolytic_and_electrochemical_capacitors
https://en.wikipedia.org/wiki/Vestas_V164
https://en.wikipedia.org/wiki/Power-to-weight_ratio#Fuel_cell_stacks_and_flow_cell_batteries
https://en.wikipedia.org/wiki/Power-to-weight_ratio#Photovoltaics
https://en.wikipedia.org/wiki/Power-to-weight_ratio#Notable_low_ratio
https://en.wikipedia.org/wiki/Power-to-weight_ratio#Heat_engines_and_heat_pumps
https://en.wikipedia.org/wiki/Power-to-weight_ratio#Fluid_engines_and_fluid_pumps
https://en.wikipedia.org/wiki/Power-to-weight_ratio#Common_power
http://www.generac.com/Industrial/products/diesel-generators/configured/800kw-diesel-generator
https://en.wikipedia.org/wiki/Power-to-weight_ratio#Aircraft
https://en.wikipedia.org/wiki/Power-to-weight_ratio#Performance_luxury,_roadsters_and_mild_sports
https://en.wikipedia.org/wiki/Power-to-weight_ratio#Sports_vehicles
https://en.wikipedia.org/wiki/Power-to-weight_ratio#Electric_motors_and_electromotive_generators
https://en.wikipedia.org/wiki/Power-to-weight_ratio#Sports_vehicles
https://en.wikipedia.org/wiki/Thrust-to-weight_ratio#Fighter_aircraft
https://en.wikipedia.org/wiki/Thrust-to-weight_ratio#Jet_and_rocket_engines
https://en.wikipedia.org/wiki/Power-to-weight_ratio#Thermoelectric_generators_and_electrothermal_actuators
https://en.wikipedia.org/wiki/Power-to-weight_ratio#Thermoelectric_generators_and_electrothermal_actuators
https://www.frontiersin.org/articles/10.3389/fenrg.2018.00014/full

23

Chapter 3. Thermochemical Energy Storage

In this Chaptemwe survey the specific energy (MJ/kg) and energy density (MJ/L) available from
various surces of storethermochemicatnergy.

Section 3.1surveys thenergy storage densities that areleddéu si ng fAsensi bl e heato
that involve a change in temperatureluding the heat capacity of soliddection 3.1.}, liquids
(Section 3.1.2, and gasesSgction 3.1.3. Similarly, Section 3.2surveys storage densities
avail abl e aati n gshaldoant eitbout a dhange in temperatimeluding the
heat of fusion that is evolved when a material transforms from the liquid to the solid state
(Section 3.2.}, the heat of vaporization generated when a material transforms from tloeigase
to the liquid stateSection 3.2.2, and the heat of sublimation that is released when a material
transforms from the gaseous to the solid stagetjon 3.2.3. Section 3.3reviews a wide variety
of other thermochemical phase changes that can stdreekease energy, includitige keat of
solution (Section 3.3.}, the teat ofcrystallization(Section 3.3.2, photoisomerconversion
energy(Section 3.3.3, dlotropic transitionenergy(Section 3.3.4, crystal structurephase
transitionenergy(Section3.3.5, and a few other phastdange enthalpie$éction3.3.6.

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

Section 34 reiterates th@oint that unlike storage energy density, storage power density is not an
intrinsic maerial property. Nevertheless, one can estimate the maxtimermochemical

specific powe(MW/kg) and power densitgMW/L) for various materials by making certain
reasonable assumptions regarding storage container siteeaate of resupplyf recharged

storage containets the source energy systerRractical modertgay heat engines generally
achieve power/weight ratios in the rang@df0%0.1 MW/kg.**

The second law of thermodynamgzsys that it is impossible tmnvert heat into useful work if

theheat reservoir and the device are both at the same temperature, as demonstrated byg-eynman
classic example of the Brownian motor using an isothermal ratchet and pawl maektimeygh
nonequilibrium fluctuations, whether generated by macroscale eléetds or chemical

reactions far from equilibrium, can drive a Brownian mdfoAstumian estimates that even a

crudely desighed chemicaltyriven Brownian motor could move in -tfn steps at ~3

microns/sec, developing ~0.5 pN of force, ~3 ¥ pOV of pover, and a power density 00-001

MW/L .°" Still higher power densities might be possible but seem highly specufative.

% https://en.wikipeia.org/wiki/Powerto-weight_ratio#Heat_engines_and_heat_pumps

“Feynman RP. fARatchet and pawl, o6 Volume |, -Chapter 46€
Wesley Publishing Company, Reading, MA, 1963.

% Astumian RD. Thermodynamics and kineticsadBrownian motor. Science 1997 May 9;276(5314):917
922; http://mcb.berkeley.edu/labs/krantz/pdf/asturtiaermo%26kinetics _brownian_motecience

1997.pdf

97 Astumian RD. Thermodynamics and kinetics of a Brownian motor. Science 1997 May 9;276(5314):917
922; http://mcb.berkeley.ediabs/krantz/pdf/astumiathermo%26kinetics brownian _motsecience

1997.pdf



https://en.wikipedia.org/wiki/Power-to-weight_ratio#Heat_engines_and_heat_pumps
http://mcb.berkeley.edu/labs/krantz/pdf/astumian-thermo%26kinetics_brownian_motor-science-1997.pdf
http://mcb.berkeley.edu/labs/krantz/pdf/astumian-thermo%26kinetics_brownian_motor-science-1997.pdf
http://mcb.berkeley.edu/labs/krantz/pdf/astumian-thermo%26kinetics_brownian_motor-science-1997.pdf
http://mcb.berkeley.edu/labs/krantz/pdf/astumian-thermo%26kinetics_brownian_motor-science-1997.pdf
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3.1 Sensible Heat

i Se ns i bdthe hdatexchanged by a bodyhermodynamic system that results in a change
in temperature. Fexampleheat capacitys a measurable physical quantifymatter that can

be defined as thguantity of thermal energgydded to (or removed from)maaterialobjectwhen

the temperature of that objesttanges by a given amour8pecific heatcapacity ¢r, more
commonly, specific heabis thejoules of thermal energyeeded to raise the temperature of one
kilogram of mater by 1 degreekelvin at constant pressufes(T); see ranked able 6, below

with data sourcein Sections 3.1.13). (Volumetric heacapacity® is the joules of thermal

energy needed to raise the temperature of one liter of matter by 1 degreé I&beaific leat

varies by material, by temperature, and by physical state (solid, liquid, gas) of the magérial
only very slightly wth pressur€” 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 lcbsink until the temperature of the source reaches the temperature of the
sink, at which point the stored thermal energy has been drained from the'Sofweenergy

storage via heat capacity, we assume the source material does not change its ptgsjcal,s

solid, liquid, gas) and the cold sink does not warm up during the energy travsexso ignore

the rate at which energy leaks away from the hot source by radiation, convection, or other means,
as this leakage rate is highly implementatitpendent.

%t has been alleged that reversialeergyfluctuation converters can obtain useful electrical work from
thermal Nyquist noise, up to power densities SE10' MW/L at ~300 K. See: YaterJC.Power
conversion of energy fluctuation3hys Rev AL974 Oct1((4):1361-1369
https://journals.aps.org/pra/abstract/10.1103/PhysRevA.10.18&tker JC.Physi@l basis of power
conversion of energy fluctuation3hys Rev A1982 Jul26(1):522-538,
http://adsabs.harvard.edu/abs/1982PhRVA..26..5232¢ also:
https://patents.google.com/patent/US4004210AM1ys Rev AL978 Augl8:767%772, Phys Rev A979
Aug;20:623627, and Phys Rev 2979 Oct20:16141618.

% https://en.wikipedia.org/wiki/Heat_capacity#Specific_heat_capacity
190 https://en.wikipedia.org/wiki/Volumetric_heat_capacity

191 For the specific heat of liquid watdreatng wate causes it t@xpanddoingwork against the
surrounding pressurand this expansion takes a bit more workigher pressuteFor example, heatingy
kg of water from 10°C to 30°C decreasedensity from 999.702Bg/m® to 995.650%kg/m°, an expansion
of 4.071 x10° m® that does a very smdll413J of work at 1 atm(101,325N/m?) or 1.24J at 3 atm,
compared to the vastly large84,360 J (~4218 J/kgK x 1 kg x20K) of energythat is needetb heat the
water, http://physics.stackexchange.com/questions/100044&lmesficheatchangewith-pressuréf-so-

why.

1920f course, this process would completely waste the energy, maximally ingreasiopy 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/



https://journals.aps.org/pra/abstract/10.1103/PhysRevA.10.1361
http://adsabs.harvard.edu/abs/1982PhRvA..26..522Y
https://patents.google.com/patent/US4004210A/en
https://en.wikipedia.org/wiki/Heat_capacity#Specific_heat_capacity
https://en.wikipedia.org/wiki/Volumetric_heat_capacity
http://physics.stackexchange.com/questions/100044/does-specific-heat-change-with-pressure-if-so-why
http://physics.stackexchange.com/questions/100044/does-specific-heat-change-with-pressure-if-so-why
http://demonstrations.wolfram.com/IrreversibleAndReversibleTemperatureEquilibration/
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Table 6. Specific heat capacity i s p e c i f) data fohvariaus materials
Specific Specific Specific
Material Phase Heat Material Phase Heat Material Phase Heat
(J/kgK) (J/kgK) (J’kgK)

Hydrogen gas 10800 | 1-heptanol liq 2671 Ethyl ether liq 2220
Hydrogen liq 9780 | 1-hexanol liq 2662 Decane liq 2210
Helium gas 5193 | 1-octanol liq 2641 Aniline liq 2180
Ammonia liq 4700 | 1-pentanol liq 2632 lodine li 2150
Lithium liq 4246 | 1-butanol liq 2599 Acetone liq 2150
Water liq 4218 | Methanol liq 2522 Water-ice solid 2100
Lithium solid 3602 | 1-propanol liq 2515 Graphite solid 2081
Beryllium liq 3270 | Ethanol liq 2446 Diamond solid 2081
Calcium Glycerine liq 2430 Lithium

chloride liq 3060 | Ethylene nitrate liq 2074
Graphite liq 3000 | glycol liq 2360 Acetic acid liq 2043
Paraffin wax solid 2900 | Boron solid 2313 Nitrogen lig 2028
Propylene liq 2850 | Polyethylene| solid 2303 Ether gas 1950
1-nonanol liq 2820 | n-butane liq 2300 Benzene liq 1920
1-undecanol liq 2789 | Hexane lig 2260 Basaltic
Beryllium solid 2774 | Heptane lig 2240 magma®® lig 1450
1-decanol lig 2725 | Octane lig 2220

The maximum exploitable amount of energy that can be stored via heat capacity varies according
to the physical state of theosagematerial. In the case gblids(Section3.1.1), the maximum
temperature change woubdcur when the hot source temperature is at the melting @aip} of

the material and the cold sink is at 4Ke . g .oia= TaTi 4 K. In the case diquids

(Section3.1.2), the maximum tengrature change occurs when the hot source is at its boiling
point(Ty,,) and the cold sink is at its melting paint e . gis =, Top. 'u'qo‘ITmp.105 In the case of
gaseqSection3.1.3), the cold sink must be at the boiling point but the maximum temyperaf

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

103 http://magma.geol.ucsh.edu/papers/EoV%20chapter%205%261i&Spera.pdf

194 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.

®Higherpressr es may al | ow g [TReuse efrstill higher gressufes abovertfie
critical point to avoid boiling (i.e., no abrupt transition from liquid to gas with increasing temperature)
might provide even larger usable temperature ranges.


http://magma.geol.ucsb.edu/papers/EoV%20chapter%205%20Lesher&Spera.pdf
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Rather than choosing some arbitrary uppermost source tempéfaiveesstimate the energy
storage of gases in energy units per kilokelvin (1000 K) op&gature differential between
source and sink e . ¢g~ 100040 T

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 sommeans by which the stored energy can be converted into
some other form of energy that can do something useful in the context of the appliagon.
specification or design of such conversion systems is beyond the scope of the present work, but a
few repesentative approaches can be mentioned.

For exampleextracted energgan be converteitito mechanical worky various classesf heat
enginesincluding the steam engin¥the Stirling engineé?® or the Ericsson enginé’ all of

which require a working fiid that remains either gaseous or liquid throughout the entire range of
operation-'® (Nakajima™* has built and operated a 50 tgtirling engine working at 10 Hz

between 27373 K producing 1bwattsyielding apower densityf P, = 0.00®@ MW/L , and has
denonstrated the theoretical engineering feasibility of microscale Stirling engifiles.Banks
enginé*?is another heat engine that uses nitiffab produce mechanical energy from hot and

cold heat sources, though the operating temperature is fdrama a pacticalfull -rangesystem
would need to include a var i éttoyoptinizeedergyf er ent
extraction in multiple overlapping temperature barngsergyfrom a hot source and cold sink

19 Eor 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 orJHiCs at 4215 K,and the recently computationally discovered
tantalum nitrogen carbon alloy (J&No >Co.27) at ~4400 KHong QJ, van de Walle A. Prediction of the
material with highest known melting point fraab initio molecular dynamics calculations. Phys. Rev. B

2015 Jul 2092:020104;http://authors.library.caltech.edu/59499/1/PhysRevB.92.020104.fu)f the first
ionization temperature of the source materig)fion~ Eonizatin / Ks, for Boltzmann constanigk= 1.38 x

102 J/K; e.g., Tonization= 116,000 K for Eniaion= 10 eV; se&ection 4.4.3.}, whereupon the material
changes physical state from gas to plasma); or (c) various other alternatives.

