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RÉSUMÉ

Les sels fondus sont l’un des meilleurs matériaux pour les technologies d’énergie avancées et
dans les applications industrielles, comme les réacteurs nucléaires à sels fondus, le stockage
d’énergie, les matériaux à changement de phase, ainsi que la production et le recyclage des
métaux. Dans ces applications d’ingénierie, la conductivité thermique est l’un des facteurs
les plus importants qui impactent le design, l’efficacité et la sûreté du système. Malheureuse-
ment, les données expérimentales sur la conductivité thermique des sels fondus sont souvent
limitées, en particulier dans le cas des mélanges de sels fondus. Les données expérimentales
ne sont souvent pas en accord, les valeurs obtenues expérimentalement étant assez dispersées,
en raison des difficultés liées aux conditions de mesure, comme les hautes températures, les
environnements corrosifs et les mécanismes de transfert de chaleur pendant l’expérience. De
plus, il existe encore des sels fondus dont la conductivité thermique est totalement inconnue.
Par conséquent, le développement d’un modèle théorique capable de prédire avec précision la
conductivité thermique des sels fondus est essentiel pour faire avancer le développement de
la technologie des sels fondus, établir une base de données solide sur ces matériaux, comparer
expérimentalement les techniques de mesure pour les nouvelles données, et enfin améliorer la
connaissance globale de la conductivité thermique des sels fondus.

Pour répondre à ce besoin, un modèle théorique basé sur la théorie cinétique est proposé
dans un premier temps. Ce modèle a démontré sa précision pour prédire la conductivité
thermique des sels fondus en fonction de la température à partir du point de fusion pour les
sels fondus purs monoatomiques et polyatomiques. Ce modèle n’a besoin d’aucune constante
d’ajustement empirique, mais dépend principalement du nombre de cations et d’anions des
sels fondus, et des propriétés physiques connnues des sels. Les prédictions de la conductivité
thermique des sels fondus sont en accord avec les données expérimentales communememt
admises, à la fois aux points de fusion et en termes de leur dépendance à la température.
La méthode de Bland-Altman est appliquée pour vérifier la fiabilité du modèle, qui présente
une erreur inférieure à ± 10%. En outre, le modèle a démontré une précision de prédiction
comparable aux données expérimentales à travers les différentes familles de sels fondus, y
compris les halogénures, les halogénures divalents, les carbonates, les nitrates/nitrites, les
sulfates et les hydroxydes. Pour faciliter son utilisation, le modèle est ensuite paramétrisé
comme une fonction linéaire de la température pour chacun des sels fondus purs.

Ensuite, le modèle a été étendu pour tenir compte de la dépendance à la composition pour les
mélanges de sels fondus en ion commun, en considérant l’effet des fluctuations de masse entre
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différents ions dans la solution de mélange. Le modèle est applicable aux sels fondus simples
en anion commun et cation commun, où on néglige les interactions interatomiques entre
les ions. Le modèle est validé par les résultats des simulations de dynamique moléculaire à
l’équilibre et les données expérimentales de plusieurs mélanges simples de sels fondus binaires
de fluorures, chlorures, bromures et iodures. Les résultats ont montré une amélioration
significative de la précision par rapport aux modèles les plus utilisés du mélange idéal. De
plus, le modèle a également démontré sa capacité à prédire les mélanges à anion commun
pour les systèmes ternaires, quaternaires et de plus haut ordre dans l’intervalle d’erreur des
données expérimentales. Notamment, la masse molaire et la conductivité thermique des
sels purs constituant les mélanges sont identifiées comme des facteurs clés influençant la
diminution de la conductivité thermique dans les mélanges de sels fondus. Notons que la
disponibilité des données expérimentales sur la conductivité thermique des mélanges de sels
fondus est beaucoup plus limitée que pour les sels fondus purs. Par conséquent, nous avons
réalisé des centaines de simulations de dynamique moléculaire à l’équilibre avec le modèle
d’ion polarisé afin de combler le manque de données concernant la conductivité thermique
des mélanges de sels fondus à ions communs et réciproques. Le modèle d’ion polarisé utilise
des potentiels ajustés obtenus par la théorie de la fonctionnelle de la densité plutôt que des
potentiels empiriques et est considéré comme l’un des modèles les plus performants et précis
pour la simulation des chlorures, fluorures et autres sels fondus.

