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Abstract — The combustion of lithium has been subject of research for several decades. The focus has been put
on safety issues, such as lithium spill fires from spills in nuclear reactors, or as a propellant in the atmosphere of
foreign planets. While the former was typically investigated by combustion in pool fires and molten pieces of
lithium, the latter was also investigated in experiments with packed beds of lithium particles. The current work
is triggered by a new approach to use lithium as an energy carrier in a closed energy loop based on lithium
combustion, followed by a subsequent reduction of the solid-phase combustion products via electrolysis to

elemental lithium again.

This paper summarizes the existing knowledge on lithium combustion. It presents the available findings on
lithium combustion for large single pieces of lithium, on pool fires, reaction in packed beds as well as the
combustion of sub-mm sized particles and droplets which are needed for the novel process design mentioned
above. The combustion reactions of lithium with N, O,, H,O and CO, are discussed. Numerical modelling of
lithium particle combustion is a new field in lithium combustion research. It is discussed to show its potential for

future combustion characterization.
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1 Introduction

Lithium combustion with different gaseous species has been of interest for several reasons in the past. In fusion
reactors, lithium is used as a tritium breeder blanket and as coolant [1-3]. As lithium spills are known to be

extremely hazardous [4], research on lithium fires has been carried out to understand the combustion process
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and to improve the extinguishing procedure of such fires [5]. Another application, which induced research on the

combustion of lithium, is the utilization of Lithium as a propellant for torpedoes [5,6] or rockets [7,8].

The increasing demand for environmentally friendly energy provision, mainly the reduction of greenhouse gas
emissions [9], has led to a growth in renewable energy from solar or wind power. As the temporal availability of
these energy sources does not necessarily coincide with the demand for energy, large scale storage techniques
are needed. As will be shown, lithium is capable to act as storage material in combination with a combustion

process.

Metals have been considered as a mechanism for storing energy for some time, due to their high energy densities
and specific energies [10-18]. Indeed, the high energy content in metals has long motivated their use as energetic
additives in energetic materials, slurry fuels and propellants [19—-29]. In order to harness the chemical energy in
the metal fuels, most previous studies have considered the reaction of various metals, specifically aluminum and
magnesium, with water to produce hydrogen on demand [10,11,13-15,17,30,31], with only a small number of

studies considering the combustion of the metal fuels to produce heat [12,16,32—-34].

Lithium has a very low electronegativity (0.98 on the Pauling scale). It is situated closely to hydrogen on the
periodic table of the elements, with an atomic number of 3 and atomic weight of 7 a.m.u., such that it has a high
amount of chemical energy, in its available valence electron, compared to its mass — leading to its high specific
energy. Indeed, lithium has the third highest specific energy (kJ/kg) of all metals/metalloids, behind only boron
and beryllium [34]. The high specific energy of lithium motivates its use as the anode material within lithium-ion,
as well as lithium-oxygen or lithium-air, batteries [35—37]. Lithium has been proposed as an energy carrier, or
energy-carrying component, within systems that would generate hydrogen using the lithium-water reaction, or
lithium hydrides and borohydrides [38—41]. It has also been used as a chemical fuel for underwater propulsion

systems [42-44].

Like all electro-positive metals, lithium shows properties which make it a promising candidate to act as storage
material in energy circuits based on renewable energy [16,45,46]. Its ability to react exothermally with typical
components in fossil-fuel fired power plant exhaust gases (beneath CO,, H,0, O,, Lithium even reacts with N,)
leads to the idea to build a thermal process, in which an exhaust gas mixture (from conventional fossil fuel fired
power plants) or a pure gas stream (which could be CO, or N;, both being produced in CCS power plants [47]) is

used to react with lithium. Figure 1 shows a schematic flow sheet of a process, in which the energy production
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cycle based on lithium is closed, as the combustion products lithium carbonate, lithium nitride or lithium oxide
are converted to lithium by renewable energy, therefore lithium acts as storage material for renewable energy
here. It has favourable properties compared to other storage materials, e.g. high density (Li and reaction products

are solid at ambient conditions) and high ability to be regenerated by electrolysis.

Energy storage Energy release
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Figure 1: Process flow sheet of lithium-based energy storage and production cycles

The reaction of lithium with different exhaust gas components lead to different by-products (e.g. CO or H,), which
are valuable materials for chemical processes and optimize the economic balance of the process. The economical
boundaries for a lithium based process can be roughly estimated from current market prices for lithium
compounds. A power plant producing 100 MW4, or 35 MW, requires 9.3 t;;/h using CO, as gaseous reaction
partner. The produced amount of Li;COs is 50 t/h, which has to be recycled by electrolysis. In 2012, the global
market price for Li,CO3; was approx. 6000 $/t [48]. Assuming a lithium loss of 1% in the process circuit means
costs of 0.83 $/kWhe,, which is high for current electricity prices. Several factors have to be considered for an
economical calculation, e.g the value of the products like CO and Li,COs and the potential use of pure lithium or
Li,O as refill, changing the cost structure of the process. Furthermore, sodium is known to show similar
combustion phenomena, and the investigation of lithium combustion is a good pilot process to investigate the

combustion of metals as chemical energy storage materials.

The current status of literature available cannot provide enough information for a sound process design.
Controlled combustion requires stable flames and sufficient burn-out, which makes the process economically
feasible. Typical processes, which are well established and could be examples for such a process, are pulverized
coal and liquid fuel combustion. In both processes, droplets or particles in a size range 10 - 100 um are burned,
leading to stable flames due to good ignition and sufficient burn-out. Finally, an effective technique to recover

the combustion residues, ash-like lithium compounds, is needed for complete recycling of lithium. As techniques



are available [49] to electrolyse lithium from different lithium salts like lithium carbonate [50] or lithium chloride
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[51], this step is not discussed in detail here.

The current work addresses several aspects of lithium combustion. First, general chemistry and thermodynamic
data available and necessary for calculations of the combustion process are discussed. In the following
combustion experiments of lithium with different gaseous species are described, starting with large scale pool
or block samples. A section on the combustion of single particles and first experiments with lithium spray
combustion, including a short section on modelling of lithium particle combustion closes the discussion on

literature. From the summarized knowledge question arise, which are presented in the conclusion.

2 Combustion of Lithium

21 Phenomenology of Lithium Combustion

The combustion of metals is a complex process affected by many sub-processes, including evaporation, gas phase
reactions and aerosol formation. The reaction products condense at high temperatures and even solidify at
temperatures of several hundred Kelvin. Reviews on the combustion properties of lithium have been presented
before by Jeppson [1] and Rhein [52]. Both focused on combustion of pools, blocks and packed beds. They already
summarize important data, which is very helpful to understand general effects during lithium combustion. The
combustion of single particles, droplets or sprays is relatively new and offers new aspects to the lithium

combustion knowledge base.

22 Reactions, Reaction Enthalpies

Table 1: Exothermal reactions of Li with exhaust gas components calculated with data from
[53], #7: [k)/molc].