197 https://en.wikipedia.org/wiki/Steam_engine
108 https://en.wikipedia.org/wiki/Stirling_engine
199 https://en.wikipedia.org/wiki/Ericsson_cycle#Ericsson_engine

10From 420 K, the only available gaseous working fluid is helium, with hydrogen gas available over 20 K
and neon gas above 27 ittps://en.wikipedia.org/wiki/Boiling_points_of the elements (data page)

M1 Nakajima N, Ogawa K, Fujimasa I. Study on Microengines: Miniaturizing Stirling Engines for
Actuators. Sensors and Actuators 1989;3(BZ; https://ieeexplore.ieee.org/abstract/document/77979

12Banks R. The Banks Engine. Die Naturwissenschaften. J9(2(7):305308;
http://link.springer.com/article/10.1007/BF00608890

13 hitps://en.wikipedia.org/wiki/Nickel titanium

MENi ti nol He htip:/MEvw.onageseo.ckm/nitinol/heangine.html

115 hitps://en.wikipedia.org/wiki/Shap@emory _alloy

i st


http://authors.library.caltech.edu/59499/1/PhysRevB.92.020104.pdf
https://en.wikipedia.org/wiki/Steam_engine
https://en.wikipedia.org/wiki/Stirling_engine
https://en.wikipedia.org/wiki/Ericsson_cycle#Ericsson_engine
https://en.wikipedia.org/wiki/Boiling_points_of_the_elements_(data_page)
https://ieeexplore.ieee.org/abstract/document/77979
http://link.springer.com/article/10.1007/BF00608890
https://en.wikipedia.org/wiki/Nickel_titanium
http://www.imagesco.com/nitinol/heat-engine.html
https://en.wikipedia.org/wiki/Shape-memory_alloy
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can also be converted irdsoustic energy irsg a thermoacoustic heat engifior intoelectricl
energyusinga Seebeck effelt thermoelectric generatdf or thermopilé'®, pyroelectric
generatof*° thermogalvanic celf* or thermophotovoltaic generatt?

In the ideal case of a reversible heat endfiee would extract the maximum possible work
without increasing the entropy.

18 hitps://en.wikipedia.org/wiki/Thermoacoustic_heat_engine

U7 hitps://en.wikipedia.org/wiki/Thermoelectric _effect#Seebeck effect
118 https://en.wikipedia.org/wiki/Thermoelectric_generator

119 https://en.wikipedia.org/wiki/ Thermopile

120 htps://en.wikipedia.org/wiki/Pyroelectricity#Power generation

121 htps://en.wikipedia.org/wiki/Thermogalvanic cell

122 hitps://en.wikipedia.org/wiki/Thermophotovoltaic

1231 eff HS. Reversible and irreversible heat engine and refrigerator cycles. Am J Phys. 2018 Apr
19;86:344 https://www.cpp.edu/~hsff/Leff%202018a.pdf fiReversi ble Heat
2019;https://www.sciencedirect.com/topics/engineering/reversieEengine

Engine, 0


https://en.wikipedia.org/wiki/Thermoacoustic_heat_engine
https://en.wikipedia.org/wiki/Thermoelectric_effect#Seebeck_effect
https://en.wikipedia.org/wiki/Thermoelectric_generator
https://en.wikipedia.org/wiki/Thermopile
https://en.wikipedia.org/wiki/Pyroelectricity#Power_generation
https://en.wikipedia.org/wiki/Thermogalvanic_cell
https://en.wikipedia.org/wiki/Thermophotovoltaic
https://www.cpp.edu/~hsleff/Leff%202018a.pdf
https://www.sciencedirect.com/topics/engineering/reversible-heat-engine
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3.1.1 Heat Capacityof Solids

A classi@l rule, described by Lewis and Gibd&tollowing the bw of Dulong and Petit*® says
that the heat capacity eblid pureelementssery raughly approaches a maximum €25 J/K per
mole of atom¥&® at room temperaturand above The natural element with the heaviest atoms
(*®*0) has almost the lowespecificheat of anysolid material, atL16 J/kgK (2010 J/L-K),*?’
very close to the rutpredicted value of 18J/kgK. Lithium, the lightest solid element at room
temperature, has the highest room temperapeeificheat (for solids) a8580 J/kg-K (1910 J/L-
K) at 298 K, also very close to the rtgesdictedmaximumof 3600 J/kgK.

A few subsances, particularly the hard highelting Specific Heat of Diamond
crystals ofthelight atomsof beryllium, boron, and carbon| ;.

(both graphite and diamond), hasgecific heatsnuch ,
smaller than this rule predicts across a wide temperatur /’

range. For example, diamond (crystallozgbon) at 298

K has aspecificheat 0f509J/kgK (1790 J/L-K), only a ! /

guarter of the rulgredicted 280 J/kgK maximum by 05

1100 K, thespecificheat of diamond has risen to 187 0 , ‘ ‘ ‘ ‘
J/kgK (6580 J/L-K), much closer to the rulpredicted o s00 Ti?f,?erami?i, 2000 2500
maximum(see chartright).

Specific Heat (kJ/kg-K)

Thespecific heatapacityof solids is generally highest just below the melting point, declining
slightly as temperature falls but then falling more rapidly at very low temperatufes, {2
eventuallyreachingzero in the limit at 0 K?° As aresult, applying thenaximumspecificheat
estimate tothé u | | t emper atguF €, d4 Kinfayoverestimnateahle expiditable
energy storage that is potentially availaleup to a factor of ~2ut at least provides a useful
crude uppelimit.

Table 7 showsa ranked list ofhe maximum specifienergy otheat capacityor the solid
elements and a few othepresentativeolids(range0.029-8.1 MJ/kg), mostlycomputed by
multiplying the rulepredicted maximum specific heat capagifth the naximum exploitable

124) ewis GN, Gibson GE. fie entropy of the elements and the third law of thermodynamics. J Am Chem
Soc 1917;39:2552581;http://pubs.acs.org/doi/abs/10.1021/ja02257a006

125 petit AT, Dulong PL. Recherches sur quelgjpeints importants de la Théorie de la Chaleur. Annales
de Chimie et de Physique. 1819;10:3883 (in French)http://web.lemoyne.edu/~giunta/PETIT.html

126 This is ~3R, where R = 8.31446 J/m#lehttps://en.wikipedia.org/wiki/Gas constant

127 hitps://en.wikipedia.org/wiki/Heat_capacities_of the_elesigoiata_page)
128 hitps://en.wikipedia.org/wiki/Debye _model

129 DanielsF, Alberty RA. Physical Chemistnard Ed.,John Wiley & Sons, New York, NY, 1966. 46.


http://pubs.acs.org/doi/abs/10.1021/ja02257a006
http://web.lemoyne.edu/~giunta/PETIT.html
https://en.wikipedia.org/wiki/Gas_constant
https://en.wikipedia.org/wiki/Heat_capacities_of_the_elements_(data_page)
https://en.wikipedia.org/wiki/Debye_model
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t emper at ug@s defmed gaelielFEpﬂhe average density of the solid at room
temperaturés thenused to compute theaximumenergy density of heat capacftange 0.10-18
MJ/L) as shown irmable 8. (The density of most sals doesé change dramatically with
temperature.)

Thespecificheat and density for the representaheerelementabolids of anhydrous calcium
chloride® concrete® fused silica*® glucose*** granite!® naphthalené®® paraffin wax**’ and
polyethylené® are t&en at room temperatur@hespecificheat forwatericeis taken as the
maximum neamelting-point value of ~2100 J/k¥,"* with ice density taken as the mea28
kg/mover t he e n tfdriceg® (AnvirdegrhtianbointerpaipfEdspecific heat data
over t h ey®e269K temperatoiie range for watee'*" gives atotal exploitablespecific
heat capacity 01123J/kg-K, about53%of the maximum valuef ~2100 J/keK used inour
tables.) The values for beryllium, boron, diamoadd graphite@aresimilarly overestimated For
examplean integration ofnterpolatedspecific heat dataaken fromboth below*? and abov&?
room temperatur@ v e r  t h g.q €2000 K tempematiire range folid diamond* gives a
total exploitablespecificheat capacity 01461J/kgK, or about70% of the maximum valuef

130 There are quantum modelstbE heat capacity of solids that include the decrease at low temperatures
(e.g.,https://en.wikipedia.org/wiki/Debye modeWhich could béntegratel over theindicated
temperature range for variousigglif more realistic estimatese required.

131 hitps://en.wikipedia.org/wiki/Calcium_chloride

132Kodur V. Properties of concrete at elevated temperatures. ISRN Civil Engineering 2014:P914:1
https://www.hindawi.com/journals/isrn/2014/468510/

133 hitps://en.wikipedia.org/wiki/Silicon_dioxidéttps://en.wikipedia.org/wiki/Heat_capacity

134 https://en.wikipedia.org/wiki/Glucose

135 https://en.wikipedia.m/wiki/Granite http://hyperphysics.phgstr.gsu.edu/hbase/Tables/sphtt.html#c1
136 https://en.wikipedia.org/wiki/Naghalene

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

138 https://en.wikipedia.org/wiki/Polyethylenbttps://en.wikipedia.org/wiki/Heat_capacity

139 hitps://en.wikipedia.org/wiki/Water (data_page)#Thermodynamic properties

10 hitps://en.wikipedia.org/wiki/Properties_of water#/media/File:Density of ice_and_water_(en).svg
141 hitps://en.wikipedia.org/wiki/Water (data_pagejdhttps://en.wikipedia.org/wiki/Properties_of water

142 pjtzer KS. The heat capacity of diamond from 70 to 300 K. J Chem Phys 1938 F&l5:68
http://www.colorado.edu/physics/phys4340/phys4340 sp15/hw/JChemPhys 6 68 1938 Diamond.pdf

3 victor AC. Heat capacity of diamond at high temperes, J Chem Phys 1962 Apr 1;36(7):1968 1;
http://www.colorado.edu/physics/phys4340/phys4340 spl15/hw/JChemPhys36 1903 1962 Diamond.pdf

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;2726260
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/kgK used in the tablesThe maximum Carnot efficientyy deamor= & Toia/ Tmp. > 98.3%
in all casesf we assume that a lowost 4 K cold sink is readily availabléf a higher

temperature cold sink must be used, the Carnot efficiency will decline and theastloesgedn
Table 7 andTable 8 must be reduced accordingly.

Table 7. Maximum exploitable specific energyin heat capacityfor solids
Atom or Molecule Specific | Atom or Molecule Specific | Atom or Molecule Specific
In Solid Phase Energy In Solid Phase Energy In Solid Phase Energy
(MJ/kg) (MJ/kg) (MJ/kg)
Carbon (graphite) 8.140 | Cobalt 0.748 | Strontium 0.298
Boron 5.423 | Niobium 0.739 | Arsenic 0.295
Beryllium 4.316 | Nickel 0.734 | Silver 0.285
Carbon (diamond) 4.155 | Calcium 0.693 | Zinc 0.263
Beryllium oxide 2.832 | Manganese 0.689 | Platinum 0.261
Boron nitride (cubic) 2.574 | Calcium chloride 0.685 | Gadolinium 0.251
Lithium 1.620 | Zirconium 0.582 | Thorium 0.218
Concrete 1.569 | Water-ice 0.565 | Potassim 0.213
Silicon 1.498 | Rhodium 0.542 | Antimony 0.185
Silicon dioxide(fused) | 1.393 | Copper 0.533 | Gold 0.169
Granite 1.208 | Yttrium 0.505 | Selenium 0.155
Vanadium 1.069 | Glucose 0.503 | Uranium 0.147
Chromium 1.046 | Tungsten 0.502 | Tellurium 0.141
Titanium 1.012 | Tantalum 0.454 | Cadmium 0.131
Scandium 1.007 | Naphthalene 0.452 | Gallium 0.107
Paraffin wax 0.977 | Osmium 0.434 | Tin (white) 0.106
Magnesium 0.945 | Palladium 0.428 | Rubidium 0.090
Polyethylene 0.930 | Gemanium 0.415 | lodine 0.075
Aluminum 0.861 | Sodium 0.399 | Lead 0.072
Wood 0.843 | Iridium 0.353 | Bismuth 0.065
Iron 0.809 | Hafnium (hexagonal) | 0.350 | Cesium 0.056
Molybdenum 0.754 | Sulfur (rhombic) 0.299 | Mercury 0.029

Carba, 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 densitghist®) due to
their very high densities and melting points, and many otheryhwatals are also high on the
energy density list. It appears timaximumexploitable specific energies in the8 MJ/kg range

and energy densities in tBel8 MJ/L range might be possible to achieve using the heat capacity
of solids. Note that whilehe highest heat capacities per degree K are available at the highest

145 hitps://en.wikipedia.org/wiki/Carnot%27s_theorem_(thermodynamics) No't e

heat

engines

woul d

have

t o

Phys. 1994;27:144149;https://core.ac.uk/download/pdf/41373385.pdf

t o

t hat

achieve

it he
is invariably far above the efficiency of real heat engines...because the reversible conditions under which
oper ate
The maximum power output and maximum efficiencyofraeversible Carnot heat engine. J Phys D: Appl

Carno

Carnot


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 | Energy Atom or Molecule Energy | Atom or Molecule Energy
In Solid Phase Density In Solid Phase Density In Solid Phase Density
(MJ/L) (MJ/L) (MJ/L)
Carbon (graphite) 18.45 | Titanium 4,158 | Cadmium 1.049
Carbon (dianond) 14.60 | Manganese 4.102 | Polyethylene 0.893
Boron 12.85 | Silicon 3.850 | Paraffin wax 0.880
Boron nitride (cubic) | 8.881 | Concrete 3.609 | Tellurium 0.879
Tungsten 8.834 | Zirconium 3.376 | Lithium 0.865
Osmium 8.679 | Granite 3.261 | Glucose 0.775
Beryllium oxide 8.523 | Silicon dioxide(fused) | 3.060 | Lead 0.768
Beryllium 7.295 | Gold 2.929 | Tin (white) 0.738
Molybdenum 7.030 | Scandium 2.818 | Strontium 0.709
Tantalum 6.810 | Silver 2.659 | Bismuth 0.650
Iridium 6.709 | Uranium 2.546 | Gallium 0.634
Cobalt 6.630 | Thorium 2.545 | Sulfur (rhombic) 0.620
Chromium 6.591 | Germanium 2.212 | Selenium 0.619
Niobium 6.333 | Yttrium 2.140 | Water-ice 0.525
Vanadium 5.882 | Aluminum 2.044 | Wood 0.506
Rhodium 5.805 | Gadolinium 1.986 | Naphthalene 0.463
Nickel 5.735 | Zinc 1.731 | Mercury 0.388
Iron 5.646 | Arsenic 1.687 | lodine 0.372
Platinum 5.161 | Magnesium 1.497 | Sodium 0.370
Palladium 5.152 | Calcium chloride 1.473 | Potassium 0.176
Hafnium (hexagonal)| 4.664 | Antimony 1.207 | Rubidium 0.132
Copper 4.272 | Calcium 1.074 | Cesium 0.103




32

3.12 Heat Capacity ofLiq uids

The heat capacity of a liquid at constant pressuspu$liallyvaries relatively little across the
entire |iquid gue(@Ehegirmay) sorthe assumptignghatdapiB constant is
generally adequate as a firpiproximation. The heat capacity dfigh-temperaturdiquid metals
and molten oxides is essentially constant with temperatline variation irheat capacitwith
temperature folowertemperature liquid elements and otligunid materialds also relatiely
small but variesn shapeaccording to the substance involved. For example, glug the liquid
elements Au, Bi, Ga, Hg, In, Li, Pb, and Rb is highest.atdhd decreases toward [ the G
for liquefied gases such as Ar,,H\,, Ne, and Xe isowest at T, , and increases toward, J,
exactly the reversethe G for liquid S is convesshaped between,f and T,,; and the ¢for
liquid Cs, HO, K, Na, and @is concaveshaped between,|, and T, ,.**°

Among liquids generally, thepecificheat of water is extremely high and varies little with

temperature at standard pressure, falling from 4217K/&g0 °C to a low of 4178 J/Kg at 34

°C " then rising back to 4219 J/K¢ at 100 °C**®a variation of less than 1% with an average of

~4200 Jkg-K over the fullgp Tquis =100 Krangeat LatmUnf or t unafwRiby , t hi s T
relatively small compared to other possible energy storage liquittse geeatesspecific heat

energythat can be stored in 100 °C liquid water, then extracted bingdbto 0 °C without a

change in phase, @ly (4200 J/kg-K) (100 K) =0.42 MJ/kg**® (Near the boiling point, the

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

0.0005 MJ/keK at pressures up to 400 atrf). Taking 958 kg/mas the water density at 100 °C,
thegreatesextractible energy density 6404 MJ/L.