Dernièrement, les interactions interatomiques impliquant plus de deux cations et plus de deux
anions des mélanges de sels fondus réciproques ont été intégrées dans le modèle en appliquant
le Modèle Quasichimique Modifié dans l’Approximation des Quadruplets (MQMQA), où les
fractions des paires sont considérées pour chaque composant du mélange. Ce modèle est le
premier qui inclut les effets des interactions entre les premiers plus proches voisins et l’ordre
à courte distance entre les cations et les anions qui en résulte, ainsi que l’énergie de Gibbs
d’échange (AY +BX ⇌ AX +BY, ∆gexchange

AB/XY ) pour la solution des sels fondus réciproques.
Les prédictions sont en accord avec les résultats de la simulation de dynamique moléculaire
pour trois mélanges de sels réciproques : Li+, Na+ / F−, Cl− ; Li+, K+ / F−, Cl− ; et Na+,
K+ / F−, Cl−. De plus, le modèle décrit bien les données expérimentales disponibles pour
deux sels fondus réciproques, avec une erreur de prédiction estimée à ±20%. Le modèle per-
met également d’estimer la conductivité thermique de plusieurs sels fondus utilisés comme
matériaux à changement de phase, dont les donées ne sont pas encore présentes dans la littéra-
ture. Pour résumer, ce projet de recherche fait avancer de manière significative l’évaluation
de la conductivité thermique des sels fondus avec précision en termes de dépendance à la
température et à la composition, offrant ainsi une nette amelioration dans l’évaluation de la
conductivité thermique des mélanges de sels fondus pour les applications d’ingénierie.
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Comme information complémentaire sur les solutions complexes des mélanges de sels fondus,
le modèle des mélanges simples de sels fondus a été étendu afin de considérer les effets de
la structure locale, lorsque les ions complexes se forment en faisant varier la composition
du mélange. La formation des ions complexes peut encore plus diminuer la conductivité
thermique par rapport aux mélanges simples où les ions sont dissociés. La structure locale
est représentée par la concentration des ions libres et complexes, qui peut être déterminée par
des méthodes expérimentales (comme la spectroscopie RMN), des simulations atomistiques
à l’équilibre ou d’autres modèles. Les prédictions étaient bien alignées avec les données
expérimentales et les résultats de la dynamique moléculaire pour les mélanges de KCl-MgCl2
et NaF-AlF3. Le modèle a démontré une amélioration importante en comparaison, à la
fois avec la méthode du mélange idéal, et avec le modèle de mélange simple qui supposait
que les ions étaient dissociés sans effet sur la structure locale. De plus, des différences plus
importantes de masse molaire et de conductivité thermique des composants ont entraîné des
écarts plus significatifs, ce qui peut être observé dans le cas de NaF-AlF3. Il est important de
noter que la précision de la représentation de la structure locale est essentielle pour obtenir
une prédiction fiable des solutions complexes de sels fondus.
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ABSTRACT

Molten salts are some of the most promising materials for advanced energy technologies
and industrial applications, such as nuclear reactors, thermal energy storage, phase change
materials, and metal production. In these engineering applications, thermal conductivity is
an important factor impacting analyses related to the design, efficiency, and safety of the
system. Unfortunately, experimental datasets on the thermal conductivity of molten salts
are often limited, especially molten salt mixtures. The reported experimental data tends to
be inconsistent, likely due to challenging experimental conditions such as high temperatures,
corrosive environments, and competing heat transfer mechanisms that can bias measure-
ments. Indeed, many molten salts lack comprehensive knowledge regarding their thermal
conductivity. Therefore, a theoretical model to accurately predict the thermal conductivity
of molten salts is essential for developing molten salt technologies, advancing molten salt
property databases, verifying experimental measurements, and improving the overall under-
standing of molten salt thermal conductivity.