Reaction # Chemical reaction Reaction enthalpy [kJ/molLi]

(298.15 K, 0.1 MPa)

1 6 Li +N2 — 2 LisN -54

2 2 Li+2CO2 — Li2COs3 + CO -270
3 2Li+1CO2— Li2O +CO -157
4 4Li+1C0O2—2LiO+C -201
5 2Li+2H20 — 2LiOH + Hz -202
6 4Li+ 02— 2LiO -299
7 C+ 02— CO2 -394
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Different Lithium gas reactions are available to design exothermal processes. Table 1 summarizes the reactions
of lithium with the major power plant exhaust gas constituents, considering educts, products and reaction
enthalpies per mole lithium. The carbon oxidation reaction is given for comparison. Except the reaction of lithium
with nitrogen, all reactions provide at least 40% of the molar enthalpy released from carbon oxidation, which
makes them possible candidates for energy processes. Furthermore the specific energy is higher than for typical
liquid hydrocarbon fuels (gasoline, diesel) [34], coal or biomass, and the ability to produce CO from CO, offers

new ways of energy production.

2.21 Aggregate states

The different reaction products, LiOH, Li,COs; and Li;O change their aggregate states at very different
temperatures, which makes a defined process control complicated. Furthermore, the thermal stability is limited
and different compounds tend to decompose at temperatures relevant for combustion processes. Figure 2
summarizes the aggregate states depending on temperature of the important lithium compounds according to

[53].

Lithium melts at 453 K [1,53-55], although slight deviations ranging from 452 K to 459 K are known in literature

[56-58]. The boiling point is 1620 K according to [53], while values up to 1643 K are reported [57,58].
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Figure 2: Summary of aggregate states according to [53].
Due to the high molar reaction enthalpy, reactions 2 and 6 in Table 1 appear as most promising in respect to

energy processes. The fusion temperature of Li,COs is 993 K, as reported in [59]. In the same work, Reisman also
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mentions two transitions in the crystal lattice at 523 K and 683 K, for which the enthalpies are also stated in [59].
Instead of a boiling point, Li,COs is reported to decompose at temperatures above 1583 K [60-62]. Timoshevskii
et al., who investigated the thermal decomposition of Li,CO3; melts achieving the efficient production of Li,0,
mention the hindered decomposition by elevated partial pressures of CO, [62]. In fact, at the melting point of
Li,CO3 the saturation pressure of CO, above the sample surface is 533 Pa, which prevents the carbonate from
further decomposition. Furthermore it is reported, that at temperatures above 1643 K, the saturation pressure
reaches 10° Pa, so that further temperature increase under atmospheric pressure should lead to complete

decomposition in short time scales [61].

Li,O has the highest fusion temperature of all lithium compounds considered. Nevertheless, the exact value is
not completely certain, as Brewer et al. report a value of 1900 K [63], while van Arkel et al. measured 1843 K as
melting temperature [64], and Ortman and Larsen published 1700 K [65]. With increasing temperature, the

decomposition of Li,O increases producing gaseous LiO, Li,0,, O, and pure Li beneath Li,O [66-68].

LisN melts at 1088 K [69], as Yonco et al. measured at a nitrogen pressure of 1.6:10° Pa. No melting point at
atmospheric pressure has been reported, as the decomposition process starts around 973 K. Above this
temperature, an increase of nitrogen pressure in an enclosed system, in which the LisN was heated under inert
conditions, was measured, indicating severe decomposition [69]. As is shown in section 2.2.3, a temperature of
1234 K is also known and used in different thermodynamics codes. Ref. [53] does not list a decomposition

temperature at all.

The melting point of LiOH was found to be 746 K [70,71]. Kudo reports, that even in the solid phase below 713 K
decomposition takes place [72], which is also reported by Dinh et al. [73]. A boiling point has been reported at
Tvap= 1899 K, determined as the temperature at which the fugacity of LiOH becomes 1 atm for the process
LiOH(l)=LiOH(g) [53]. In experiments where Li reacted with water vapour, a limiting temperature of 473 K was
reported for the reaction 2Li + 2H,0 — 2LiOH + H,, above only Li,O was found to be the reaction product
[52]. According to the phase change data, reaction 5 in Table 1 is very unsuitable to reach high process

temperatures when LiOH is achieved as final product.

2.2.2 Heat Capacities
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Just as the phase change temperatures are varying for the different compounds, the heat capacities span a
certain range as is shown in Figure 3, which is based on the summarized data from [53]. The molar heat capacity
of Lithium is low compared to the reaction products, it ranges from 24.7 J/(mol*K) (solid, 300 K) to 30.3 J/(mol*K)
(solid, 453 K). Douglas et al. present relevant data in the temperature range from 289 K to 1173 K [54]. Novikov
et al. have similar data [74], but their values are approx. 10% lower. In [53] it is mentioned that for higher
temperatures, the data were extrapolated in a “reasonable manner”, which is not described in detail. Vargaftik
et al. [75] list equal values for temperatures up to the boiling point, but provide additional data for the heat
capacity of lithium vapour between 40.16 J/(mol*K) (1700 K) and 24.74 J/(mol*K) (2100 K). This decrease is
unexpected, but in agreement with [53]. These values are higher than those depicted in Figure 3, which were
taken from [53], where a calculation routine is described as method of determination, which is in clear contrast

to the measured data given by Vargaftik.
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Figure 3: Specific heat capacity of possible reaction products of Lithium [54,60,70,76,77]

For Li,COs, Janz et al. measured heat capacities in the temperature range from 563 K and 1173 K, which were
extrapolated to low temperature data provided by Brown and Latimer [60,78]. The heat capacity of Li,COs is the
highest of all compounds considered here, raising to 194 J/(mol*K) at 993 K. Janz et al. measured c, up to a

temperature of 1150 K, all higher values are based on extrapolation [53,60].

For Li;0O, the heat capacity was measured up to 1133 K by Shomate et al. and Rodigina et al. [70,77]. Higher values

were extrapolated graphically [53]. Rodigina mentions an uncertainty of £3% of the measured heat capacity.
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The heat capacity of LisN was measured by Osborne and Flotow [76] up to 773 K, again extrapolation was
necessary to extend the data up to the melting point. In general, the molar heat capacity increases with

increasing molar mass of the lithium compound, as is shown in Figure 3.

2:2:3 Adiabatic flame temperature and chemical equilibrium

There is few literature stating the adiabatic flame temperatures of the reactions 1 to 6 (Table 1). Therefore, the
adiabatic flame temperature for the reactions of lithium with CO,, O,, N, and H,0 was calculated using the CEA
code [79] for varying stoichiometry (Figure 4). Although the heat of reaction is quite high for most of the
promising reactions, which results in high adiabatic flame temperatures, the decomposition, melting or boiling
of the reaction products at temperatures lower than the (theoretically calculated) adiabatic flame temperature
will limit the flame temperature, which is typical for metal combustion [80]. Thermodynamic calculations and
experimental work have been carried out for Lithium reacting with CO, by Yuasa and Isoda [81]. They calculated

the adiabatic flame temperature for the reactions 2-4 from Table 1 (Li+CO,), where the melting point of Li,O
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Figure 4: Adiabatic flame temperatures for lithium and the four gaseous species of interest. ¢ = (mfucl/m(,xidize,.)/

(mfuel/mnxidl-zer) was calculated with stoichiometric conditions from rxn 1 (N3), rxn 2 (CO,), rxn 5 (H,0) and rxn

stoich
6 (0y).