Table 9 shows a ranked list of the Carradjusted maximum specific energy of heat capacity for
various liquid elements and other representative @agard inorganic liquidsrénge0.005-8.4
MJ/kg), calculated as the product of the heat capacity at constant presguesii@ated either

146 Fegley B Jr. Practical Chemical Thermodynamics for Geoscientists, AtaBeass, 2012, p. 83;
https://books.google.com/books?id=CzHRZBoIGR4C&pg=PA83

1" fHeat capacity of liquidwt er from 0 AC to 100 ACO;
http://www.vaxasoftware.com/doc_eduen/qui/caloresph2o.pdf

148 hitp://www.engineeringtoolbox.com/watdrermatpropertiesd 162.html

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

130 hitp://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 gt,and T, , or as a representative value from several data

sources;'and the m@imum exploitable temperaturea n g g,s agpdefined earlier.

Table 9. Maximum exploitable specific energy in heat capacity foliqui ds
Atom or Molecule | Specific | Atom or Molecule Specific | Atom or Molecule Specific
In Liquid Phase Energy In Liquid Phase Energy In Liquid Phase Energy
(MJ/kg) (MJ/kg) (MJ/kg)
Carbon (graphite) 8.427 | 1-nonanol 0.280 | n-butane 0.158
Lithium 3.499 | 1-decanol 0.276 | Lead 0.155
Calcium chloride 1.870 | 1-undecanol 0.271 | Bismuth 0.150
Beryllium 1.666 | 1-heptand 0.263 | Acetone 0.148
Aluminum 1.409 | Ethanol 0.258 | Xylene 0.144
Silicon 0.881 | 1-hexanol 0.258 | Antimony 0.137
Sodium 0.715 | l-octanol 0.251 | Osmium 0.119
Titanium 0.582 | Propylene 0.239 | Iridium 0.116
Vanadium 0.530 | Manganese 0.239 | Water 0.113
Tin 0.469 | Sulfuric acid 0.235 | Cesium 0.104
Iron 0.461 | Ethylene glycol 0.222 | Carbon disulfide 0.077
Cobalt 0.442 | Heptane 0.215 | Zinc 0.076
Uranium 0.408 | Decane 0.205 | Selenium 0.072
Nickel 0.395 | Methanol 0.196 | Naphthalene 0.066
Copper 0.377 | Magnesium 0.190 | Strontium 0.066
Potassium 0.374 | Toluene 0.190 | Acetic acid 0.054
Thorium 0.365 | Chromium 0.186 | Cadmium 0.050
Niobium 0.359 | Platinum 0.186 | Chloroform 0.049
Zirconium 0.343 | Octane (~gasoline) 0.185 | Ammonia 0.039
1-propanol 0.339 | Yttrium 0.185 | Mercury 0.035
Plutonium 0.326 | Hexane 0.178 | Benzene 0.030
Glycerine 0.320 | Tantalum 0.177 | Carbon tetrachloride| 0.025
Scandium 0.316 | Aniline 0.173 | lodine 0.023
Molybdenum 0.306 | Tungsten 0.172 | Hydrogen (LB) 0.019
1-pentanol 0.299 | Gold 0.168 | Sodium nitrate 0.013
Rhodium 0.295 | Silver 0.166 | Potassium nitrate 0.009
1-butanol 0.286 | Ethyl ether 0.164 | Bromine 0.006
Lithium nitrate 0.283 | Rubidium 0.163 | Nitrogen (LN,) 0.005

1 Data sourcesC1-C181-alkarpls https://www.nist.gov/sites/default/files/documents/srd/jpcrd390.pdf
alkali metal liquidshttps://www.nist.gov/sites/default/files/documents/srd/jpcrd474 ljyifid iron

http://webbook.nist.gov/cgi/cbook.cgi?ID=C7439896&Units=S|&Mask=2#T lee@ondensegdliquid

nitrogenhttps://www.bnl.gov/magnets/staff/gupta/cryogedatahandbook/Section6.pdliquid hydrogen

http://technifab.com/cryogeni@sourcdibrary/cryogeniefluids/liquid-hydrogen/ molten nitrate salts

http://energy.sandia.gov/wgontent/gallery/uploads/Thermodynariorpertiesof-Molten-Nitrate-Salts

Cordaro.pdfand other liquidéttp:/Mwww.engineeringtoolbox.com/speciffeatfluids-d_151.htmland
http://www.engineeringtoolbox.com/liguichetatboiling-pointsspecificheatd 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

The Carnot efficiency of heat energy extractioglmo=
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@i/ Tpp) ranges from 15982% for

these liquids, so the available specific energy must be reduced by this percentage in each case to
accord with the Second Law of ThermodynanifésThis gives the mximum exploitable

specific energy in had capacity for liquidsT h e

density of most | iquids

dramatically with temperature, so the average density of the liquid is used to compute the
maximum energy density of heat capacign@e0.001-15.2MJ/L ) as shown iTable 10.
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Liguid 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 MP#&107 atn) to obtain liquid
carbon at the triple poindnd even higher
into the 0.210 GPa range (106000,000
atm) to obtain a substantial liquid operating
range between ~4700 K and 10,0000k
higher)™* as indicatedn the phase diagram
of carbor® (chart, left) The
experimentallydeterminedspecificheat
capacity of ~3000 J/k¥ for liquid carbon

near the melting poirff® coupled witha mean density 0f1800 kg/miin the pressurized liquid
state®*® along witha potentiallyvery largeep Tquia ©5300 K operating ranggield the highest
theoretical values for specific energy and energy density shown in the tables.

Liquid lithium has the highest exploitable specific enexjgormal pressurdsecauset has the
seconehighest averagspecific heatof 4246 J/keK between T, and T, and a very high

o Tiquia Of 1149 K giving a very high Carnot efficiency of 72%. (Only liquid ammonia has a
higherspecific heabf 4700 J/kgK on this list, buammonids o Tquis is @ miniscule 44 Kgiving
a Carnot efficiency of only 18%.yimilarly, liquid uraniumhas the highest exploitable energy
densitybecausét has the seconrld a r g g, of 29§0TK @iving the fifth-highest Carnot
efficiency of 68.1% and the sixtHargestmass density17,300 kg/n?) on the list even though its

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

133 Ghiringhelli LM, Meijer EJ. Chapter 1. Liquid Carbon: Freezing Line and Structure Near Freezing. In
Colombo L, Fasolino A, eds., Computeased Modeling of Novel Carbon Systems and Their Properties,
Carbon Materials: Chemistry and Physics 3, Springer, 2010-8; Http://th.fhi-
berlin.mpg.de/site/uploads/Publications/Ghiringhklkijer_LiguidCarbon.pdf

154 Zazula JM.On Graphite Transformations at High Temperature and Pressure Induced by Absorption of
the LHC BeamCERN LHC Project Note 78/971997 Jan 18;
http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.617.810&rep=repl&type=pdf

155 KorobenkoVN, SavvatimskiyAl, CheretR. Graphite meltingand properties of liquid carbomt. J.
Thermophys1999 Jul20(4)12471256;http://link.springer.com/article/10.1023/A:1022679509593

1% savvatimskiy A. Measurements of the maitipoint of graphite and the properties of liquid carbon (a
review for 19632003). Carbon200543(6):1115%
http://www.sciencedirect.com/science/article/pii/S0008622305000291

do


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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averagespecificheatis very poor(200 J/kgK). It appears that exploitable specific energies
around~3-8 MJ/kg andexploitableenergy densitiearound~7-15MJ/L might be possible to
achieveusing the heat capaciof liquids.

Table 10. Maximum exploitable energy density in heat capacity fotiqui ds
Atom or Molecule | Energy Atom or Molecule Energy | Atom or Molecule Energy
In Liquid Phase Density In Liquid Phase Density In Liquid Phase Density
(MJ/L) (MJ/L) (MJ/L)
Carbon (graphite) 1517 | Bismuth 1.507 | Ethanol 0.204
Uranium 7.066 | Manganese 1.422 | Cesium 0.192
Plutonium 5.419 | Chromium 1.174 | Aniline 0.177
Thorium 4.267 | Antimony 0.897 | Toluene 0.165
Calcium chloride 4.020 | Scandium 0.885 | Strontium 0.156
Cobalt 3.918 | Yttrium 0.785 | Methanol 0.156
Platinum 3.674 | Lithium nitrate 0.673 | Decane 0.150
Aluminum 3.347 | Sodium 0.662 | Propylene 0.147
Tin 3.278 | Zinc 0.498 | Heptane 0.147
Iron 3.216 | Mercury 0.469 | Octane (~gasoline) 0.130
Rhodium 3.151 | Sulfuric acid 0.432 | Xylene 0.125
Nickel 3.086 | Glycerine 0.403 | Ethyl ether 0.117
Niobium 3.073 | Cadmium 0.398 | Acetone 0.116
Tungsten 3.034 | n-butane 0.392 | Hexane 0.116
Copper 3.024 | Potassium 0.310 | lodine 0.115
Vanadium 2.914 | Magnesium 0.301 | Water 0.108
Gold 2.909 | Selenium 0.289 | Carbon disulfide 0.098
Molybdenum 2.856 | l-propanol 0.272 | Chloroform 0.068
Beryllium 2.816 | Ethylene glycol 0.247 | Naphthalene 0.064
Tantalum 2.651 | l-pentanol 0.242 | Acetic acid 0.057
Titanium 2.391 | Rubidium 0.237 | Carbon tetrachloride| 0.039
Osmium 2.371 | 1-nonanol 0.233 | Sodium nitrate 0.030
Silicon 2.265 | 1-butanol 0.232 | Benzene 0.026
Iridium 2.203 | 1-decanol 0.229 | Ammonia 0.026
Zirconium 1.991 | 1-undecanol 0.225 | Bromine 0.019
Lithium 1.792 | 1-heptanol 0.215 | Potassium nitrate 0.019
Lead 1.650 | 1-hexanol 0.210 | Nitrogen (LN,) 0.004
Silver 1.543 | l-octanol 0.207 | Hydrogen (LH) 0.00L

The heat capacity of molten salt toeetmnbe used as
thermal energy collected by a solar toWeor solar trough of a concentrated solar power plant,
so that it carbe used to generate electricity in bad weather or at éighwith proper insulation

157 e.g.,https://en.wikipedia.org/wiki/Crescent_Dunes_Solar_Energy Project

198 https://en.wikipedia.org/wiki/Thermal_energy storage#Molten_salt_technalody
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 & Wekke most widely
employed fusible salts include the nitrates of lithium, potassium, and séiwtrich
unfortunately have lowpTqiea nd t h er &d.@swal Lbowecapaaly storage heaters
usingsolid bricks, concretegarth,or water for diurndf*or Iongelcterm162 heat storage araso
commonplace.

9% 1 3 . The@mal 8torage 6 EhrlichR. Renewable Energy: A First Cour€eRC Press2013,p. 375
https://www.crcpress.com/RenewaliieergyA-FirstCourse/Ehrlib/p/book/9781439861158
http://www.gbv.de/dms/ilmenau/toc/726403032.POBC).

180 A mixture of 60% NaN@+ 40% KNQ;( iMo |l t en salts properties:;
http://www.archimedesolarenergy.com/molten_salt)htm s omet i mes cal l ed fAsol ar sal
(https://en.wikipedia.org/wiki/Eutectic_system#Othersay be used for thermal egg storage in

concentrated solar power plants.

181 hitps://en.wikipedia.org/wiki/Storage heagardhttps://en.wikipedia.org/wiki/Solar _pdn
182 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 ofGases

For gases, we shall use heat capacitgoastant volume (& because a practical tank or

container for stored energy will normally possess some particular volume. (The constant pressure
value G (& Cy + R) only makes sense if the containment has variable volume and can expand as
the storage matial is heated, allowing pressure to remain constant as work isildangthe
expansion.When heat is added to a gas confined to a constant valbengressure rises bioib

work is done.