To address this need, a theoretical model based on kinetic theory was proposed as the initial
step. This model succeeded in predicting the temperature-dependent thermal conductivity of
both simple and complex pure molten salts without requiring any empirical fitting constants.
The predicted thermal conductivity values showed good agreement with reliable experimental
datasets, both at melting points and in terms of their temperature dependence, with an
average deviation of ±10% or less, as verified by the Bland-Altman method. Furthermore,
the model exhibited predictive accuracy comparable to reliable experimental measurements
across various salt families, including halides, divalent halides, carbonates, nitrates/nitrites,
sulfates, and hydroxides. To facilitate practical use, the model was parameterized as a linear
function of temperature.

Building on the model for pure molten salts, it was extended to account for the composition
dependent thermal conductivity of simple molten salt mixtures, incorporating mass fluctua-
tion effects due to the distinct characteristics of different ions within the melt. This model
proved applicable for common-anion or common-cation mixtures, where no interatomic in-
teractions occur between the ions. Predictions were validated against numerous common-ion
binary mixtures of fluorides, chlorides, bromides, and iodides, utilizing equilibrium molecu-
lar dynamics simulations and available experimental data. The results showed a significant
improvement in accuracy over the commonly used ideal mixing rule. Additionally, the model
also demonstrated predictive accuracy for common-ion ternary, quaternary and higher-order
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salt mixtures within the experimental error interval. Notably, the molecular weight and ther-
mal conductivity of the end-members were identified as key influencing factors in the molten
salt mixtures. It is worth to mention that the availability of experimental datasets for the
thermal conductivity of molten salt solutions is much more limited than for pure molten
salts. Thus, we have performed hundreds of simulations using equilibrium molecular dynam-
ics simulations with the polarized ion model to fill the gaps in the thermal conductivity of
common-ion and reciprocal molten salt mixtures. The polarized ion model employs fitting
potentials obtained from DFT as input rather than empirical potentials, and is considered
one of the most successful models for simulating chlorides, fluorides, and other molten salts
with strong performance and accuracy.

Lastly, interatomic interactions involving more than two cations and more than two an-
ions of reciprocal molten salt mixtures were integrated into the model using the Mod-
ified Quasi-chemical Model in the Quadruplet Approximation approach, where the pair
fractions of the components were considered for each species. This represents the first
model of thermal conductivity that includes interaction effects through first-nearest neigh-
bor short-range ordering between cations and anions and the Gibbs energy of exchange
(AY + BX ⇌ AX + BY, ∆gexchange

AB/XY ) for reciprocal molten salt solutions. The predictions
showed good agreement with equilibrium molecular dynamics simulations for three reciprocal
mixtures of Li+, Na+ / F−, Cl−; Li+, K+ / F−, Cl−; and Na+, K+ / F−, Cl−. Additionally,
the model aligned well with two experimental reciprocal molten salt mixtures found in the
literature, with an estimated error of less than ±20%. The model demonstrated its predic-
tive capability for estimating the thermal conductivity of several reciprocal molten salt phase
change materials, whose thermal conductivities have not been previously reported. Overall,
this research project significantly advances the assessment of thermal conductivity with pre-
cision in terms of temperature and composition dependence, providing valuable insights for
evaluating the thermal conductivity of molten salt mixtures in engineering applications.

As complementary information on the complex molten salt solutions, the model was further
refined to account for local structure effects arising from the formation of complex ions across
the compositional range, which can further reduce thermal conductivity compared to fully
dissociated ions in the simple molten salt mixtures. The local structure was represented by
the concentration of free and complex ions, determined through either experimental meth-
ods (such as NMR spectroscopy), equilibrium atomistic simulations, or models. Predictions
aligned well with both experimental and molecular dynamics data for mixtures of KCl-MgCl2
and NaF-AlF3, showing improved accuracy over the ideal mixing rule and the model of sim-
ple molten salt mixtures that assumed fully dissociated ions, which do not account for local
structure effects. Additionally, larger differences in molecular weight and thermal conduc-
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tivity resulted in more significant deviations, as seen in the case of NaF-AlF3. Importantly,
this underscores that accurate local structure representation is essential for reliable thermal
conductivity predictions in complex molten salt mixtures.
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CHAPTER 1 INTRODUCTION