(using the value from van Arkel, [64]) or the evaporation of Lithium limited the adiabatic flame temperature,

which is higher than the decomposition start temperature of Li,COs. As Figure 4 shows, different reactions show

temperature plateaus. The reaction of lithium with CO, (¢ = 1 for 2 Li+2 CO, - Li,CO3+CO) shows a slight

temperature dip for small CO; excess, in N, a temperature limit for large ¢ is visible, only air, O, and H,0 show
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continuous trends. To get a deeper insight in prevailing phenomena, the chemical composition for the
temperature calculations is presented in Figure 5. In CO,, the decomposition of carbonate is responsible for the
temperature plateau between ¢ = 0.5 and ¢ = 0.8. With increasing fuel excess, the adiabatic flame
temperature is reduced and crystalline Li,O is formed beneath gaseous lithium. The reaction with water vapour
shows similar phenomena. The formation of liquid LiOH is only possible for a large H,O excess, for higher ¢,
gaseous LiOH is formed, but replaced by Li,O formation at highest ¢, where the lithium excess leads to significant
formation of crystalline Li;O and gaseous lithium. The reaction Li+O, shows the highest adiabatic flame
temperature, which leads to the formation of significant amounts of gaseous Li,O. Increasing ¢ leads to a peak
in the content of gaseous Li,O followed by a phase change to the liquid state. Gaseous lithium becomes
predominant with decreasing availability of oxygen. The nitridation reaction is rather limited in temperature; the
CEA database uses a decomposition temperature of 1234 K here. With decreasing availability of N5, the formation
of liquid lithium increases. The reaction of lithium with air was calculated using N, as inert diluent as the adiabatic
flame temperature of the oxidation reaction is significantly higher than the decomposition temperature of LisN
and as the results of experiments with lithium particles burning in CO,/N, mixtures have shown that in the
presence of significant amounts of C/O compounds no nitridation products were found [82,83]. Indeed, the
reaction with air shows dominant formation of LiO compounds with adiabatic flame temperatures comparable
to those in pure O,, which again demonstrates that decomposition effects contribute significantly when

temperature calculations are carried out.
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Figure 5: Chemical equilibrium composition and adiabatic flame temperature plotted against equivalence ratio. According
to Table 1 molar stoichiometry was chosen as 2Li/2CO; (rxn 2), 2Li/2H,0 (rxn 5), 4Li/O, (rxn 6) and 6Li/N, (rxn 1).
Crystalline (cr), liquid (lig) and gaseous (gas) species were considered and are plotted when present in a mole fraction
larger 0.02 (0.05 in the case of CO,).

224 Thermal conductivity

When the Biot-number of a sample s (Bi = aLA;?, with the heat transfer coefficient a, the characteristic length
L and the thermal conductivity A) is larger than unity, internal heat transfer in the material has to be considered.
Furthermore, all reaction products listed in Table 1 appear in liquid or solid state in the temperature range
relevant for thermal power plant processes. Thus, thermal conductivity becomes relevant when larger particles
and/or layers of liquid or solid lithium compounds have to be considered. Additionally, the thermal conductivity
of lithium vapour forming boundary layers above burning surfaces has to be taken into account when the heat

flux from the flame to the surface of liquid lithium has to be calculated.
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As Lithium melts at 453 K, its thermal conductivity is of interest for the liquid and gaseous state. In the liquid
state, Davison [84] compares the thermal conductivity measurements presented by Webber, Cooke and

Nikolskii. As summary and approximation of the experimental data, Davison presents the equation

A =21.874 + 0.056255T — 1.8325 - 10~5T2 [W/(m K)]. quation 1

Considering all uncertainties mentioned by Davison, the uncertainty in the thermal conductivity of liquid lithium
is in the order of 10%. Other data is tabulated by Vargaftik [75] and Ivanovskii [85], but no uncertainties are
discussed. The data sets of Davison and Vargaftik show only minor deviations (Figure 6), but the thermal
conductivity published by Ivanovskii is more than 10% lower at 1500 K, but shows a steeper, almost linear

increase at higher temperature.

For gaseous lithium in the temperature range between the melting point and 2000 K, Bouledroua calculated the

thermal conductivity from scattering cross sections, yielding 1 = 0.1049 -%[mW/(m K)] [86]. Vargaftik
presents data for the gaseous state (at saturation pressure) as well [87], but as Figure 6 shows, the difference
between both data sets is quite large. Better agreement is found between Bouledroua and the work of Vargaftik
published in 1991 [88], but it has to be mentioned that the measurements were carried out at pressures up to
8*10% Pa only. Nevertheless this work is also cited as reliable within an uncertainty range of +5% [89,90] when

compared with the thermal conductivity based on the calculation from collision integrals.
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Figure 6: Thermal conductivity of liquid (left) and gaseous lithium (right).
The thermal conductivity of solid Li,O was calculated by use of molecular dynamics by Lu et al. [91] including the

influence of the lithium isotopes °Li and “Li. They report data in the temperature range from 300-1500 K for solid
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Li;O, which are depicted in Figure 7. Donato presents a fit function (A [Wm™'K~1] =1/(0.022 + 1.784 -
107%T) for experimental data from Ethridge [92] and Takahashi [93], this is also depicted in Figure 7. The

difference between both data sets is up to a factor of 2 in the high-temperature region.

The thermal conductivity of liquid Li,O or mixtures of lithium with Li,O is not reported to the author’s knowledge,
although it would be appreciable when the combustion of larger samples is considered, or when larger amounts

of liquid Li,O have to be handled.
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Figure 7: Thermal conductivity of solid Li,O [91,94].

225 Vapour pressure

The vapour pressure of lithium becomes important when lithium samples are heated, and the evaporating
lithium reacts exothermally in the lithium boundary region, increasing the heat flux to the lithium surface and
thus increasing the evaporation rate until the boiling point is reached. As will be shown in section 2.3, in nearly
all pool fires the lithium temperature stays below the boiling point, thus the vapour pressure determines the
evaporation rate of lithium in these experiments. Davison [84] derives a relation (log(P/bar) = 10.015 —
8064.5/T) from four different sets of measured vapour pressures, stating a standard deviation of £3.38%. In
Figure 8 (note the logarithmic scale), the relation given by Davison is compared to data published by Ivanovskii
et al. [85]. While at 900 K, the values from lvanovskii are 12% larger than those published by Davison, the relation

turns to the opposite above 1500 K, where the values from Davison are higher (5.6% at 1800 K).