TheC, of a gas may be thought of as the sum of four sepapatponents. Thirst component
is thetranslational kinetic energy due to the thredimensional motion of the gas molecule
through space, or 1.5R per mole (~12.47 J/Agléaking 0.5R per translational degree of
freedom. This is the sole contributifor monatomic gases. Tlsecond componeis the
rotational energy of the gas moleculeldeal datomic moleculegffectivelyhave two degrees of
rotational freedomcontributing another R per mole (~8.31 J/rAd)e and rotations are excited at
temperatues below the boiling point for virtually all gases exceptfbr which rotational energy
only becomes significant over ~85 K due to the moldsudmall moment of inertia which causes
a wide spacing of its rotational energy level$e third component igibrational energy, whose
modes(typically excited at temperatur€000 K) ontribute another R per mole (~8.31 J/mole
K) for idealdiatomic molecules having two degrees of freed¢fiatomic and larger
polyatomic molecules have still more rotationadl avibrational degrees of freedom and can store
still more energy.)In practice the contributions from these
latter twosources bring the total to less than ~3(5&e

| / chart, left Cy in units of B,***in part because vibrational

| / s states, and to a lessett&nt rotational states, are quantized

/ - and in part because vibrat@mmode are generally not

hel Q_J ) completely excited before the dissociation temperature is
— . .
;o reached except faliatomicmolecules where both atoms
art ‘ 1 are very heavy The fourth component ilectronic energy

T T T T T
200 500 1000 2000

T %) modes, which normally are not excited below ~10,008°K.

o

To avoid the effort of compiling and integrating comprehensiyd Yocurves over the entire

o Tas= 1000 K temperature range for evegasof interest, we can generate a reasonable

compardve estimate of the potential for energy storagih each materiaby simply multiplying

theG atNTP{ . e., fNor mal Te mpoeG~-293Krlatmi¥my  ffide ssur e o ;

183 https://en.wikipedia.org/wiki/Heatapacity#Diatomic _gas

184 Fegley B Jr. Practical Chemical Thermodynamics for Geoscientists, Academic Press, 2042, p. 82
https://books.google.com/books?id=CzHRZBoIGR4C&pg=PA83

1% Data sources: Gas densities at STP and NTP Fivp//www.engineeringtoolbox.com/gaensity

d_158.htm| Gdses Specific Heat Capacities and Individual Gas Constants
http://catalog.conveyorspneumatic.com/Asset/FL S%20Specific%20Heat%20Capacities%200f%20Gases.p
df, hitps://en.wikipedia.org/wiki/Chloromethanettps://en.wikipedia.org/wiki/Nitrous _oxige
http://scorecard@ioodguide.com/chemicalrofiles/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 efficiemwy @F qfe By) veldngthgy extracti
Carnotadjustecexploitablespecific heatcapacity pekilokelvin (range0.0410 MJ/kg) in Table
11.

Table 11. Exploitable specific energyper kilokelvin in heat capacity forgasesat 1 atm
pressure
Atom or Molecule | Specific | Atom or Molecule Specific | Atom or Molecule Specific
In Gas Phase Energy In Gas Phase Energy In Gas Phase Energy
(MJ/kg) (MJ/kg) (MJ/kg)
Hydrogen(H,) 1059 | Propylene (Propene) | 1.069 | Nitrous oxide 0.582
Helium 5171 | Ethylene 1.052 | Carbon dioxide 0.548
Methane 1.529 | Acetone 0.993 | Hydrogen chloride 0.480
Ether 1.491 | Sodium @ 1200K) 0.779 | Carbon disulfide 0.417
Ammonia 1.339 | Benzene 0.732 | Chloroform 0.412
Ethane 1.249 | Nitrogen(N,) 0.690 | Sulfur dioxide 0.404
Ethanol 1.236 | Methyl chloride 0.669 | Chlorine(Cly) 0.291
Propane 1.202 | Carbon monoxide 0.666 | Argon 0.287
Butane 1.202 | Hydrogen sulfide 0.645 | Hydrogen bromide 0.213
Acetylene 1.152 | Nitric oxide 0.640 | Bromine(Bry) 0.150
Methanol 1.144 | Nitrogen dioxide 0.630 | Krypton 0.133
Water 1.092 | Oxygen(Oy) 0.604 | Xenon 0.082
Ozone 1.095 | Neon 0.602 | Mercury 0.038

Multiplying the specific heat by the density of each gas at NTP gives the exploitable energy
density of heat capacity per kilokelvirafige0.00020.007 MJ/L at 1 atm) as shown ihable

12. Of courseincreasing 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®at 1 atm near J, ~ 1200 K with a mass density of 0.394 kgfas aspecific

heat of 1680 J/kg(, yielding a Carnetadjusted energy density 6f0003 MJ/L per kilokelvin If

we now i ncrease §shB00tKaptp 200Ktaticonstantvglumey The

pressure rises to ~70 atm with a mass density of 27.7 kgiite the specific heat falls slightly to
1340 J/kgK, but the Carnetdjusted energy density risesfofd to 0.0172 MJ/L per kilokelvin

http://www.thermalfluidscentral.org/encyclopedia/index.php/Thermophysical PropertiesnofE
http://www.thermalfluidscentral.org/encyclopedia/index.php/Thermophysical Properties: Acetone
http://encyclopedia?2.thefreedictionary.com/Bromine+vaptip://scorecard.goodguide.com/chemical
profiles/html/chloroform.htmlhttps://en.wikipedia.org/wiki/Nitrogen_dioxid®&O,),
http://www.chemicalbook.com/chemicalproductproperty _en_cb685884@diethyl ether),
https://en.wikipedia.org/wiki/Heliurrhttp://www.ne.anl.gov/eda/ANIRE-95-2. pdf (sodium),
https://www.bnl.gov/magnets/staff/gupta/cryogedatahandbook/Section3.pgdhydrogen gasknd
https://books.google.com/bogRid=CzHRZB0oIGR4C&pg=PA680;, HBr, Kr, Xe).

1% Fink JK, Leibowitz L. Thermodynamic and Transport Properties of Sodium Liquid and Vapor. Argonne
National laboratory, Reactor Engineering Division, ANLAR%&?2, Jan 1995, pp. 15, 87;
http://www.ne.anl.gov/eda/ANIRE-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 densityper kilokelvin in heat capacity forgasesat 1 atm
pressure
Atom or Molecule | Energy Atom or Molecule Energy | Atom or Molecule Energy
In Gas Phase Density In Gas Phase Density In Gas Phase Density
(MJ/L) (MJL) (MJL)
Ether 0.0046 | Nitrous oxide 0.0012 | Oxygen(O,) 0.0008
Butane 0.0030 | Bromine(Bry) 0.0011 | Hydrogen bromide 0.0008
Benzene 0.0026 | Methane 0.0010 | Carbon monoxide 0.0008
Ozone 0.0023 | Carbon dioxide 0.0010 | Hydrogen chloride 0.0007
Propane 0.0023 | Ammonia 0.0010 | Neon 0.0005
Chloroform 0.0020 | Hydrogen(H.) 0.0010 | Krypton 0.0005
Propylene (Propene)| 0.0019 | Hydrogen sulfide 0.0009 | Xenon 0.0005
Ethane 0.0016 | Sulfur dioxide 0.0009 | Argon 0.0005
Methyl chloride 0.0015 | Water 0.0009 | Sodium @ 1200 K) 0.0003
Ethylene 0.0013 | Chlorine(Cly,) 0.0009 | Acetone 0.0003
Carbon disliide 0.0013 | Helium 0.00® | Methanol 0.0002
Acetylene 0.0013 | Nitric oxide 0.0008 | Ethanol 0.0001
Nitrogen dioxide 0.0012 | Nitrogen(N,) 0.0008

Gaseous hydrogdmas the highest exploitable specific energy bectunses the highest specific

heat of the listed materials at NTP (10,160 K)@nd the secontighest Camot efficiency

(98%) becauseypionllyowmerd itumdrs Mydr ogends. Nitroge
highest specific heat (4600 J/kg on the list. However, gaseous hydrodesvery poor

exploitable energylensitybecausét has the lowest maskensity at STP (0.09 kgAnon the list

It appears that exploitable specific energie8-10 MJ/kg andexploitableenergy densitiesf

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

capacity ofgase.
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3.2 Latent Heat

fiLatent heaiis 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 r eve heteoftransithbosro fkennotwhna |apsthetlatdat tfir ansi t i
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 specift latent heat is the latent heat per unit mass of the storage material (MJ/kg), and the
latent heaenergydensity is the latent heat per unit volume (MJigrmally measured at 1 atm
pressure Energy release occurs only at a specific temperatueg the melting point T, or

boiling point T, ,, as measured at 1 atrithe heat may be used to increase the temperature of
another material which can serve as the hot source, after which the energy carcteslaxéra

heat engine as described3action3.1 Alternatively, the release of latent headyinvolve a
significant change in pressure or volume of the energy storage material, which can be converted
to mechanical energy as describe&action 5

The heat of fusion is only negligibly affected ibgreasing pressure because liquids are relatively
incompressible But gases arighly compressible, so raising pressure causebehtof
vaporizationto fall, eventuallyreaching zero at the critical point (e.gt,218 atm ané47 K for
water}®’ where the liquid and vapor phases become thermodynamically indistinguishable.

187 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 exclusivéty/lgquid) typically use paraffin wax

or fatty acid materials with specific heats of fusion in the ran@e0320.214 MJ/kg'®® or

hydrated salt materials yielding in the rang@®df150.492 MJ/kg*®® There is interest in using
encapsulated phase changaenials e.g.,aluminum and sodium chloridé for this purpose.

Ice storage is also used commercially for the reverse puipgogerovide the ability to absorb

energy upon demand, as in air conditioning systems for buildihgs.

Table 13 shows a rankedst of the specific heat of fusion for the solid elemgaxides,
organicsand other representative solids (rafg@i 1-8.74 MJ/kg),""* while Table 14 presents a

188 Kenisarin M, M&kamov K. Solar Energy Storage Using Phase Change Materials. Renewable and
Sustainable Energy Reviews 2007;11:19885.

169 7alba B, Marin JM, Cabeza LF, Mehling H. Review on Thermal Energy Storage with Phase Change:
Materials, Heal ransfer Analysis and gplications. Applied Thermal Engineering 2003;23:2%8B.

9 30lomon LD. The use of Sodium Chloride & Aluminum as Phase Change materials for High
Temperature Thermal Energy Storage Characterized by Calorimetry. Lehigh UniMasters Thesis,
Paper 13642013;http://preserve.lehigh.edu/cgi/viewcontent.cgi?article=2364&context=etd

1 At nighttime in the office tower at 1 Bryant Park in New York, a large refrigerattire 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 dozgadl@60

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

and into a closetbop airconditioning system. Combining with water and air, it helps to chill the
buildingés 2.35 mill i on s qgngtheday, whengpowerfisotypicallypriciera n y
https://www.nytimes.com/2017/06/03/business/enemyironment/biggedbatteries.html

2 Data Sources: Halbook of Chemistry and Physics, 49th edition (196930 D37, Wikipedia, Air
Liquide http://encyclopedia.airliquide.com/Encyclopedia,adspgineering Toolbox
(http://www.engineeringtoolbox.com/fusidreatmetalsd 1266.htm|
http://www.engineeringtoolbox.com/lateheatmdting-solidsd_96.htm)

heat of fusion for element&ifp://periodictable.com/Properties/A/FusionHeat.an.thdron
http://periodictable.com/Elements/005/data.htoarbonhttp://periodictable.com/Elements/006/data.html
HF http://pubs.acs.orgfi/abs/10.1021/ja01101a06®rmic acid
https://cameochemicals.noaa.gov/chris/FMA, pidfphthalene
https://cameochemicals.noaa.qdwis/NTM.pdf, isopropyl alcohollfttps://www.alibaba.com/product
detail/wecansupplyiso-propyktalcohol 1276438951.htimIXeF4
(http://chemister.ru/Database/proper@sphp?dbid=1&id=595 XeF2
(http://www.chemicaldictionary.org/dic/X/Xenedifluoride 198.htn), PH3
(http://www.concoa.com/phosphine properties.html
germanelittps://books.google.com/books?id=fipXKkslkC&pg=PA536, NaCl
https://en.wikipedia.org/wiki/Sodium_chloride_(data paged BeO
https://books.googl.com/books?id=Xn8KbsgeFrwC&pg=PA479
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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
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similar materials list ranked by heat of fusiemergy densityrange0.00211.98MJ/L ),
calcdated using the mass density near, Tn almost all cases.

Carbon top®othlists, but to repeatedly cychetween solid and liquid graphite to extréat
recharggthe latent heat of fusiomill requirecontinuouspressurizatiomf the storage matet&@

to at least 10.8 MPa (107 atto)obtain liquid carbon at the triple pdifit(see carbon phase
diagram chartSection3.1.2). Liquid graphite has a density of about 1370 Kirthe triple
point,*and the very high required operating temperature,gf T4700Kat pr essur es

atmwill make it very challenging to find a suitable container

The next most useful heat of fusibased energy storage material is boron, which provides the
highest specific heat of fusion and the highest heat density of fusiomadlnmessureThe
operating temperature will be a lot lower than for graphite, with ¥ 2349 Kat 1 atm

Elemental boron has low taity, similar to that of table salf> A preliminary design for a phase
transition energy storage system using mditeronwith a percycle storage efficiency of 75%
has been publishéd’

Beryllium oxideat normal pressure providdse next highest energy derdlitoth by mass and by
volume with a reasonably modest operating temperature,@f=T2780 Kat 1 atm While BeO

is carcinogenic and can cause beryllium disease in particle formgconfieed tosolid form it
should besafe to handle if not subjectedssbsequennachining that releases duést.

Note thati is possible t@isupercoad aliquid to belowits médting point and not observe the heat
evolvedby the phase change from liquid to solid@sy as thenaterialremains liquid. The

latent heat of fusioappears instantly when thiguid freezes.Explairs one sourc&”® fA liquid
crossing its standard freieg point will crystdlize in the presence of a seed crystal or nucleus

173 7zazula IM.On Graphite Transformations at High Temperature and Pressure Induced by Absorption of
the LHC BeamCERN LHC Project Note 78/97, 1997 Jan 18;
http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.617.810&rep=repl&type=pdf

" Haaland D Graphiteliquid-vapor triple point pressure and the density of liquid carbon. Carbon
197614(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;31227.