Commonly known as "table salt", sodium chloride (NaCl) is one of the simplest and most
stable ionic compounds. Sodium, which has a positive charge as a cation, easily loses an
electron, while chlorine, which has a negative charge as an anion, readily gains that electron
to form a neutral, stable sodium chloride structure through a strong ionic bond.
At room temperature, salts exist in a solid crystalline form. They become liquid when heated
to their melting point. In other words, solid salts have a long-range ordered structure, where
atoms are arranged in a repeating, regular pattern. However, when sufficient energy is
supplied to break this long-range ordering, the solid undergoes a phase transition, becoming
a disordered, short-range ordered ionic liquid. These high temperature salts (> 100◦C) in
the liquid phase is referred to as molten salt, NaCl melts at 801◦C. Molten salts are widely
utilized in various industries for high-temperature applications. For example, NaF-AlF3

molten salt mixture serves as the main electrolyte in aluminum production [1], while several
other metal production processes, such as those for magnesium (Mg), titanium (Ti), copper
(Cu), zirconium (Zr), and nickel (Ni) involve the use of molten sodium chloride (NaCl) and
potassium chloride (KCl) as electrolytes to dissolve their corresponding chlorides [2]. The
LiF-BeF2 mixture has been proposed as both fuel and coolant in molten salt reactors, and
the NaNO3-KNO3 mixture ("solar salt"- 40% wt potassium nitrate (KNO3) and 60% sodium
nitrate wt (NaNO3)) is commonly employed as heat transfer fluids (HTF) and thermal energy
storage (TES) media in solar thermal power plants.
Among these industrial applications, molten salt mixtures that consist of two or more salts,
are often preferred over pure salts due to their improved properties. One significant advantage
of using salt mixtures is their lower melting point compared to that of the individual salts.
Figure 1.1 demonstrates the phase transition of "solar salt" from solid to liquid as it is heated
in an atmospheric environment. The energy required to melt the salt is determined by its
melting enthalpy; however, the rate at which the salt melts or solidifies depends on its thermal
conductivity (λ), which reflects its ability to transfer heat within the material. "Solar salt"
begins to melt at approximately 221◦C [3], while KNO3 and NaNO3 have melting points of
around 334◦C and 308◦C, respectively.
Since 19 century, molten salts have gained recognition and found several industrial appli-
cations. Early in that century, Sir Humphry Davy successfully isolated alkali metals from
molten hydroxides. Building on this, Deville later used sodium as a powerful reducing agent
to isolate and produce aluminum (Al) from AlCl3. Furthermore, in 1834, Michael Faraday
established his laws of electrolysis by utilizing materials such as molten lead halides.
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Figure 1.1 Demonstration of heating "solar salt" from solid to liquid (screen capture from
documentation [4]).