The vapour pressure of Li,O is low compared to that of lithium (1.33*103 Pa (1273 K) [95]). Temperature

dependent relations are given by Kimura et al. [96] and Kudo et al. [97]. As the low vapour pressure is confirmed
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by both authors, the uncertainty (Kimuras values are one order in magnitude smaller than Kudos) is not further

relevant, as in this temperature range vaporization of Li,O is limited to a minimum (Figure 9).
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Figure 8: Vapour pressure of Li [84,85]

Figure 9: Vapour pressure of Li,O0 [96,97]. For comparison, the

vapour pressure of lithium as published by Davison is

depicted [84].

As the previous sections have shown, the available data on relevant thermo-physical properties of lithium

compounds, especially in the system of Li-O-C are sufficient for process design, but show non-negligible

uncertainties. A summary of available data is given in Table 2. For each value, a polynomial function is given when

no functional relation is presented in literature, additionally the maximum relative deviation between different

literature is calculated.

Table 2: Thermo-physical properties of lithium compounds relevant for thermal processes.

Li

T [K] Polynomial Uncertainty/Sc | References
atter

T< 453 5.836*107T3-5.769*10*T% + 0.213T - 2.669 3.2% [53,54,75]

M) 453<T<1620 -4.501*10°T3 + 1.22*10°T? - 1.093*102T + 31.97 4.0% [53,54,74,
Cp
[1/(mol K] 7l

1620<T 4.584*10°11T3 + 3.928*10°7T% — 1.825*103T + 22.53; [75] | [75]/[53]~2 [53,75]

(@1700K)
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453<T<1620 8*10°T3 — 3*10°T? + 0.0591T + 22.671 8.9% [84,85]
liquid
A(T)
[W/(Km)] 600<T<2000 6.690*10713T3 - 5.455*10°T% + 5.796*10°T + 1.304*103 | 4.0% [86—88]
gaseous average from [86,88], [87] neglected as A is 20% larger (600-2000K)
(Figure 6)
800<T<1800 | logio p=9.942-7956.9/T 12% (900 K) [84,85]
Pvap [bar] 6% (1800 K)
Li,O
300<T<1843 3.954*10%T% - 1.505*10*T% + 0.199T + 0.867 3% (T<1050K) [70,77]
c(T) Extrapolated above 1050 K
D/imol K] ga3cy 3.321%10°T3+ 2.189%10°T2- 3.782*102T + 116.1 | >3% [53,68,98]
A(T) (0.0223+1.301*10*T)? [91]/[94]>1.4 [91,94]
[W/(km)] average from [91,94]
10(13439-22520/T) [96], e(19.42-47530/T) [97] [97]/[96]~100 [96,97]
Pyap [bar]
Li»CO3
300<T<560 8.929*107T3 - 1.155*103T? + 0.651T + 19.26 [53]/[60]=1.23 [53]
(500 K, [60]
extrapol.)
c(T) 560<T<993 1.544*108T3- 1.764*10°T2+ 0.177*T + 21.16 [53]/[60]< 1% [53,60]
p
[J/(mol K)]
993<T -5.421*102°T3 + 1.893*10°%T% + 5.633*1072T + 128.3 [53]/[60]=1.09 [53,60]

Extrapolated above 1150K

(1200 K)

2.3 Large Samples, Pool Fires and Packed Beds

A large number of past studies have investigated the combustion of large samples of lithium, the combustion

over pools of liquid lithium, or within packed beds of lithium particles. In all of these different types of

experiments the reaction of lithium with gaseous reaction partners is limited by oxidizer or lithium vapour

transport. The definition of large samples is related to a diameter of more than 1 mm. The particle size in these

experiments is definitely larger than preferred in pulverized fuel or droplet combustion, nevertheless the extent

of work in this field is large compared to experiments with smaller particles and droplets suspended in gas flows,

which will be discussed in section 2.4.
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2.3.1 Reaction with Water
Lithium reacts with liquid and gaseous water, but the reaction with liquid water is less vigorous than the reactions

of other alkali metals [52,99]. The reaction 2 Li + 2 H,0 = 2 LiOH + H, of a pea-sized piece of Lithium reacting
with 250 ml water at room temperature led to a temperature increase up to 371-376 K, as shown by Markowitz
[57]. No ignition of the hydrogen was observed. Also, a rate law was derived which describes the decline of the
Lithium sphere’s radius as r = ry — kt, with k= 36 um/s and the initial radius ry. In water vapour, Deal and Svec
studied the reaction rate of lithium cylinders in a temperature range from 318 K to 348 K measuring the pressure
of H, produced [100]. They found no ignition and slow reaction rates. This is in contrast to the explosive nature

of other alkali metals including sodium and potassium with water [101].

Ignition of Lithium with water is possible, for example when the metal is heated to 521 K and exposed to a water
spray [102], or when the material is finely divided [2,7,57,103]. Furthermore it was found, that larger lithium
pieces reacting with steam formed a solid LiOH layer, which was first protective, but cracked with proceeding
reaction. Through the opened pores, liquid lithium effused and showed ignition and combustion in a brilliant

flame [2].

The reaction in liquid water seems little promising for a thermal process, but hydrogen production could be an
alternative route to use lithium as energy carrier material [Klanchar1997], similar to aluminum, magnesium and
other light metals [11,13,15,17]. However, the activated nature of the lithium reaction with water leads to safety
issues when lithium spray or powder gets into contact when exposed to water. Potential concepts for process
design have to consider this, avoiding contact of molten lithium or lithium powder with water or water vapor.
2.3.2 Reaction with Oxygen

At moderate temperatures, the reaction of lithium with dry oxygen is negligible [57,104-106]. Tyzack and
Longton [107] as well as Markowitz [104] reported an ignition temperature of 903 K in pure oxygen, the latter
measured for a packed bed of 100-125 mesh lithium powder. In the same work Markowitz et al. presented TGA-
curves of lithium powder exposed to dry and water-enriched gases (Figure 10). They summarized, that up to
523 K lithium does not show any weight gain due to formation of oxide, which is in accordance to other authors
[105,106]. Cheburkov et al. showed, that a water vapor content of 10-15 ppm is sufficient to increase the
reactivity in the temperature range from 483-913 K significantly [105]. They reported that the activation energy

for the oxidation reaction of several grams of liquid Lithium is 65.3 kl/mol for the initial reaction. A logarithmic

trend was found (Am = Kiog ln(‘r—‘ro)) for this part of the reaction, while later on the rate became
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Figure 10: Weight gain of Lithium in dry and wet gases as measured by Markowitz et al. [104].
linear (Am =k, (T — TO)), with slightly lower activation energy. The decrease in reactivity was caused by

oxygen transport through the porous layer of reacted material, which had formed on the sample.

Irvine et al. investigated the reaction with oxygen at temperatures around 313K [106]. They also reported the
formation of a protective layer consisting of reaction products (LiOH and LiOH-H,0) on samples cut to circular

discs before reacting with moisturized oxygen.