75 hitps://en.wikipedia.org/wiki/Boron#Health_issues_and_toxicity

78 Gilpin MR, Scharfe DB, Young MP, Pancotti AP. Molten boron phetsange thermal energy storage:
Contanment and applicability to microsatellite®2nd AIAA Plasmadynamics and Laser Conference, held
in Honolulu, HI, 2730 June 20Llhttp://www.dtic.mil/dtic/tr/fulltext/u2/a546871.pdf

7 Beryllia ceramic MSDS;
http://web.archive.org/web/20160118131605/http://americanberyllia.com/lit/Beryllium_Oxide MSDS.pdf

178 Mishima Q Stanky HE. The relationship between liquid, supercooled and glassy Watere
1998396:329-335; http://www.nims.jp/water/Publications/MS1998natir@df See also
https://en.wikipedia.org/wiki/Supercooling#Explanation
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http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.617.810&rep=rep1&type=pdf
http://www.sciencedirect.com/science/article/pii/0008622376900105?via%3Dihub
https://en.wikipedia.org/wiki/Boron#Health_issues_and_toxicity
http://www.dtic.mil/dtic/tr/fulltext/u2/a546871.pdf
http://web.archive.org/web/20160118131605/http:/americanberyllia.com/lit/Beryllium_Oxide_MSDS.pdf
http://www.nims.jp/water/Publications/MS1998nature-b.pdf
https://en.wikipedia.org/wiki/Supercooling#Explanation
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around which a crystal structure can form creating a sbabaking any such nuclei, the liquid

phase can be maintained all the way down to the temperature at which crystal honm®geneo
nucleation occursHomogeneous nucleation can occur above the glass transition temperature, but
if homogeneous nucleation has not occurred above that temperature, an amorphous (non
crystalline) solid will formo For exampl -sitefre@liquidevater (I,¢. ¥ 2ra15i o n

at 1 atm) can be supercooled down to its crystal nucleation temperature of 224.8 K

In summary: Prior toanyconsideration of the attainable pmrcle storage efficiencip real
physical systemst appears that exploitablpecific energiesf 4-8 MJ/kg andexploitable
energy densitiesf 8-11 MJ/L might be possible to achieve using taentheatof fusionby
cycling betweersolid and liquid phased a suitable storage matetial
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Table 13. Maximum exploitable specificheat of fusion for solid/liquid latent heat cycling

Material Cycling

Material Cycling

Material Cycling

Between Solid and | Specific Between Solid and Specific Between Solid and Specific

Liquid Phases Energy Liquid Phases Energy Liquid Phases Energy

(MJ/kg) (MJ/kg) (MJ/kg)
Carbon (C) 8.743 | Iron (Fe) 0.272 | Acetone (GHgO) 0.098
Boron (B) 4.625 | Manganese (Mn) 0.268 | Diethyl ether (GH,,O) 0.093
Beryllium oxide 2.844 | Uranium dioxide 0.259 | Strontium (Sr) 0.091
Lithium oxide 1.960 | Plutonium dioxide 0.255 | Chlorine (C}) 0.090
Magnesium oxide 1.921 | Zirconium (Zr) 0.230 | Isopropyl alcohol (GHgO) 0.088
Silicon (Si) 1.787 | Dry granité® 0.220 | Propane (GHs) 0.080
Calcium oxide 1.343 | Dodecane (&H.g) 0.216 | Xenan tetrafluoride (Xek) 0.079
Aluminum oxide 1.067 | Calcium (Ca) 0.213 | Methylpropane (GHig) 0.078
Magnesium fluoride 0.940 | Copper (Cu) 0.205 | Chloroform (CHC}) 0.077
Vanadium monoxide 0.938 | Decane (GH2») 0.201 | Nitric oxide 0.077
Beryllium (Be) 0.882 | Glycerol (GHgO5) 0.201 | Toluene (GHg) 0.072
Titanium dioxide 0.838 | Stearic acid (GH3605) 0.199 | Thorium (Th) 0.071
Manganese monoxide 0.767 | Hydrogen fluoride (HF) 0.196 | Propylene (GHg) 0.070
Zirconium dioxide 0.706 | Uranium carbide 0.196 | Selenium (Se) 0.067
Titanium sesquixide 0.699 | Tungsten (W) 0.193 | Bromine (Bkg) 0.067
Scandium sesquioxide 0.698 | Silicon dioxide (quartz) 0.188 | Gold (Au) 0.063
Nickel monoxide 0.678 | Carbon dioxide (Cg 0.184 | lodine (b) 0.062
Strontium oxide 0.674 | Acetic acid (GH40O,) 0.181 | Potassium (K) 0.061
Cobalt monoxide 0.670 | Ethylene glycol (GHgO,) 0.181 | Tin (Sn) 0.059
Vanadium sesquioxide | 0.670 | Octane (@Hyg) 0.181 | Methane (CH) 0.058
Lithium (Li) 0.669 | Carbon tetrachloride (C@I 0.174 | Barium (Ba) 0.058
Niobium monoxide 0.615 | Tantalum (Ta) 0.172 | Hydrogen (H) 0.058
Peridotité™® 0.580 | Rhodium (Rh) 0.167 | Carbon disulfide (C$ 0.058
Sodium chloride 0.478 Palmitic acid (GgH3,05) 0.164 | Cadmium (Cd) 0.055
Potassium fluoride 0.468 | Sulfuric acid (HSQy) 0.163 | Bismuth (Bi) 0.052
Yttrium sesquioxide 0.463 | Antimony (Sb) 0.161 | Uranium (U) 0.050
Cerium dioxide 0.462 | Hexane (GH14) 0.152 | Sulfur (S) 0.039
Germanium (Ge) 0.438 | Naphthalene (¢Hsg) 0.147 | Phosphine (Pk) 0.033
Iron monoxide 0.437 | Osmium (Os) 0.142 | Carbon monoxide (CO) 0.030
Titanium (Ti) 0.419 | Heptane (GHyp) 0.140 | Argon (Ar) 0.030
Vanadum (V) 0.410 | Iridium (Ir) 0.138 | Nitrogen (N) 0.026
Aluminum (Al) 0.398 | Cyclopropane (¢Hg) 0.129 | Rubidium (Rb) 0.026
Magnesium (Mg) 0.368 | Benzene (GHg) 0.127 | Lead (Pb) 0.023
Scandium (Sc) 0.356 | Phenol (GHgO) 0.121 | Xenon (Xe) 0.017
Water (H,0) 0.334 | Ethylene (GH,) 0.119 | Neon (Ne) 0.016
Ammonia (NH,) 0.332 | Aniline (C¢H/N) 0.114 | Cesium (Cs) 0.016
Chromium (Cr) 0.331 | Sodium (Na) 0.113 | Oxygen (Q) 0.014
Boron trioxide 0.317 | Zinc (Zn) 0.113 | Fluorine (k) 0.013
Nickel (Ni) 0.297 | Silver (Ag) 0.111 | Plutonium (Pu) 0.013
Molybdenum (Mo) 0.289 | Ethanol (GHsOH) 0.108 | Helium (He) 0.012
Niobium (Nb) 0.285 | Xenon difluoride (Xek) 0.100 | Mercury (Hg) 0.011
Formic acid (CHO,) 0.276 | Platinum (Pt) 0.100 | Germane (Gek) 0.011

Cobalt (Co) 0.276 | Methanol (CHOH) 0.099

179 hitp://magma.geol.ucsb.edu/papers/EoV%20chapter%206esRer&Spera.pdf

180 hitp://magma.geol.ucsb.edu/papers/EoV%20chapter%205%20Lesher&Spera.pdf
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Table 14. Maximum exploitable heat of fusion energy density for solid/liquid latent heat

cycling

Material Cycling

Material Cycling

Material Cycling

Between Solid and | Energy Between Solid and Energy Between Solid and Energy
Liquid Phases Density Liquid Phases Density Liquid Phases Density
(MJ/L) (MJ/L) (MJ/L)
Carbon (C) 11.98 | Peridotité® 1.560 | Mercury (Hg) 0.153
Boron (B) 9.620 | Beryllium (Be) 1.491 | Decane (GH,,) 0.147
Beryllium oxide 8.560 | Zirconium (Zr) 1.335 | Naphthalene (GHs) 0.141
Magnesium oxide 6.875 | Potassiuniluoride 1.161 | Chlorine (Cb) 0.141
Vanadium monoxide 5.398 | Gold (Au) 1.091 Palmitic acid (GgH3,0,) 0.140
Silicon (Si) 4593 | Antimony (Sb) 1.051 | Phenol (GHO) 0.129
Nickel monoxide 4,521 Sodium chloride 1.036 | Octane (@Hyg) 0.127
Niobium monoxide 4.487 | Silver (Ag) 1.035 | Chloroform (CHCE) 0.120
Calcium oxide 4.486 | Scandium (Sc) 0.997 | Aniline (CgH-N) 0.116
Aluminum oxide 4.374 | Boron trioxide 0.996 | Benzene (gHg) 0.112
Cobalt monoxide 4.315 | Aluminum (Al) 0.945 | Sodium (Na) 0.105
Manganese monoxide 4.164 | Uranium (U) 0.865 | Hexane (GHy4) 0.100
Zirconium dicxide 4.012 | Thorium (Th) 0.832 | Heptane (GHg) 0.095
Lithium oxide 3.946 | Zinc (Zn) 0.742 | Carbon disulfide (Cg§ 0.089
Titanium dioxide 3.546 | Magnesium (Mg) 0.583 | Cyclopropane (6Hs) 0.088
Tungsten (W) 3.397 | Bismuth (Bi) 0.522 | Ethanol (GH5OH) 0.085
Cerium dioxide 3.333 | Dry granité®? 0.517 | Methanol (CHOH) 0.078
Vanadium sesquioxide 3.263 | Silicon dioxide (quartz) 0.498 | Acetone (GHgO) 0.077
Strontium oxide 3.169 | Cadmium (Cd) 0.440 | Sulfur (S) 0.071
Titanium sesquioxide 3.136 | Xenon difluoride (Xek) 0.434 | Isopropyl alcohol (GHgO) 0.069
Magnesium fluoride 2.959 | Tin (Sn) 0.412 | Ethylene (GHy) 0.068
Plutonium dioxide 2.922 | Lithium (Li) 0.343 | Diethyl ether (GH;140) 0.066
Osmium (Os) 2.840 | Formic acid (CHO,) 0.337 | Toluene (GHg) 0.063
Uranium dioxide 2.839 | Water (H,0) 0.333 | Xenon (Xe) 0.051
Molybdenum (Mo) 2.696 | Xenon tetrafluoride (Xef 0.318 | Potassium (K) 0.051
Scandium sesquioxide 2.694 | Carbon tetrachloride (Cg)l 0.315 | Methylpropane (GHig) 0.046
Uranium carbide 2.666 | lodine (k) 0.307 | Propane (GHs) 0.046
Iridium (Ir) 2.622 | Sulfuric acid (HSQy) 0.300 | Propylene (GHg) 0.043
Tantalum (Ta) 2.580 | Calcium (Ca) 0.294 | Argon (Ar) 0.041
Iron monoxide 2.509 | Carbon dioxide (C¢) 0.287 | Rubidium (Rb) 0.037
Germanium (Ge) 2.452 | Ammonia (NH) 0.271 | Cesium (Cs) 0.029
Cobalt (Co) 2.445 | Selenium (Se) 0.267 | Methane (CH) 0.025
Niobium (Nb) 2.442 | Glycerol (GHgO3) 0.253 | Phosphine (Pk) 0.025
Yttrium sesquioxide 2.321 | Lead (Pb) 0.245 | Carbon monoxide (CO) 0.024
Nickel (Ni) 2.320 | Strontium (Sr) 0.217 | Nitrogen (N) 0.022
Vanadium (V) 2.255 | Plutonium (Pu) 0.210 | Oxygen (Q) 0.022
Chromium (Cr) 2.085 | Bromine(Bry) 0.207 | Fluorine (k) 0.020
Platinum (Pt) 1.977 | Ethylene glycol (GHgO,) 0.201 | Neon (Ne) 0.020
Iron (Fe) 1.899 | Barium (Ba) 0.195 | Germane (Gek) 0.015
Rhodium (Rh) 1.787 | Acetic acid (GH40,) 0.190 | Hydrogen(H,) 0.004
Titanium (Ti) 1.722 | Hydrogen fluoride (HF) 0.188 | Helium (He) 0.002
Copper (Cu) 1.644 | Stearic acid (gH3¢02) 0.168
Manganese (Mn) 1.595 | Dodecane (&H.g) 0.162

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

182 hitp://magma.geol.ucsb.edu/papers/EoV%20chapter%205%20Lesher&Spera.pdf
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Among existing practical systemsegistorage 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 th@rerexpensive afternoon peak demand

period’® fiPu mpabl e i ce 6 -10060Hum e partcles imasskish orSlurry as a
refrigerant fluid*®*

Molten silicon energy storage systems currently under investigation in"Sjgaid Australi&®
areclaimedto be able to stermore than 3.6 MJ/L at 1400 °C, with conversion efficiencies over
50%.

Immiscible metal alloys used in Miscibility Gap Alloy storage syst&hasso rely on the phase
change of a metallic material to store thermal en&ftpndare claimedo achieve energy
storage densitiéis the range.2-2.2 MJ/L.**°

A number of fairly lowperformance solid/liquid phase change matéeriadse already in
widespread commercial use.