In 1886, Héroult and Hall independently developed the molten salt electrolytic process for
aluminum production. This invention led to the establishment of large-scale extraction plants.
Now known as the Hall-Héroult process, which remains fundamental in modern aluminum
production and has played a key role in advancing technologies, especially in the aerospace
industry [5].
At Oak Ridge National Laboratory (ORNL), molten salts were initially investigated for use
in a nuclear-powered aircraft engine utilizing a molten salt reactor (MSR) in the 1950s. This
MSR project initiated extensive research into nuclear reactors that utilize fuel dissolved in
molten salts [6–9]. Since then, MSRs have become one of the most attractive and promising
technologies for clean power generation and isotopes for medical applications.
Over the past decades, numerous molten salt mixtures have been investigated for their poten-
tial use as fuel and/or coolant salts, including LiF-KF, LiF-RbF, LiF-NaF-KF, LiF-NaF-RbF,
LiF-BeF2, among others [10]. Furthermore, molten salts have also been proposed for tritium
breeding and as thermal blankets in nuclear fusion reactors [11]. The growing interest in
molten salts extended to the concentrated solar power (CSP) industry in the 1980s. The first
significant application of molten salts as both (heat transfer fluid (HTF) and thermal energy
storage (TES) medium was implemented at the SOLAR TWO molten salt power tower plant,
in which "solar salt" was employed [3].
More recently, CSP systems integrated with TES and hybridization with other renewable
energy sources like photovoltaic and wind have been widely developed to deliver 24-hour dis-
patchable electricity generation. This development has also motivated researchers to look for
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higher temperature molten salt mixtures [12–16], and larger thermal energy storage capacities
through molten salt phase change materials (PCMs) [17–20].
As shown in Figure 1.1, the "solar salt" was melted under ambient conditions. It is highly
stable when exposed to the environment, non-flammable, and the melted salt is very clear,
resembling water in appearance.
In contrast to conventional HTFs, such as water, molten salts offer numerous advantages in
high temperatures applications. For instance, consider the role of HTFs in nuclear reactors.
Light water reactors are currently used in most nuclear power plants; however, advanced
reactor designs have been developed over several decades due to safety concerns.
These new conceptual reactors employ liquid metals (such as sodium), high-temperature gases
(like helium), and molten salts as HTFs. Among these advanced reactors, molten salt reactors
(MSRs) are one of the most promising technologies. They operate at very low pressure to
overcome the pressure losses in the molten salt loop (typically less than 0.5 MPa), which is
much lower pressures compared to water (with supercritical water reaching approximately
22.1 MPa) and gas helium. Moreover, they feature better chemical stability than liquid
sodium. In addition, their ability to operate at higher operating temperatures enhances the
efficiency of the power generation cycle, which in turn lowers the cost of electricity generation.
An accurate design of thermal systems in industry relies directly on understanding the prop-
erties of molten salts. Given their significant roles across various industries, as shown in
Figure 1.2, Well-characterized properties of molten salts are crucial for designing efficient
processes, developing new molten salt mixtures, and selecting materials for the critical equip-
ment, including molten salt heat exchangers, molten salt pumps, molten salt valves, and
instrumentation.
Each industrial application relies on specific properties. For example, in aluminum pro-
duction, the solubility and high electrical conductivity of molten salt mixtures are primary
importance to drive the process. However, thermal conductivity also plays an indispensable
role in heat transfer within the electrolysis cell, as well as in the formation and stability of
the protective frozen ledge on the cell’s walls.
In power generation—whether from nuclear reactors, solar energy, or heat recovery—rapid
removal and transfer of heat to a Rankine cycle is required. In such cases, low viscosity is
necessary for optimal fluid dynamics in the flow of molten salt loop, and a lower melting
point helps prevent the molten salt from freezing (solidifying) in the pipes. Additionally, a
high specific heat capacity allows for a large amount of energy to be removed or stored in
the system. The thermal conductivity of the fluid (for example, molten salt) is particularly
important to prevent overheating of the heat exchangers, in order to ensure the safe operation
of the system.
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The operation of a molten salt receiver in a CSP power tower illustrates the importance of
thermal conductivity of molten salt. In the last panel of the receiver, the heat exchanger tubes
may experience very high heat fluxes exceeding 1.5 [MWth/m2] with a small temperature
difference between the inlet and outlet of the panel. In such a case, there is the potential to
create hot spots that lead to the decomposition of solar salts. Gases like oxygen and nitrogen
will be generated during the decomposition. These gases can act as a thermal barrier that
reduces energy transfer. Ultimately, the molten salt receiver will be damaged.
In the current molten solar salt TES system, sensible heat is utilized, where the solar salt
is typically heated from 290◦C to 565◦C, making specific heat capacity an important factor.
In contrast, a molten salt PCM storage system uses latent heat, requiring a large amount of
energy for the phase transition from solid to liquid, making the enthalpy of fusion the primary
characteristic for PCMs. In such systems, the thermal conductivity of molten salts is also
critical, as it determines the efficiency of heat transfer during the charging and discharging
the system.
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Figure 1.2 Molten salt industrial applications and their properties [5]