2.3.3 Reaction with Nitrogen
The reaction 6 Li +N; = 2 LisN has been studied for solid [104,108,109] and liquid lithium [7,104,109-113].

Different ignition temperatures have been reported from 443 K [104] to 873 K [114]. Here it has to be mentioned,
that ignition phenomena are always related to the characteristic dimension (e.g. particle size, gas and sample
temperature, and cloud number density) of an experiment. The effect of particle size, heating rate, and number
density of particles has been investigated for metal particles and other fuels [19,20,115-120]. This knowledge
already shows, that the ignition temperature ranges presented in the following are pointing into the direction of
the temperature range in which ignition will occur for smaller particles, but requires further investigation when

smaller particles are of interest.

The TGA measurements provided by Markowitz show a rapid increase in the sample mass at 443 K (Figure 3),
which is attributed to the exothermic nitridation reaction. However, Rhein measured ignition temperatures

between 661 K and 683 K [108]. Furthermore, Cheburkov performed measurements in dry N, at temperatures
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between 568 K to 683 K, in which nitridation was observed [112]. The highest ignition temperature was reported

by Menzenhauer, who measured ignition temperatures up to 873 K [114].

The activation energies calculated from the different experiments vary by a factor of three. In [109], nitridation
of liquid lithium in an unstirred pool was investigated in a temperature range from the melting point up to 638
K, at nitrogen pressures from 10 to 50 mmHg. The activation energy was determined to be 65.3 klJ/mol. Other
values mentioned in literature are 96.3 kJ/mol for experiments performed in the temperature range 568-638 K
[112], and 125.6 kJ/mol at 573-673 K [110]. Gardner et al. proposed two different values of 45.2 kJ/mol [121]
and 62.2 kJ/mol between 673 and 773 K [122], measured in lithium pool combustion. The large scatter in
activation energies is remarkable. A possible reason is the application of different temperatures, nitrogen

pressure and sample mass, which is summarized in Table 3.

Table 3: boundary conditions for the determination of activation energies for lithium reacting
with Nz.

Ea [kJ/mol] T[K] p [bar] sample mass [g] reference
45.2 723-823 0.93 15 [121]
62.2 673-773 0.8 4 [122]
65.3 453-638 0.013-0.067 - [109]
96.3 568-638 0.000667-0.26 8-17 [112]
125.6 573-673 - 3-6 [110]

For the reaction of solid lithium (which is definitely below the temperature range of interest for energy
processes), it is stated that the formation of nitride layers reduces the reaction rate, as Knudsen diffusion through
the nitride pores limits the transport of N, to the reaction zone [105,109]. Experiments carried out with molten
lithium reacting with N, also showed a tendency to product layer formation, which inhibited further reaction
[112]. Addison et al. carried out experiments with unstirred and stirred lithium [110], the latter to prevent the
formation of gas transport limiting product layers. They took lithium samples of 0.5 g and heated them in a closed
reactor filled with nitrogen. They measured the pressure drop of nitrogen to determine reaction progress in
terms of nitrogen absorbed by the lithium sample. The experiments were carried out using stirred and unstirred
lithium samples to investigate the effect of surface layer formation. Figure 11 shows the absorption of nitrogen
measured for two unstirred lithium samples. As these curves show, the uptake of nitrogen w majorly follows a
w?-t law, but is shifted to lower reaction rates with proceeding conversion. No clear answer is given to the

question of the surface structure below 33% of lithium conversion before the w? law becomes valid, but the
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formation of a porous layer is suggested. Under stirred conditions, the moved surface supports a constant
reaction rate typical for a direct metal-gas contact. However, Cheburkov presented experimental results which
indicated that at temperatures exceeding 573 K, the nitride layer was dissolved in the remaining lithium, which

kept the reaction on a level closer to the initial reaction appearing on a clean surface.
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Figure 11: Nitrogen absorption rates measured at 673 K with unstirred lithium (VI: 0.5 g Li, VII: 0.41 g Li) [110].

Menzenhauer et al. studied the nitridation of lithium in pool-fires [114]. They measured a reaction rate of '’ =

28 kg/(h = m?) with severe aerosol formation, which accounted for 12% of the initial sample mass.

Severe influence of impurities (nitrogen contaminated with water vapor, lithium containing traces of LiOH or
LisN) was reported. As for the oxidation reaction, the supportive influence of humidity was reported, e.g. by
Markowitz ([104], see Figure 10). Barnett and co-workers found, that the nitridation reaction was catalyzed by
water vapor [2]. Figure 12 depicts the ratio of the measured reaction rates of lithium with nitrogen under dry
conditions and in the presence of different steam concentrations, the exponential curve fit marks the general
trend to lower catalytic influence of water vapor with increasing temperature. Furthermore it is reported that
the presence of water vapor did not lead to an enhanced formation of LiOH, but still the solid product found was

LisN. Like Menzenhauer, Barnett mentioned a severe formation of aerosols during the experiments.
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Figure 12: Reaction rate ratio of lithium with nitrogen in presence of steam and under dry conditions [2].

2.34 Reaction with carbon dioxide
Markowitz also investigated the reaction of lithium with CO,, again dry and wet gas was used in different TGA

experiments. Similar to N, no reaction was measured in dry CO,, but the addition of vapour led to immediate
increase in the sample mass, indicating a reaction of the lithium ([104], Figure 10). From the TGA experiments,
the increase of the sample mass w was measured to be w = —12.419 + 10.176 log(t) [52], with w in milligrams
and t in minutes. Rhein carried out measurements of lithium powder in packed beds. He found an ignition
temperature of 603 K in CO, [7,108], with a vigorous reaction taking place in the vapour phase [111]. Yuasa et al.
reported similar results [81]. In their pool fire experiments, lithium heated under inert conditions emitted reddish
vapour at temperatures around 673 K, far below the boiling point. Adding CO,, the vapour formation stopped,
as the sample was coated with a greyish coating. With increasing temperature, this coating increasingly cracked,
which led to a sudden increase in sample temperature and reaction rate around 1163 K. At this point, they
reported a yellow-reddish flame above the sample surface, accompanied by aerosol production. In their work
the color of the flame is not explained, but red is the typical wave length of gaseous elemental lithium
(A=670 nm) and yellow may have been thermal radiation. The findings of Brockhinke et al. point out similar
phenomena [46]. They describe the ignition of approx. 1 g of preheated lithium by an electric spark. During the
combustion, a grey-black block was formed on the surface of the sample (Figure 13). The reaction was calm
compared to that measured in air. The reaction product was identified to be Li,O and LiC with Li,COs as by-

product.
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Figure 13: Black coral of reaction products on Lithium reacted with CO, [46].

2.3.5 Reaction with Gas Mixtures

In this section, the results of experiments with lithium pieces, pools or packed beds and gas mixtures are
summarized, where each component should be available in the mixture in countable amounts, for example a
few percent. Most of the work considered again deals with fire hazards caused by lithium, therefore lots of

experiments with air-like nitrogen-oxygen mixtures were carried out.