183 hitps://en.wikipedia.org/wiki/lce_storage_air_conditioning
184 hitps://en.wikipedia.org/wiki/Pumpable_ice_technology

HMolten silicon used for thermal energy storage, o T

https://www.theengineer.co.uk/moltsilicon-usedfor-thermalenergystorage/

¥HEnergy storage system based on silicon from sand, o
http://www.powerengineeringint.com/articles/2015/11/austraiampanydevelopsenergystorage
systembasedon-silicon-from-sand.html

187

https://en.wikigdia.org/wiki/Thermal_energy_storage#Miscibility Gap Alloy technology .28MGA.29

188 RawsonA, Kisi E, SugoH, FiedlerT. Effective conductivity of CuFe and ShAl miscibility gap alloys.
International Journal of Heand Mass Transfer 2014 Oct 1;77:34%;
http://www.sciencedirect.com/science/article/pii/S0017931014004244

189 SugoH, Kisi E, CuskellyD. Miscibility gap alloys with inverse microstructures and high thermal
conductivity for high energy density thermal storage applications. Applied Thermal Engin@&lrggMar
1;51(1-2):1345135Q http://www.sciencedirect.com/science/article/plid59431112007818

190 hitps://en.wikipedia.org/wiki/Phasghange material



https://en.wikipedia.org/wiki/Ice_storage_air_conditioning
https://en.wikipedia.org/wiki/Pumpable_ice_technology
https://www.theengineer.co.uk/molten-silicon-used-for-thermal-energy-storage/
http://www.powerengineeringint.com/articles/2015/11/australian-company-develops-energy-storage-system-based-on-silicon-from-sand.html
http://www.powerengineeringint.com/articles/2015/11/australian-company-develops-energy-storage-system-based-on-silicon-from-sand.html
https://en.wikipedia.org/wiki/Thermal_energy_storage#Miscibility_Gap_Alloy_technology_.28MGA.29
http://www.sciencedirect.com/science/article/pii/S0017931014004244
http://www.sciencedirect.com/science/article/pii/S1359431112007818
https://en.wikipedia.org/wiki/Phase-change_material

3.2.2 Heat of Vaporization

Latent heat energy storage systems that éxple energy that released during a phase change
between liquid and vapor in the storage material have not been widely explored. The heat of

vaporization (akaii e nt hal py

of imapbroffatoondensati ono
extraction half of theycle) is most commonly reported at a normal pressure of 1 atm. This

a7

dur i

presents an interesting issue in storage system design, because the volume of a vapor at 1 atm will
normally be a thousar®ld larger than the volume of the same mass of storage natdrgauid
form. A practical storage system will require, in most circumstances, a more coolpact 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,
bdow.™®! The vaporization or condensation of water takes place alorfpliase boundagy
separating thedjuid and vapor phases, starting frtra 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 MPRa conventional
boiling point of 373 K is reported #tenormal atmospheric pressure of 1 atAt.temperatures

below the triple point temperature of 273 K, the liquid form of water does not exist anitsolid

sublimates directly into vapor form wibut boiling. At temperatures above the critical point

temperature of 647 Kyoiling alsocannot occur becaudiee liquid and vapor phaseave become

thermodynamically indistinguishable
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The chart at right® shows what Heat of Vaporization
happens to the heat of vaporization at ~ ° : :
various temperatures along the e | Water
liquid/vapor phase boundathe 10000} o
purple curve on thehart) Because o= 78000
vapor ishighly compressiblghe heat £ 2200 "’"s“
of vaporizationreported here as =000 || L,
J/mole)is highest at the triple point ®
temperature (which happens to be just £ . Acetone 4 Ty Benzene h,
0.01 K above the melting point for 5 L '\ f Y
water) and falls when temperature and = B ‘e “ %
pressure rises age follow thephase 55 | ‘i % ‘
boundaryupward,eventually reaching #9011 Critical Temperatures i
zero at the critical poirtemperature pend | s .
and pressureThree other common ——— -
liquid materials shown on the chart B R T
exhibit similar behavior.
2t The chart at left shows the specific heat of vaporization

2 \\ (MJ/kg) forwater as a function of pressure (atm) along
ERE the liquid/vapor phase bounddfy. The specific heat
§ ] \ is a maximumZ2.5@ MJ/kg) at the triple point
£ (273.16 K, 0.006 atmjery near the freezing point,
g ] \ only slightly lower @.256 MJ/kg) at the conveimnal
21 boiling point (373.15 K, 1 atm), but falling oMJ/kg
I at the critical point (647 K, 218 atmHowever, heat
50 Il H20 of vaporization data is usually reported at the normal
. boiling

0 T e 2 temperature 035

0.01 0.1 Prlessure(atlngl) 100 1000 for' the N \

substance at 1 atm, not at the triple point where theeva 2 .. ™~
would be at its highest. Hence the use of conventional § | \
boiling-point data for the heat of vaporization will often ois \
somewhat underestimate the maximum specific heat of § \
vaporization that is actually availatdéthe triple point ° ] COz

yielding a0 fewotnismatveatafvetdh® ener gy stonfage
capacity of the material. kmfewcases such asmrbon 0 i o

dioxide (chart,right),"** the material can only sublime at ' Pressure (atm)

cific Heat of Vaporization {MJ/kg)

192 https://en.wikipedia.org/wiki/Enthalpy of vaporization

pata sources: fi Bt ¥/ v aystieednigSetcendstmanT a b | e o
condensate/tables/saturat#@amtable/ Handbook of Chemistry and Physics, 49th edition (19622E

% Data sources: Heat of vaporizatiottp://www.ddbst.com/en/EED/PCP/HVP_C1050.atmal density
http://www.peacesoftware.de/einigewerte/co2_e.fomCO, as a function of pressure and temperature.



https://en.wikipedia.org/wiki/Enthalpy_of_vaporization
http://www.systhermique.com/steam-condensate/tables/saturated-steam-table/
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49

1 atm, and the pressure must be raised to the triple point pressuté tdthbefore the

substance can biguefied and made to boil. In this case, the heat of vaporization is reported at
the triple point (215.58 K), giving the true maximum valu® 8482 MJ/kgfor the specific heat

of vapoization.

Table 15 shows a ranked list of the specific heat of vggadion for the pure elements, various

oxides, organics and other representative liquids (r&r@ge50.8MJ/kg),'*ficonser vat i vel y o
estimatedising the conventional heat of vaporization at the boiling temperature at 1 atm in

almost all casess describedbove Once again carbon tops the list, but to repeatedly cycle

betweerliquid andvaporgraphite to extract (or recharge) the latent heapbrizationwill

require continuous pressurization of the storage materials to at least 10.8 MPa (10 7cataii

liquid or vaporcarbon at the triple poitif (see carbon phase diagram cha@egction3.1.2). The

very high required operating temperature gf ¥ 4700 K at pressures O 107
very challenging to find a suitable container.

1% pataSources: Handbook of Chemistry and Physics, 49th edition (1983)tD D37, Wikipedia, Air
Liquide http://encyclopedia.airliquide.com/Encyclopedia,adpat ofVaporizationof the dements

(Wolfram Researchittp://periodictable.com/Properties/A/VaporizationHeat.an.html

Engineering Toolboxhttp://www.engineeringtoolbox.com/meltidmiling-temperaturesl390.htm)|
http://www.engineeringtoolbox.com/fluigsvaporatiodatentheatd 147.htm), Al,O,
http://www.matweb.com/search/datasheet.aspx?matquid=c8c56ad547ae4cfabad15977bfb537f1 &ckck=1
boronhttp://periodictable.com/Elements/005/data.hiG4O
https://books.google.com/books?id=ZJk3BQAAQBAJ&pg=PAIGD,,
https://en.wikipedia.org/wiki/Carbon_dioxide (data_padeimic acid
https://cameochemicals.noaa.gov/chris/FMA, ptfF http://pubs.acs.org/doi/abs/10.1021/ja01101a066
isopropyl alcohol lfttps://www.alibaba.com/produdetail/wecansupplyiso-propyl
alcohol_1276438951.htmIKF http://chemister.ru/Database/propertésphp?dbid=1&id=530MgF,
http://chemister.ru/Database/propert@sphp?dbid=1&id=641MgO http://www.microkat.gr/msdspd90
99/Magnesium%20oxide.htNaCl and KCI
https://books.google.com/books?id=gMQ6AQAAMAAI&Pg=PA6haphthalene
https://cameochemicals.noaa.gov/chris/NTM, pafimitic acid
(https://pubchem.nchi.nlm.nih.gov/compound/palmitic_jqithenol
(https://pubchem.nchi.nlm.nih.gov/compound/phgnBuG (p.43), UC (p.53), and BeO 1B1) [Kirillov

PL, ed. Thermophysical Properties of materials for Nuclear Engineering, Obninsk, 2006;
https://www.google.com/url?sa=t&rct=j&g=&esrc=s&source=web&cd=24&ved=0ahUKEwjB48PNI
7SAhUHWIQKHY1kBJg4FBAWCCowAw&url=http%3A%2F%2Ftherpro.hanyang.ac.kr%2Fcontent%2F
attach_down.jsp%3Fdispos%3Dy%26b%3D130890718532272%26n%3D1%26&usg=AFQjCNFXECDC4I
Tag3rk4f2Yrv6aCbN_Jtg&bvm=bv.150475504,d.cGw&cadstgaric acid
(http://www.chemicalbook.com/ProductMSDSDetailCB4853859 EN).h8IO
http://onlinelibrary.wiley.com/doi/10.1111/j.115%916.1964b15135.x/abstracTiO,
http://www.chemicalbook.com/ProductMSDSDetailCB7461626 EN.laimd ZrQ
https://archive.org/stream/DTIC_AD0018364/DTIC_AD0018364_djvu.Begarding carbon, the book
(Barrett J, Malati MAFundamentals of Inorganic Chemistiforwood Publishing, 1998, p. 162;
https://books.google.com/books?id=pwEDmM8u5PVsC&pg=PAt€Rorts 715 kJ/mole (59.529 MJI/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 of7/86. MJ/kg for the latent heat of vaporization for carbon.

19 7azula JM.On Graphite Transformations at High Temperature and Pressure Induced by Absorption of
the LHC BeamCERN LHC Project Note 78/97, 1997 Jan 18;
http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.617.810&rep=repl&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
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Table 15. Exploitable specificheat of vaporization for liquid/vapor latent heat cycling

Material Cycling

Material Cycling

Material Cycling

Between Liquid and | Specific | Between Liquid and | Specific | Between Liquid and Specific
Vapor Phases Energy Vapor Phases Energy Vapor Phases Energy
(MJ/kg) (MJ/kg) (MJ/kg)
Carbon (C) 50.@ Tin (Sn) 2.492 | Cyclopropane (6Hg) 0.472
Boron (B) 46.90 | Germanium dioxide 2.440 | Aniline (CgH;N) 0.450
Beryllium (Be) 32.45 | Silver (Ag) 2.323 | Hydrogen (H) 0.448
Lithium (Li) 21.3 Potassium chloride 2.270 | Propylene (GHe) 0.439
Beryllium oxide 19.60 | Water (H,0) 2.257 | Phosphine (P} 0.429
Aluminum oxide 19.38 | Thorium (Th) 2.217 | Propane (GHs) 0.426
Calcium oxide 10.97 Uranium carbide 2.120 | Acetic acid (GH40,) 0.402
Silicon (Si) 10.68 | Tin dioxide 2.080 | Benzene (He) 0.390
Aluminum (Al) 10.50 | Potassium (K) 2.043 | Hydrogen fluoride (HF) 0.374
Vanadium (V) 8.873 | Uranium (U) 1.765 | Methylpropane (GH1q) 0.365
Titanium (Ti) 8.795 | Zinc (Zn) 1.764 | Hexane (@GHyy) 0.365
Magnesium oxide 8.205 | Gold (Au) 1.698 | Diethyl ether (GH;O) 0.353
Lithium oxide 7.840 | Gallium trioxide 1.670 Palmitic acid (GsH3,05) 0.351
Titanium dioxide 7.667 | Strontium (Sr) 1.643 | Carbon disulfide (Cg 0.351
Niobium (Nb) 7.498 | Uranium dioxide 1.530 | Toluene (GHy) 0.351
Scandium (Sc) 6.989 | Ammonia (NH) 1.371 | Carbon dioxide (CQ 0.348
Silicon monoxide 6.880 | Plutonium dioxide 1.365 | Naphthalene (GHs) 0.338
Chromium (Cr) 6.622 | Plutonium (Pu) 1.332 | Selenium (Se) 0.333
Cobalt (Co) 6.389 | Indium trioxide 1.280 | Heptane (GH4¢) 0.318
Zirconium (Zr) 6.376 | Niobium pentoxide 1.260 | Octane (@Hyg) 0.298
Nickel (Ni) 6.311 | Praseodymium sesquioxid¢ 1.140 | Mercury (HQg) 0.295
Molybdenum (Mo) 6.232 | Zirconium dioxide 1.140 | Chlorine (Ch) 0.288
Iron (Fe) 6.090 | Methanol (CHOH) 1.104 | Decane (GH,)) 0.263
Silicon dioxide (quartz) | 6.050 | Chromium trioxide 1.050 | Dodecane (&Hy) 0.256
Magnesium (Mg) 5.242 | Barium (Ba) 1.034 | Chloroform (CHC}) 0.247
Rhodium (Rh) 4.791 | Cerium sesquioxide 1.020 | Xenon tetrafluoride (Xeky 0.230
Copper (Cu) 4.726 | Glycerol (GHgO5) 0.974 | Stearic acid (GH3605) 0.224
Germanium (Ge) 4599 | Samarium sesquioxide 0.960 | Carbon monoxide (CO) 0.215
Tungsten (W) 4.482 | Cadmium (Cd) 0.890 | Oxygen (Q) 0.213
Vanadium monoxide 4.380 | Lead (Pb) 0.858 | Xenon difluoride (Xek) 0.204
Magnesium fluoride 4.370 | Rubidium (Rb) 0.845 | Nitrogen (N) 0.198
Sodium(Na) 4.218 | Ethanol (GHsOH) 0.841 | Carbon tetrachloride (Cg)l 0.194
Manganese (Mn) 4.114 | Ethylene glycol (GHgO,) 0.800 | Bromine (Bg) 0.187
Tantalum (Ta) 4.106 | Isopropyl alcohol (gHgO) 0.732 | Germane (Gek) 0.184
Calcium (Ca) 3.833 | Antimony (Sb) 0.634 | Fluorine (k) 0.171
Cobalt monoxide 3.406 | Phenol (GH¢O) 0.614 | lodine (b) 0.164
Boron trioxide 3.310 | Acetone (GHgO) 0.539 | Argon (Ar) 0.161
Osmium (Os) 3.299 | Sulfuric acid (HSQy) 0.510 | Xenon (Xe) 0.096
Iron monoxide 3.200 | Cesium (Cs) 0.510 | Neon (Ne) 0.086
Sodium chloride 3.170 | Formic acid (CHO,) 0.502 | Sulfur (S) 0.054
Iridium (Ir) 3.142 | Bismuth (Bi) 0.501 | Helium (He) 0.021
Potassium fluoride 2.974 | Ethylene (GH,) 0.482
Platinum (Pt) 2.614 | Methane (CH) 0.481
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Second on the list and almost as good as graphite is elemental borovipaitity substance
that provides the highest specific heat of vaporization at normal pressure. The operating
temperature will be somewhat lower than for dnitgpat T,, = 4200 K at 1 atm, just low enough
that a viablephysicalcontainerconceivablymight be made afome high melting point material
such agantalum hafnium carbide (TfCs, T = 4215 K) or perhaps the recently
computationallydiscoveredantalum nitrogen carbon alloy ($8No.2Co.27 Tmp.~ 4400 K)197 if

it can be manufacturedrhe triple point of boron is presently unknowhbut might provide a
somewhat lower operating temperature and a slightly higher specific heat of vaporization.