Among the various properties, thermal conductivity (λ) is one of the most important ther-
mophysical parameters that determine the efficiency of heat transfer within thermal systems.
It is commonly found in practical engineering design for fluid mechanics and heat transfer
processes, numerous dimensionless numbers are used to analyze flow characteristics and facil-
itate comparisons across systems, such as the Reynolds number (Re = ρuD/µ), the Nusselt
number (Nu = hD/λ), and the Prandtl number (Pr = µCp/λ).
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The Reynolds number is one of the most important dimensionless quantities in microfluidics,
as it correlates the inertial forces to the viscous forces [21]. The Nusselt number provides
critical insight into heat transfer performance through convection relative to conduction
within a fluid. Accurate knowledge of the thermal conductivity of the fluid is essential
to determining the Nu number, which in turn supports design improvement and system
optimizations.
The Pr is defined as the ratio of momentum diffusivity to thermal diffusivity, describes the
efficiency of heat transfer within a fluid. When Pr ≫ 1 (typically when the fluid has low
thermal conductivity), convection dominates heat transfer; conversely, when Pr ≪ 1, con-
duction becomes more significant. Many of these dimensionless numbers can be formulated
in equations to solve for unknown parameters, such as Nu = f(Re, Pr, ...) such as the global
heat transfer coefficient [22].
The concept of thermal conductivity was introduced by Joseph Fourier in 1822, where he de-
scribed how heat is transferred through a medium via conduction from regions of higher tem-
perature to lower temperature. The heat flow rate (or surface specific heat flux, q̇ [W.m−2])
through a material is proportional to the negative temperature gradient (∇T [m−1 K−1]) and
depends on the material’s specific thermal conductivity (λ [W.m−1K−1]). This relationship
is famously known as Fourier’s law of heat conduction [23].

q̇ = −λ ∇T, (1.1)

This fundamental principle has been extensively applied to heat conduction problems in vari-
ous engineering fields since then. In heat transfer phenomena, two additional modes—convection
and radiation—are generally present at the same time in the system, particularly in high-
temperature environments.
Convection heat transfer is defined as the heat exchanged between a surface and a moving
fluid with different temperatures. The equation is given by [24]:

q̇cv = hcv(Ts − T∞), (1.2)

where q̇cv [W.m−2] is the convective heat flux, Ts and T∞ represent the surface temperature
and the fluid temperature, receptively. Convective heat transfer coefficient, hcv [W.m−2K−1],
is directly influenced by the thermal conductivity (λ) of the fluid. Higher thermal conductiv-
ity in the fluid leads to more efficient heat transfer by conduction within the fluid, thereby
enhancing the overall convective heat transfer. Radiation heat transfer occurs through elec-
tromagnetic waves, and the rate of radiative heat transfer between a surface and its sur-
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roundings is quantified by the Stefan-Boltzmann law:

q̇rad = Fεσ(T 4
s − T 4

sur), (1.3)