The ignition temperature in air is reported between 589 K and 666 K [7,123,124]. Jeppson reported that small
amounts of water vapour (8 mg»o/g.ir) did not cause ignition of a lithium pool at 521 K, but the exposure of the
lithium pool to a water spray caused ignition even at lower temperatures [102]. At 812 K, ignition in moist air
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Figure 14: Temperature measured in (line) and above

(triangles) lithium burning in air, 2.5 mm above the surface

[125].
As a third component, CO, was added to N»/Ar mixtures by Rhein to investigate the utilization of lithium powder
(tested in packed-bed configuration) as propellant in the atmosphere of Venus and Mars [7,124]. The N»/CO,/Ar

mixtures consisted of 86.6/11.2/2.2 %mo and 9.2/86.7/4.1 %mo. The ignition temperature range was found to be

659-716 K and 583-687 K, respectively.

The measurements of both the lithium and flame temperature were carried out in numerous experiments with
wide spread results. Rodgers found a maximum flame temperature of 1044 K 2.5 cm above the surface of the
lithium pool [123]. Leeper, carrying out experiments to prove his technique of metal fire extinguishing [126],
measured 1623 K as highest temperature. Jeppson measured two different flame temperatures (in detail
described as atmosphere temperature above the lithium pool): 1423 K for lithium heated to 521 K and ignited
with water spray, while it was 1163 K for lithium heated to 812 K in moist air. The lithium pool temperature was
measured as 1333 and 1373 K [102]. Subramani et al. measured the time dependent temperature of 4 g lithium,
which were exposed to an air flow at an initial temperature of 673 K [125]. The ignition process of the sample
was delayed, a stable reaction with remarkable temperature rise appeared after 30-45 s. With proceeding time,
the pool temperature rose up to 1000 K, while several bursts in the flame temperature occurred, resulting in a
maximum flame temperature of 1700 K (Figure 14). Further temperature measurements were carried out by
Brockhinke et al. [46], who measured the thermal radiation emitted by burning lithium with a spectroscopic
technique. They compared the spectrum to a black body curve and estimated a flame temperature of 2260 K

(Figure 15).
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Figure 15: Spectral emission of lithium burning in air (a) and glowing lithium (product) surface (b) [46]. The dotted line
represents the best-fit black-body (thermal intensity), the dashed line is the spectrum after subtracting thermal
radiation.

Typical for the combustion of lithium in air is the formation of a solid crust, hindering the combustion process
[7,46,124,125]. Subramani describes the combustion initially to take place in the pores, where gaseous lithium
reacts with air, until the vaporization rate of lithium becomes large enough for the reaction front to break
through the pores, which leads to the burst-like combustion events related to the temperature jumps shown in
Figure 14. An example of the partial reaction at or in the surface layer is given in Figure 15b. From a similar
sample, the reaction residues were investigated for their composition. In the work of Brockhinke, the white coral
structure formed on top of the lithium sample was analysed to be dominated by Li,O, while a reddish black
product below the surface was identified as LisN [46]. This is in agreement with the findings of Barnett [2,127].
Rhein however, who studied the combustion of lithium powder in N,/Ar/CO, mixtures, found that an increasing
amount of nitrogen led to increasing LisN formation, but the CO, content also caused the formation of Li,C,

beneath small amounts of Li,COs.

In general agreement, the combustion in air is described to take place in the vapour phase [2,46,102,125,127].
As a consequence, all authors mention the formation of significant amounts of aerosols. Jeppson measured the
amount of aerosol formation to be in the mass range of 6-9 % of the initial lithium mass [102]. The composition

of the aerosols was investigated by Barnett, who identified Li,O as the major component [2].
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Reaction rate parameters in multi-component gas mixtures are scarce in literature. Relevant data is presented
by Barnett [2], who mixed nitrogen with 5-20 %m.l Of oxygen, 5-30 %mo Of water vapour and a combination of
both to react with molten lithium in the temperature range from 673-1173 K. It was found that the presence of
oxygen reduces the nitridation reaction by reacting faster with the lithium. Li,O was found on top of the sample
and in the apparatus piping, presumably being the product of aerosol formation, while LisN was found in deeper
layers of the lithium pool. Contrarily, water vapour catalyses the nitridation reaction at the lower temperature
limit, leading to higher reaction rates. For vapour contents of 5, 15 and 30 %mo balanced by nitrogen, reaction
rates of 0.04, 0.18 and 0.28 gi;/(min cm?) were found. When air-like mixtures were enriched with 5 or 15 %o of

water vapour, the reaction rate was higher than in the N,/O, case, but slower than in the N,/H,0 case.

2.4 Droplets and Particles
Thermal power applications require high thermal efficiency, which requires high degrees of reaction
completeness and high combustion temperatures, as well as high reaction rates to achieve high power densities
[34]. The energy released from the combustion of lithium in CO, or O, provides the high energies and combustion
temperatures needed for such systems. In order to provide high reaction rates and conversion efficiencies, the
use of small particles in the size range of 100 um should be explored. A possible technique to use such a fuel in
power plants has recently been tested by spraying liquid lithium directly into a reaction chamber [45]. This
approach avoids the need to store powdered samples, as lithium is used in larger blocks and molten directly

before injecting it into the reaction chamber.

To prove the temperature level and conversion rate of lithium particles (or droplets as Tmeir= 453 K) were carried
out in pure CO, [32], in CO,/N, mixtures [83] and in exhaust gas atmospheres [16]. The combustion of a lithium
spray was investigated in [45]. A first numerical model to investigate the combustion of lithium droplets in CO,

in computational fluid dynamics simulations (CFD) was described in [128].

241 Particles in exhaust gas atmospheres

The combustion of lithium particles in two atmospheres consisting of N,/H,0/CO,/0; (vol. concentration [%] atm
1:75.8, 8.0, 4.0, 12.2; atm 2: 73.9, 13.0, 6.5, 6.6) at temperatures of 1200 and 1750 K respectively is described in
[16]. The experiments were carried out in a laminar drop tube reactor (DTR), which provides optical access to
the burning particles as the walls are made of quartz glass. Lithium particles in the size range 50-250 um were

used in the experiments in very small particle feed rates, as the combustion of single particles should take place
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without particle-particle interactions. The analysis of the combustion was carried out using a high speed camera

system with high spatial resolution.

In this work, the subdivision of the combustion process in two different combustion phenomena is described.
After ignition, each particle showed a very bright luminous event which was definitely larger than the initial
particle size, identified as a flame of gaseous products burning at a certain stand-off distance from the particle.
With proceeding burn-off, the combustion events became smaller and less luminous, pointing into the direction
of surface-related combustion. Thus the typical effect of gas phase combustion with aerosol formation was
confirmed, which is known from larger samples, but also the subsequent reaction at the sample surface showed
that small particles do not evaporate completely before combustion. This work neither presents particle

temperatures nor particle chemical compositions.