Elemental beryllium provides the secehijhest specific heat of vaporization at normal pressure,
with a quite reasonable operating temperature,@f=T2742 K at 1 atm that should make
containerization relatively easy. The 35 g ofri®emally presenin theaverage human body is
not considered harmful, bahydustor fumesthat are releaseshd inhaleccan cause
berylliosis* or acute beryllium poisoning’

The specific heat of vaporization €21 MJ/kg for elemental lithium is reported at thdatively
modest boiling point of J, = 1603 K at 1 atm, but its triple poffitis an even lower 453.7 K at 2
x 10" atm (an excellent vacuum), potentially an extremely low operating temperature for an
energy storage system at which the heat of vaporizatiorhfritrises slightly t®2.40

MJ/kg .22 Both beryllium oxide (se8ection3.2.1) and aluminum oxidalsoprovide overl9
MJ/kg of energy storage capacity but again at the costifhigh operating temperatures,{T

= 4170 K and 3250 K, respectively, aatm)?*

¥"Hong QJ, van de Walle A. Prediction of the material with highest known melting poinafsanitio
molecular dypamics calculations. Phys. Rev2B15 Jul 2092:020104;
http://authors.library.caltech.edu/59499/1/PhysRevB.92.020104.pdf

1% young DA. Phase Diagrams of the Elements, LaweeLivermore Laboratory, UCRE1902, 1975 Sep
11, p. 7;http://www.iaea.org/inis/collection/NCLCollectionStore/ Public/07/255/7255152.pdf?r=1
Parakhonkiy G, Dubrovinskaia N, Bykova E, Wirth R, DubrovinskyExperimental presswi@mperature
phase diagram of boron: resolving the lesignding enigmaScientific Reports 2011 Sep 19;1:96;
http://www.nature.com/articles/srep00Q96

19 hitps://en.wikipedia.org/wiki/Berylliosis
200 hitps://en.wikipedia.org/wiki/Acute berylliumojsoning

MiTable 1'll. Some Thermodynamic Properties of Lithiul
Technology:Proceedings of a Symposium on the Role of Chemistry in the Development of Controlled

Fusion, an American Chemical Society Symposihetd in Boston, Massachusetts, April 19%pringer

Science & Business Medid012,p. 96;https://books.google.com/books?id=0EnhBWAAQBAJ&pg=PA96

22\williams RK, Coleman GL, YarbrougBW. An Evaluation of Some Thermodynamic and Transport
Properties of Solid and Liquid Lithium over the Temperature rangelZ00 K, Oak Ridge National
Laboratory, ORNL/TM10622, March 1988, p. 8;
http://web.archive.org/web/20170127012232/http://web.ornl.gov/info/reports/1988/3445602747393.pdf

203 hitps://en.wikipedia.org/wiki/Berylliumoxideandhttps://en.wikipedia.org/wiki/Aluminium_oxide



http://authors.library.caltech.edu/59499/1/PhysRevB.92.020104.pdf
http://www.iaea.org/inis/collection/NCLCollectionStore/_Public/07/255/7255152.pdf?r=1
http://www.nature.com/articles/srep00096
https://en.wikipedia.org/wiki/Berylliosis
https://en.wikipedia.org/wiki/Acute_beryllium_poisoning
https://books.google.com/books?id=oEnhBwAAQBAJ&pg=PA96
http://web.archive.org/web/20170127012232/http:/web.ornl.gov/info/reports/1988/3445602747393.pdf
https://en.wikipedia.org/wiki/Beryllium_oxide
https://en.wikipedia.org/wiki/Aluminium_oxide
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These estimates for the specific heat of vaporizgblikg) 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 earlienaghene 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. Ongossiblesolution to this problem is to seek a more
compact volume in which tdare the vapor portion of the cycle.

To releasehe storedcondensatioenergy a systens pressure and temperature must lie
somewher®n the gas/liquigphaseéboundary and must traverse that boundssyfor example,
bringing a cold sink into contact withe hot vapor sourceThe chart of the heat of vaporization
(Hvap in MJ/kg) of water as a function of pressymeesented earlieshows that H 4, is highest at

the lowest pressure on the gas/liquid phase boundary and falls to zero at the highest pressure
However , t./h e kglgohtseivapgroug storage material responds oppositely, rising
linearly with increasing pressure. As a result, the heat of vaporization energy depsify (E

$vap Hvap in MJ/L), which is the product of these twoegsuredependent variables, falls lmws

at the highest and lowest pressusatreaches a maximum value at some intermediate pressure
on the gas/liquid phase boundaag showrby the arrowsn the charts for water (below, left) and
carbon dioxide (belw, right). An energy storage system would be operated at that pressure.
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difficult or impossible to find However, a simpl@owerformula® 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, CQ, NHz, and several elementaletals and gases, varying only bycalarslope

parameter that provides an excellent estimate with an average error of only Cad%e finda

method for at least coarsely estimating the maximum value of the heat of vaporization energy

density, or Byamax at the peaks of the above two charts?

In the case oliquid water at T, = 373.15 K and 1 atm pressure, &~ 0.001 MJ/L, and is O
MJ/L at 647 K and 218 atiferitical point), butrises to a peak @.105 MJ/L at 636 K and 192
atm Since H,p (192 atm) =0.649 MJ/kgand Hap (1 atm Ty p) = 2.256 MJ/KG Epyapis a

24Martin JJ, Edwards JB. Correlation of the latent heats of vaporization. A.I.Ch.E. Journal 1965
Mar;11(2):331333; https://deepblue.lib.umich.edu/bitstream/handle/2027.42/37333/690110226 .. ftp.pdf



https://deepblue.lib.umich.edu/bitstream/handle/2027.42/37333/690110226_ftp.pdf

maximum at 0.88 H,., (1 atm Ty )

al g6,192i m¢ en) | =
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= 0.958 kg/L, Byapis a maximum at 068} 4 (1 atm, §p); therefore, Biapvax ~ 0.29 Hgp (1
atm, Top) X0 . 14/(1 atm, T,,,) for water.

In the case oliquid carbon dioxidest T, = 216K (triple point)and5.12atm pressure, dgap ~
0.006 MJ/L , and isO MJ/L at304 K and 72.8 atm (critical pointyut rises to a peak 6f0293
MJ/L at298K and62.7atm. Since K, (62.7atm) =0.121MJ/kg and Hap (5.12atm, T;,) =

0.3488 MJ/kg, Epvapis @ maximum at @48H,,,(5.12 atm, T,); d s o,

v (B207 atra) =

0242k g/ L qd5nld atnp, Tp) = 1.179Kg/L, Epyapis @ maximum at @05} 4 (5.12 atm, T,);
therefore, Byagvax ~ 0.35Hyqp (5.12atm, T;p) X 0.21}4 4 (5.12atm, T;,,) for carbon dioxide
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Forfurtherconfirmation, theaboveanalysis was
repeated for thease of liquid ammoni& at T;, =

195.4 K (triple point) and 6060 Pa (0.0598 atm)
pressurewhereEpyq,~ 0.00011 MJ/L, and isO MJ/L

at 405.5 K and 111.3 atm (critical point), but rises to a
peak 0f0.0481MJ/L at 394 K and 91.5 atifsee

chart, left) Since H,,(91.5 atm) =0.466 MJ/kgand

Hyap (0.0598 atm, T,) = 1.485 MJ/kg, Epyapis a
maximum at 0.314 {,(0.0598 atm, T,,); also, since

Juap( 91 . 5

at m)

=0.732 kg/L, Byapi S
(0.0598 atm, T,); therefore, Biapvax ~ 0.31 Hyqap

(5.12 atm, T,) x 0.14}4 4 (5.12 atm, T,) for ammonia, largely consistent with the previows
examples, above.

a

= g (DOEB&)a%m, ;l%)g / L

maxi mygm at 0.

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@aé@e5.27MJ/L), as
crudely estimatedsingthe parameterslerivedfrom the watercarbon dioxideand ammonia
examples abovemploying theconsensuformula: Epyapmax ~ 030 Hyap X 0.18 § jig, WhereH,

is the heat of vaporization reported under boiling conditions (normally at 1 atm),asdhe

liquid density reported under boiling conditions (normally at 1 Zfm)he values reported for
H,O,CO,and NH in Table 16a r e
above. The other values should be validated prior to use for engineering purposes.

t h enuniberzalculaelhsé described usirthe charts

Of the top three materials on the lisspecificallyboron (T,, = 4200 K at 1 atm), aluminum
oxide (Tpp. = 3250 K atl atm), and tungsten (J = 6203 K at 1 atmj aluminum oxide will be
the easiesstorage material for whicto providephysical containmentTungsten is even more

problematic than graphite vapor,(T~ 4700 Ka® 10 7

2 Haar L, Gallagher JS. Thermodynamic Properties of Ammonia. J Phys Chem Ref Data 1978;-7(3):635
792, see pp. 68889; https://srd.nist.gov/JPCRD/jpcrd119.pdf

at m;

see above).

208 Average liquid density is used when boiling point density is not readily available, overestimating
Epvapmax by no more than ~10% beimost liquids expand relatively little when heatedgg. T

Q(lad, E)kgl/ L

and

an
14

d |
1


https://srd.nist.gov/JPCRD/jpcrd119.pdf
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Table 16. Exploitable heat of vaporization energy density for liquid/vapor latent heat cycling

Material Cycling

Material Cycling

Material Cycling

Between Liquid and | Energy Between Liquid and Energy Between Liquid and Energy
Vapor Phases Density Vapor Phases Density Vapor Phases Density
(MJ/L) (MJ/L) (MJ/L)
Boron (B) 5.268 Silicon monoxide 0.7913 | Formic acid (CHO,) 0.0331
Aluminum oxide 4291 Tin dioxide 0.7694 | Bromine (Bg) 0.0314
Tungsten (W) 4.260 Magnesium fluoride 0.7429 | Isopropyl alcohol (gHgO) 0.0311
Carbon (C) 3.757 | Zinc (Zn) 0.6257 | Carbon dioxide (CQ 0.0293
Osmium (Os) 3.563 | Lithium (Li) 0.5813 | Aniline (CsH;N) 0.0248
Niobium (Nb) 3.470 Gallium trioxide 0.5808 | Chlorine (C}) 0.0243
Tantalum (Ta) 3.326 | Boron trioxide 0.5623 | Carbon disulfide (CJ 0.0240
Iridium (Ir) 3.224 | Germanium dioxide 0.5571 | Acetone (GHgO) 0.0228
Beryllium oxide 3.186 Indium trioxide 0.4962 | Acetic acid (GH40,) 0.0228
Molybdenum (Mo) 3.140 | Lead (Pb) 0.4937 | Hydrogen fluoride (HF) 0.0194
Cobalt (Co) 3.057 Magnesium (Mg) 0.4484 | Chloroform (CHCY) 0.0186
Beryllium (Be) 2.961 Samarium sesquioxide 0.4327 | Benzene (gHg) 0.0185
Plainum (Pt) 2.791 Praseodymium sesquioxid{¢ 0.4248 | Naphthalene (GHs) 0.0176
Rhodium (Rh) 2.768 | Potassium fluoride 0.3983 | Cyclopropane (Hs) 0.0173
Nickel (Ni) 2.6&2 Cadmium (Cd) 0.3841 | Phosphine (P§) 0.0171
Vanadium (V) 2.635 | Sodium chloride 0.3706 | Carbon tetrachloride (Cg)l | 0.0166
Iron (Fe) 2.295 | Zirconium dioxide 0.3497 | Toluene (GHy) 0.0165
Chromium (Cr) 2.253 Cerium sesquioxide 0.3415 | Palmitic acid (GgH3,0,) 0.0162
Copper (Cu) 2.047 Niobium pentoxide 0.3130 | Xenon (Xe) 0.0153
Zirconium (Zr) 1.997 Calcium (&) 0.2852 | Ethylene (GH,) 0.0148
Calcium oxide 1.9 Bismuth (Bi) 0.2722 | Propylene (GHe) 0.0145
Titanium (Ti) 1.952 | Potassium chloride 0.2432 | Fluorine (k) 0.0139
Titanium dioxide 1.751 | Antimony (Sb) 0.2234 | Diethyl ether (GH;0O) 0.0136
Uranium (U) 1.648 | Mercury (Hg) 0.2158 | Germane (Gek) 0.0135
Gold (Au) 1.587 | Sodium (Na) 0.2111 | Propane (GHg) 0.0133
Magnesium oxide 1.586 | Strontium (Sr) 0.2108 | Oxygen (Q) 0.0131
Uranium carbide 1.560 | Barium (Ba) 0.1864 | Hexane (GHys) 0.0129
Silicon (Si) 1.482 | Chromium trioxide 0.1531 | Argon (Ar) 0.0122
Thorium (Th) 1.404 Water (H,0) 0.1047 | Methylpropane (GH1q) 0.0117
Germanium (Ge) 1.391 Potassium (K) 0.0913 | Heptane (GH1¢) 0.0117
Vanadium monoxide 1.3& Selenium (Se) 0.0718 | Octane (@H1g) 0.0113
Aluminum (Al) 1.347 Rubidium (Rb) 0.0666 | Methane (CH) 0.0110
Manganese (Mn) 1.32 Glycerol (GHgOs) 0.0663 | Decane (GH2o) 0.0104
Plutonium (Pu) 1.196 | Cesium (Cs) 0.0507 | Dodecane (&Hy) 0.0104
Cobalt monoxide 1.185 | Sulfuric acid (HSQy) 0.0507 | Stearic acid (GgH360,) 0.0103
Silver (AQ) 1.169 | Xenon tetrafluoride (Xefy 0.0502 | Carbon monoxide (CO) 0.0092
Scandium (Sc) 1.057 | Ammonia (NHy) 0.0481 | Nitrogen (N) 0.0086
Iron monoxide 0.9927 | Ethylene glycol (GHO,) 0.0481 | Neon (Ne) 0.0056
Tin (Sn) 0.9405 | Xenon difluoride (Xek) 0.0475 | Sulfur (S) 0.0053
Uranium dioxide 0.9055 | Methanol (CHOH) 0.0472 | Hydrogen (H) 0.00L7
Silicon dioxide (quartz) | 0.8651 | lodine (L) 0.0436 | Helium (He) 0.0001
Lithium oxide 0.8522 | Ethanol (GHsOH) 0.0358
Plutonium dioxide 0.8477 | Phenol (GHeO) 0.0355
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Prior to any consideration of the attainable-pgsle storage efficiency in real physical systems, i
appearshatmaximumexploitable specific energied 30-50 MJ/kg andmaximum exploitable
energy densitiesf 3-5 MJ/L might be possible to achieve using thentheatof vaporization by
cycling between liquid and vapor phases of a suitable storage material

Int erestingly, liquid/vapor conversion €hergy sto
are already being investigated to replace batteries for renewable power generation Bffffering,

with the current 25% efficiency potentiallyprovableto 70% withextensive engineering. This

idea has a long history: a vehicle powered by a liquid nitrogen efginigh the brand name

Liquid Air,**®was first demonstrated in 1902.