242 Particles in COz

In [32], Fischer et al. used the same camera system as already described in [16], but equipped it with new colour
filters which enabled for a more accurate ratio pyrometric determination of particle temperature. Furthermore,
the experiments were carried out in pure CO,, which was heated electrically to T~ 820 K. Particles were injected
with a particle size distribution ranging from 20-250 um, with a diameter peak at approx. 85 um. Burning particles
were not only investigated by imaging pyrometry for temperature and in-situ size measurement, but also solid
samples were extracted at different residence times. From the particle samples, the chemical and elemental

composition of (partially) reacted particles was determined by X-ray diffraction (XRD) and CHN-analysis.

mLi #Li20 #Li2CO3

® 91 NX
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Figure 16: Sequential images of a burning particle mass fraction

(final diameter ~80 um) moving downwards. Figure 17: Mass fraction of Li, Li,O and Li,COs from ignition (91 ms) to
Shown are false color intensities from the two pearly complete burn-out.

channels of the ratio pyrometer. Gap between two
images is 500 ps.
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The results presented in [32] confirm the findings from [16] regarding the first phase of particle combustion
taking place in a flame layer surrounding the particle with a flame diameter approx. 5 times the diameter of the
particle, followed by a second stage of combustion, which was identified as (near-) surface reaction (Figure 16).
The combustion temperature of the first phase was measured in the range of 2900 K, but it is also stated that
this temperature has to be handled with care, as the gas phase combustion of lithium shows several artefacts in
the visual spectrum [46], which was used for pyrometry, and therefore ratio pyrometry is not a reliable method
for this phase of combustion. The pyrometry measurements indicated a temperature around 1620 K for the latter
stage assuming grey body radiation, which corresponds to the boiling temperature of lithium. Furthermore,
equilibrium calculations also given in [32] show that this temperature still allows a significant amount of Li,COs;
to be formed. The results from solid sampling support this, as the sampled particles consisted of nearly pure
Li,CO; after 270 ms (Figure 17). The small amounts of Li,O in the samples indicate that the formation of lithium
carbonate includes the previous formation of lithium oxide. However, as the concentration of lithium oxide
remained low at all sampling points, fast conversion of the oxide, formed in rxn. 3 (Table 1), in the reaction
Li,0+C0O,—Li,CO3 was assumed. The temperature data were used to derive apparent kinetics parameters for the
global reaction 2Li+2C0,—Li,C0O3+CO, in average a reaction rate '’ = 3.23 - 10‘3exp(—40980/(RT))pCO2_S
[mol/(m3s)] was found to fit the measured particle temperatures. It has to be noted, that this reaction rate
equation does not represent the pure chemical kinetics of the given reaction, but also includes potential
transport phenomena. Especially the formation of a porous layer of reaction products on the particle surface was
discussed, which would lead to pore diffusion limitation and thus require something like a shrinking reacting core
model, which requires knowledge on the porous structure of the particle. The authors discuss their results as the
first kinetics rate parameters to be published for sub-mm lithium particles burning in CO,. Although the
uncertainty in the chemical composition determined in these measurements is in the range of 10-15% for each

component, the results give a good estimation of burning times of lithium particles in pure CO,.

The experimentally observed changes from gas phase to surface combustion summarized above and in Figure 18
are consistent with a transition in the burning mode from the diffusion to (apparent) kinetic limits. This
phenomenon is also known for the combustion of aluminium particles [129-131] and other heterogeneous
combustion processes [132]. It should be noted that the kinetic and diffusion regimes are asymptotic limits, with
the reaction likely occurring in a transition regime [115] for intermediate particle sizes, oxidizer concentrations

and initial temperatures. For the lithium particles burning with a detached vapour-phase flame in the diffusion
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limit, the evaporation rate of lithium is high enough to keep the flame layer in a certain distance from the particle
surface. Under these conditions the combustion is limited by the diffusion of CO, from the gas phase to the flame
layer. In [32] it is hypothesized that deposition of Li,O on the particle surface leads to the formation of a layer of
reaction products limiting the diffusion rate of lithium vapour, as the temperature in this regime is too high to
form Li,COs. Deposition of Li20 on the particle surface is assumed to be responsible for the decrease in lithium

evaporation rate, which finally causes the draw-back of the reaction front on the particle surface.
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Figure 18: The two combustion regimes found for lithium particles reacting in CO2 [32,128]. During the gas phase
combustion solely formation of Li,O (rxn. 3, reaction temperature above particle temperature) is assumed, while the
reduced reaction rate during surface combustion enables to produce Li,CO; by rxn. 2.

Modelling

The experimental results described in the previous section were used to derive a model of lithium droplet
combustion in CO,. This model was implemented into a CFD-solver (Ansys Fluent) and validated against the
experimental results [128]. The model is based on the following assumptions supported by the findings in [32],

which have been discussed in the previous section in deeper detail:
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e Lithium particles are ignited homogeneously, with lithium vapour burning in a certain stand-off distance
from the particle surface. Only Li,O is formed in this short phase (few ms) due to the expected high
flame temperature.

e The inwardly diffusing reaction product Li,O forms a layer on the droplet surface, which reduces the
diffusion rate of lithium vapour, leading to the observed long-term surface reaction at 1620 K. Due to

analysis of particle samples, in this phase solely Li,COs is produced.

Beneath validation to the experimental findings from [32], the model was used for parameters studies on the
particle emissivity (literature values in [133] bear certain uncertainties) and ignition temperature. As the
modelling shows, not only the time dependent conversion of lithium in CO, atmospheres is simulated correctly,

also the ignition temperature of 603 K [7,108] was confirmed as suitable for the simulation of the experiment.

243 Particles in COz/Nz mixtures

Further drop tube experiments in CO, atmospheres diluted with N, were presented in [82,83] with the same

experimental techniques as described in section 2.4.2. Following remarkable phenomena are reported:

e Increasing N, content leads a significant reduction in the number of first stage events (gas phase
combustion), which completely disappear when the volumetric fraction of CO; is reduced to 10%.

e Dilution of CO, by N, leads to a reduced particle temperature (named second stage or near-surface
combustion in the previous section) as depicted in Figure 19, which was attributed to transport
limitations (diffusion of CO, to the particle surface is reduced when N,-content is increased).

e A significant amount of Li,O was found, which increased with decreasing CO, content. This was
interpreted as the reaction 2 Li+1 CO; - Li,O+CO being significantly faster than the reaction
Li,O + CO, = Li,COs. This meets the expectations, as the formation of Li,O precedes the formation of
Li,COs in all cases. The results presented in section 2.4.2 summed up these two reactions two one global

reaction, but in principle the sequence of the given two reactions should be valid in this case as well.

Results of combined XRD and CHN analysis for particles (d,™ 20-250 pum, section 2.4.2) are summarized in Figure
20. These data sets represent particle samples containing only small amounts of elemental lithium (11.4% for

10% CO,, 555 ms). A clear trend is observed, showing that reduced availability of CO, leads to lower lithium
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consumption and favoured formation of Li,O. Furthermore N; acts as an inert gas as long as CO; in the given

amount is present.
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Figure 19: Average surface temperature for particles 100/273 50/462 25/438 10/555
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Figure 20: Composition of particle samples from drop tube
experiments in atmospheres with varying composition
(Xcoz2) and residence time for final sampling position tes
[82,83].

244 Spray combustion of lithium

Kellermann et al. were the first to test lithium spray combustion in pure CO; [45]. They used an atomizer to
produce a lithium spray. Experiments in inert atmospheres were used to measure the particle size distribution,
which ranged from 50-250 um with a clear peak at 130 um. Subsequently, the same experiments were carried
out in pure CO,, where the lithium spray ignited when dry CO, was heated to 800 K before entering the reactor,
or 400 K when air with “normal humidity” or a CO,/H,0 mixture were used. The composition of the samples from
dry CO, experiments was found to consist of Li,CO3 with traces of Li,O, while the addition of water vapour led to

the formation of LiOH beneath Li,COs. The spray combustion of lithium was successfully demonstrated.

Spray flames have long been studied in the context of hydrocarbon combustion [134], with such flames still
dominant in diesel and jet engine combustion systems [135]. In flames within dense fuel sprays, the bulk heat
release from the entire fuel-air mixture yields high flame temperatures that lead to fast reaction kinetics, such
that fuel-air mixing typically controls the combustion rate [134]. Similarly, in metal-fuelled combustion systems,
the combustion of a cloud of metal particles will result in a high flame temperature and reduce the available
oxidizer concentration through its consumption during fuel burning. This means that the reactivity of a large

concentration of metal particles within a cloud cannot be predicted based on the ignition temperature or
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combustion time of a single isolated particle [115]. In addition to such single-particle studies, which are important
to develop models for the kinetic and diffusion rates that limit the metal-fuel consumption rate, studies are also
required to understand the combustion within clouds of metal particles. Such dense metal-particle clouds would
exist in any practical system that relies on a metal fuel as the main energy source, such as a lithium-fuelled power

plant.

Flames can propagate through clouds of metal particles in the micron-size range [136—-139]. Metal flames have
been observed burning in air [137,139,140], as well as in the products of hydrocarbon flames [141-144], with
such flames being observed for particles burning in both the diffusion-limited [143] as well as kinetically-limited
regimes [142,143]. A detailed understanding is currently lacking for the combustion mechanism of the individual
particles within such flames, and there are no quantitative models available that can predict the combustion, or
flame-propagation, rate within a cloud of a certain metal at a given fuel concentration, initial temperature and
initial oxidizer concentration. Recent work has suggested that the concept of laminar burning velocity may be
applicable to flames through metal-particle clouds [139], but much more work needs to be done to understand
the effects of flow hydrodynamics on the resulting flame speed in actual flames. Turbulent mixing has been
shown to increase the flame propagation speed of metal flames significantly [139,140], but there is no available
theory to predict the resulting turbulent flame speed. Our understanding of metal flames is far behind that for
our more-familiar gaseous and liquid, typically hydrocarbon-based, fuels. Indeed, the authors are not aware of
any studies of the combustion of burning large-concentrations of lithium powders in air, beyond the recent work
of Kellermann studying a non-premixed lithium spray flame discussed above [45]. Moreover, fundamental
measurements of the burning velocity, flame structure, particle-burning regimes, and oxide-product size

distributions are lacking in the literature for flames through metal-particle or metal droplet clouds.

3 Conclusions

Present literature on lithium combustion was reviewed with the emphasis to provide a knowledge base regarding
the energetic use of exothermal reactions of lithium with exhaust gas components for power plant processes.
The literature currently available provides information on general combustion characteristics of lithium, when
reacting with the most promising species CO, and O,. Most of the data was produced in pool fire or other large-

sample experiments. The major findings from these experiments are:
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e Combustion of lithium is often accompanied by severe aerosol formation, a fact, which necessitates an
elaborate flue gas treatment in a potential power plant process.

e  Small amounts of water vapour catalyse the reaction of lithium with other gases.

However, power plant process require sufficiently short burning times for complete fuel conversion, leading to
the concept of small particle or droplet combustion. The information available on the combustion of single
droplets or particles in the sub-mm range is limited. As first results show, the combustion of such particles in gas
mixtures and pure CO, undergoes two phases, a combustion of lithium vapour in a flame with a certain stand-
off distance to the particle followed by a process taking place at the particle surface. The first process stage is
accompanied by remarkable aerosol formation, which is in agreement with pool fire experiments. Furthermore,
the combustion temperatures measured in pure CO, atmosphere are comparable to the particle temperature
range known from coal combustion, which makes a thermal power plant process based on lithium possible. A

first numerical model for application in CFD simulations is also available.

The literature currently available clearly shows that from the energetic point of view the combustion of lithium
is a promising process, when lithium is used as storage material for renewable energy. The experimental data
allow developing first models for predictive design of lithium combustion facilities. From the economical point
of view, the recycling process is the key element competing with other storage techniques, and beneath the
recycling quality the economic value of the combustion by-products like CO is an important factor for the

practicality of the process.

It is clearly shown, that time scales and reaction products can properly be predicted, but combustion details are
still missing. Apparent reaction kinetics have been derived for particles reacting in pure CO, but no detailed
chemical kinetics is available for this step, and neither is a completely resolved model including all transport
phenomena relevant in the product layer on the particle surface or the preceding gas phase combustion. First
results for particle burning rates and composition of the solid lithium compounds for combustion in CO»/N;
mixtures are available, but the difference in the reaction scheme still needs explanation and reaction rate
parameters to be described in engineering applications. Lithium particle combustion in further gases (O, and

H,0) and different gas mixtures needs investigation as well.




This is an Accepted Manuscript of the following article, accepted for publication in Applied Energys Schiemann, M. et al. (2016) ‘A review on lithium combustion’, Applied
Energy, 162, pp. 948-965. doi: 10.1016/j.apenergy.2015.10.172.. doi: 10.1080/00102202.2019.1604515 - It is deposited under the terms of the CC BY-NC, which permits non-

commercial re-use, distribution, and reproduction in any

Gas phase combustion around lithium particles was noted, but a model formulation for lithium combustion in an
enveloping flame around a particle is not available. This phenomenon belongs to the ignition phase, which has

only been tackled rudimentary so far.

Large scale applications will require lithium spray combustion, as spraying the material directly in the reaction
chamber is most favourable in terms of safety. As the conditions in dense sprays are different and transport

limitations are highly expected, detailed investigations are needed to characterize this step in detail.

As many of the combustion processes are accompanied by severe aerosol formation, investigating this process
is of further need, as a flue gas cleaning system has to be designed for the potential amount of aerosol to be

handled.

Current work investigated the most promising reactions at atmospheric pressure or below. As closed cycles are
favourable due to safety and material recovery, the question arises if pressurized lithium combustion could lead

to process routes of higher efficiency.
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