207 https://en.wikipedia.org/wiki/Cryogenic_energy_storage

208 Highview Power Storagéuttp://www.highviewpower.com/ i Li qui d air offers energy
BBC News, 2 Oct 201 4ttp://www.bbc.com/news/scien@nvironmentl 9785689

209 hitps://en.wikipedia.org/wiki/Liquid_nitrogen_engine
2% hitps://en.wikipedia.org/wiki/Liquid_Air



https://en.wikipedia.org/wiki/Cryogenic_energy_storage
http://www.highview-power.com/
http://www.bbc.com/news/science-environment-19785689
https://en.wikipedia.org/wiki/Liquid_nitrogen_engine
https://en.wikipedia.org/wiki/Liquid_Air
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3.2.3 Heat of Sublimation

Sublimation is the phase transition of a material direfttyn solid to vapor form without passing
through a intermediatéiquid phas€™* For example, at room temperature and normal pressure,
solid car bon di o atesdirectlyinto C@ dapoy, becarise the Iguidbm i m
cannot exist below the ple point pressure of 5.12 atm.

Sublimation is an endothermic process that occurs at temperatures and pressures below a
substana@s triple point in its phase diagrarithe reversg¢exothermic)rocess of sublimation is
calleddeposition or desublimatidi?in which awarmsubstance passes directly from a glaase
to a solid phasapon exposure to a cold sinkhese complementary processes define a
potentially exploitable thermal energy storage cycle.

The heat of sublimatiqraka. enthalpy of sublimationan be calculated by summitige heat of

fusion and the heat of vaporization, taken at the temperature and pressure at which the
sublimation takes placaVe will not herepresent separate data tables for sublimatiased

storage materialsecausehe sgcific energies for heat of vaporization are much larger than for
heat of fusior(the two of which aréeing summed)yothe former Table 15) shouldbe fairly
representative of a similar materials list ranked by specific heat of sublinfiskidkg), and he
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 formérgble 14) may be fairlyrepresentative of a similar materials list
ranked by heat of sublimation energy dendity/L).

21 hitps://en.wikipedia.org/wiki/Sublimation_(phase_transition)

#2Boreyko JB, Hansen RR, Murphy KR, Nath S, Retterer ST, Collier CP. Controlling condensation and
frost growth with chemical micropatterns. Scientific Reports 2016 2&{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 foenergy storage purposes. Singke energy storage modalities are also
useful, but less so.

In this Section, we discuss possible energy storage using revershagpiesof solution
(Section3.3.]) and crystallzation Section 3.3.2, photoisomerconvesionenergy Section
3.3.3, dllotropic transitionenergy Section 3.3.4, crystalstructurephasetransitionenergy in
polymorphs §ection 3.3.%, andseverabther phasechangeenthalpies §ection 3.3.6.

Heat engines can be used to convert the hestsed 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 mateaiglolvent at a constant

pressure. Heat of solutiod/fnole ord/kg of solute) is usually reported at the initial solvent
temperature (e.g., 25 UC) and at #Ainfinite dilut
further thermal effect).

Dissoluton occurs in three steps: (1) the endothermic breaking of ssliee attractions (e.g.,
enthalpy of crystallization dattice energy in solid salts), (2) the endothermic breaking of
solventsolvent attractions (e.g., of hydrogen bonding in wated,(8hthe exothermic formation
of solutesolvent attractions during solvati¢e.g., the energy of hydratiafif The heat of

solution is the sum dhe enthalpies attributable to these three steps. For solid solutes,
dissolution can heat or cool the sailtedepending on the material. Dissolution of gaisegater
usually releases heat; adding heat to a saturated solution oaagigagsto come out of

solution. This establishes thlysicalbasis for ayclableenergy 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 gaggaced intgoure aqueous solutiéi (range0-3.1
MJ/kg and0-6.1 MJ/L).**> Negative numbers indicatbatthe solute releases heat as it

dissolves; positive numbers indicate cooling during dissolutemsity for gaseousfutes was
taken as the density of the liquid form of the solute, as seemed appropriaterfgoactnergy
storage system.

23 hitps://en.wikipedia.org/wiki/Enthalpy change of solution

241t is more difficult to find data for potentially useful nonaqueous solvents such as liquid ammonia, liquid
nitrogen, liquid S@(Elving PJ, Markowitz JM. Chemistry of solutions in liquid sulfur dioxide. J Chem
Educ. 1960 Feb;37(2):781; http://www.sciencemadness.org/talk/files.php?pid=597011&aid=73647
pressurized liquid CQ(https://en.wikipediarg/wiki/Supercritical_carbon_dioxide#SolvEnBut note that

the solubility of, e.g., LiCl, is much higher in water than in methanol, ethanol, acetone, liquid ammonia, or
formic acid;httpsi/en.wikipedia.org/wiki/Lithium_chloride

’Data sources: AiEnt hal py of solution of Electrolyte:
http://sites.ckm.colostate.edu/diverdi/all_courses/CRC%20reference%20data/enthalpies%200f%20solutio
n%200f%20electrolytes.pdWikipediahttps://en.wikipedia.org/wiki/Enthalpy change_of_solufibiy

and Ca halides, nitrate and sulfate
http://chem.bretexts.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, HCI, NaOH, and EBO;, https://books.google.com/books?id=gJ7KNVOMtREC&pg=PARIE |,
http://www.science.uwaterloo.ca/~cchieh/cact/applychem/hydration.ahdlFeG
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 solutiorand heat of solution energy density in aqueous
solution cycling, including solute only (solute + solvent waterfigure in parens)

Material Cycling

Material Cycling

Material Cycling

Between Hydrated | Specific Between Hydrated | Specific Between Hydrated | Specific
and Unhydrated Energy and Unhydrated Energy and Unhydrated Energy
(MJ/kg) (MJ/kg) (MJ/kg)
Hydrogen fluoride -3.07 Lithium hydroxide -0.99(-0.11) | Lithium bromide -0.56 €0.35)
Aluminum chloride -2.80(-0.87) | Sulfuric acid (liq) -0.98 Calcium bromide -0.52(-0.30)
Hydrogen chloride -2.06 Lithium chloride -0.87(-0.40) | Cesium hydroxide -0.48(-0.36)
Ammonia -1.79(-0.42) | Ferric chloride -0.84 ¢0.40) | Calcium iodide -0.41(-0.16)
Magnesium chloride | -1.68(-0.59) | Magnesium iodide -0.77(-0.46) | Acetic acid -0.03
Sodium hydroxide -1.07(-0.56 | Magnesium sulfate -0.76(-0.20) | Glucose +0.06
Hydrogen bromide -1.05 €0.69) | Calcium chloride -0.73(-0.24) | Sodium chloride +0.07
Potassium hydroxide| -1.03(-0.56) | Hydrogen iodide -0.64 ¢0.45)
Magnesium bromide | -1.01(-0.51) | Magnesium nitrate -0.61(-0.34)
Material Cycling Material Cycling Material Cycling
Between Hydrated Energy Between Hydrated Energy Between Hydrated Energy
and Unhydrated Density and Unhydrated Density and Unhydrated Density
(MJ/IL) (MJL) (MJIL)
Aluminum chloride -6.95(-1.079) | Magnesium sulfate -2.02(-0.23) | Hydrogen iodide -1.45 ¢€0.75)
Magnesium chloride | -3.90(-0.74) | Lithium bromide -1.95 €0.63) | Lithium hydroxide -1.44(-0.12)
Magnesium bromide | -3.75(-0.81) | Lithium chlorde -1.81(-0.52) | Magnesium nitrate -1.41(-0.50)
Magnesiun iodide -3.40(-0.85) | Sulfuric acid (liq) -1.80 Ammonia -1.22(-0.38)
Hydrogen fluoride -3.04 Cesium hydroxide -1.75(-0.79) | Acetic acid -0.03
Hydrogen chloride -2.46 Calcium bromide -1.73(-0.52) | Glucose +0.09
Ferric chloride -2.44 ¢0.58) | Hydrogen bromide -1.72 €0.93) | Sodium chloride +0.14
Sodium hydroxide -2.28(-0.78) | Calcium iodide -1.61(-0.23)
Potassium hydroxide| -2.18(-0.79) | Calcium chloride -1.58(-0.29)
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Hydrogen fluoride gives the best specific heat of solution for heat generation. Aluminum
chloride (AICkE) gives tle best heat of solution energy density and might be safer to work with
than HF. However, the hydration enthalpy of th& Adn is so large that after dissolution in
water, evaporation of the water does not yield the solid/Al@ rather a solid contdirg the
hydrated aluminum ion and chloride ions [A}®)¢]Cls, which upon further heating goes to
[AlI(H 20);]Cl3, and with still more heating HCI is lost rather thayg©Hyielding Al(OH) + 3HCI
instead of the original AIGF*®

Note that solvent mass andwme are not included in calculating the energy ratios given in the
table, on the assumption that solvent water might be provided free from the envirorfment. |
incluce solvent mass and volumthis givesthelower ratios shown in parens in the table.

Commercially available heatf-solution singleu s e fAheat packso empl oy cal ci
magnesium sulfatie dry crystal form, surroundingsaall pouch filled with watef*” Breaking

the pouch allows thehemical salt to dissolve in the watproducimg heatin either of two

temperature ranges, 120%30° F (49%54°C)and 150160°F (66271°C)?*

A fully reversible heabf-solution system announced in 2013 by the Dutch technology developer
TNO uses sodium hydroxid®&laOH) solvation in water to store heiata 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, caudiegt 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 hle to store energy from a few months to yé&t<Current systems only achieve

0.18 MJ/L, b u tfurther dpthmizdtion of the selected reaction and archite@theeenergy
densitymight be improved ta MJ/L.

Z®House JE. Inorganic Chemistry, pp. 23https://books.google.com/books?id=ocKWuxOur
kC&pg=PA231

217 hitp://sciencing.com/chemicaisedheatpacks7441567.html
18 hitp://apbrwww5.asu.edu/robertsonr/TSTA%20Presentation/CACL2L B.pdf

#9De JongA-J, Van Vliet L, Hoegaert€, Roelanddvl, CuypersR Ruud. Thermochemical Heat Stordge
from Reaction Storage Density to System Storage Density. Energy Pr&&b8.1:12837;
https://dx.doi.org/10.1016%2Fj.eqgypro.2016.06.1&foseRainer. Seasonal energy storage: Summer heat
for the winter. Zurich, Switzerland: Emplattps://www.empa.ch/web/s604/nabbatstorage



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 otrystallization, 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 solgtapually reported at the initial

solution temperature (e.g., Z2Pereta@pe, patassiumst arti ng
nitrate (KNQ) is a salt that dissolves more at higher temperatuoeredharge ayclable energy

storage systenwe ald het to a slush of crystalline solhrticlesand 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 hehtiystallization(MJ/kg) and heat of
crystallizationenergy density (MJ/L) for a number of solids placed into pure agueous solution
(range0-0.4MJ/kg and0-2.9MJ/L ),*® with positive heat of solutiomumbers indicang that the
solute releases heat asnystallizesout of solution Note that including solvent mass and volume
makes a huge difference in calculating the energy ratios given in the table (in gageos)ing
significantly smaller than if solvent mass and volume are excluded from the tiattolathe
assumption that solvent water might be provided free from the environment.

Potassium perchlorate provides the greatestdfeaystallizationif we could ignore the mass and
volume storage requirements of solvent provided as needed fromvihenenent, but including
solvent ruinshieratios forall the perchlorates because of their kolulility in water Taking

solvent into account, the best performers are ammonium nitrate, ammonium thiocyanate, sodium
nitrate, and sodium chloratand thebest ratios are arourtd2 MJ/kg and0.3 MJ/L.

220 pata sourcesfiEnthalpy of solution of Electrolytés
http://sites.chem.colostate.edu/diverdi/all_courses/CRC%?20reference%20data/enthalpies%200f%20solutio
n%200f%20electrolytes.pdRbCIO; http://rubidium.atomistry.com/rubidium_chlorate.htrafd

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

KCIO,
KNO;
KClO,
NH4NG,
RbCIO,
NH,CNS
NaCNO

KClo, +0.93(+0.005) | KNO; +0.73(+0.09) | NH,CNS +0.39(+0.19)
RbCIO, +0.90(+0.01) | NaBrOy +0.60(+0.06) | CRHFNaOFA EOH | +0.35(+008)
RbCIO, +0.88(+0.004) | NaCNO +0.56(+0.03) | NaCl +0.14(+0.02)
KBrO, +0.81(+0.02) | NH,NO; +0.55(+0.26) | Glucose +0.09(+0.03)
CsCIQ, +0.79(+0.005) | NaNOy +0.54(+0.16)
KCIO, +0.78(+0.03) | NaClo, +0.52(+0.15)

+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)

+1.07(+0.001)

RbCIO,
KMnQ,4
KBrO;

NaNG;
AgNOZ
CFHFNaOFA  FOH
CsCIQ,

+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)

+0.75(+0.02)

KCI
NaClO,
NaBrO;
NaCl
Glucose

KCI
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+0.23(+0.05)
+0.20(+0.11)
+0.18(+0.05)
+0.07(+0.02)
+0.06(+0.03)

+0.46(+0.05)




There are a few examples of
commercial use of heat of
crystallization energy storage. The
bestknown is ®dium acetate
trihydrate (GBHFNaOFA  BOMHwhich
is used in heat packs that are fully
reversible(see image, righff* When
heated, these crystals melt at 58 °C and
dissolve in their water of
crystallization; ifsubsequently
allowed to cool, the aqueous solution
becomes supersaturated tizastable a
low asroom 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 trihydratea
bondforming process of crystallizatio
that isexothermidoy 0.2640.289

MJ/kg (0.3830.419 MJ/L). Thisheat
pack can be reused by immersing the
pack in boiling water for a few minutes
until the crystals are completely
dissolvedthenallowing the pack to
slowly coolback to room temperature

221 hitps://en.wikipedia.org/wiki/Sodium_acetate#Heating_. pad
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