where q̇rad [W.m−2] is the radiative heat flux, σ = 5.67 ∗ 10−8 [W.m−2K−4] is the Stefan-
Boltzmann constant, ε represents the surface emissivity of the material, with values ranging
from 0 to 1, Ts [K] and Tsur [K] represent the absolute temperatures of the surface and
surroundings, respectively. The geometric view factor (F) between the sample surface and
the surroundings is assumed to correspond to the simplest configuration, in which the con-
tainer faces a large surrounding surface, F≈1. At high temperatures, radiative heat transfer
becomes significant due to the 4th power of the temperature, which often affects experi-
mental techniques used to determine the thermal conductivity of molten salts, and provides
larger values. For example, the thermal conductivity of molten salt obtained by using the
coaxial-cylinder techniques often produced larger values, and a positive slope as increasing
measurement temperature. This will be discussed in detail in Chapter 2.
Thermal conductivity (λ [W.m−1K−1]) is a transport property, an intrinsic material charac-
teristic that quantifies a material’s ability to conduct heat. From a microscopic perspective, it
reflects the internal energy transport mechanisms within the material, which includes atomic
bonding, lattice vibrations (phonons), and the dominant contribution of electrons in metals.
These mechanisms are governed entirely by the material’s internal structure and composi-
tion, which makes thermal conductivity independent of the material’s shape, size, or external
conditions.
In contrast to the heat transfer coefficient (h [W m−2K−1]) and radiative heat transfer,
which are extrinsic quantities, they depend on external factors such as geometry, boundary
conditions, and the surrounding environment. These dependencies make them system-specific
and variable to the environment, unlike the intrinsic nature of thermal conductivity [24].
Interest in the thermal conductivity of molten salts has began to grow significantly since the
mid-20th century due to their potential applications as fuel and HTFs in nuclear reactors
and high-temperature energy systems. Many experimental studies have been conducted
to determine the thermophysical properties of molten salts. Notably, ORNL extensively
explored the thermal conductivity of molten fluoride salts as part of the Molten Salt Reactor
Experiment in the 1960s.
Today, with the global push for carbon neutrality established by most countries before
2025 [25]. Molten salts garner significant attention as one of the most promising high-
temperature HTF and TES materials in clean power generation. Efforts are increasingly
focused on developing new salt mixtures for high-temperature applications and modeling
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tools for their simulations. Many key properties have been extensively studied, including
density, viscosity, specific heat capacity, thermal conductivity, melting point, vapor pressure
and phase equilibria [26].
Thermal conductivity is one of the most important properties for molten salts, as it directly
influences the performance, stability, safety, and economic aspect of energy systems. Nunes
et al. [27] highlighted the importance of thermal conductivity of molten salts by studying
molten nitrate salts in CSP plants and molten sodium carbonate for molten salt oxidation.
Researchers have also investigated to add nano-particles to improve the apparent thermal
conductivity of molten salts [28–30]. In addition, many studies have focused on determining
the thermal conductivity, and establishing additional databases and thermal properties data
for molten salts to support modeling efforts, particularly for the deployment of molten salt re-
actors [31]. For example, Janz [32–37] compiled one of the most comprehensive handbooks of
properties of molten salts, including commonly used pure salts and mixtures. Unfortunately,
they were limited on the specific composition of molten salt mixtures.
Despite the important role of thermal conductivity in molten salt system, large discrepancies
and disagreements on the temperature dependence of thermal conductivity across datasets
still remains from different researchers and different techniques today.
Molten salts in their liquid state can be categorized into three main groups as follows:

• Pure salts: also known as unary salts, which consist of a single chemical compound.
They can include monoatomic anions, such as LiF, NaCl, and KBr; or polyatomic ions,
such as LiNO3, Na2CO3, K2SO4, and NH4Cl.

• Common-ion mixtures: these mixtures consist of two or more compounds that share ei-
ther the same anion (e.g., NaCl-KCl-MgCl2) or the same cation (e.g., LiF-LiCl-LiNO3).

• Reciprocal mixtures: these mixtures contain more than one cation and more than one
anion, which forms a reciprocal mixture of a more complex mixture, for examples,
LiF-KCl, LiF-KCl-MgCl2 and NaCl-CaCl2-MgCl2-CaF2.

Most properties of molten salts can be accurately determined using experimental techniques,
numerical estimations, or physical models. Nevertheless, thermal conductivity remains one
of the most difficult properties to ascertain experimentally due to challenges arising from
several factors, including chemical reactions, corrosion, volatility, and electrical conductiv-
ity of molten salts at high temperatures. Furthermore, the treatment of contributions from
convection, conduction, and radiation heat transfer in the apparatus further complicates ex-
perimental work [38–40]. Even when employing numerical simulation techniques, determining
thermal conductivity remains challenging and time-consuming due to the lack of knowledge
regarding relative force field data, particularly for high-order complex molten salt mixtures.
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The objective of this thesis is to develop a theoretical model that accurately predicts the
thermal conductivity of molten salts. It is designed to be applicable to pure salts, common-
ion mixtures, and reciprocal mixtures as a function of both temperature and composition
dependence. The focus will be on advanced energy applications such as MSRs, CSP, and
TES. The studied salts will include alkali and alkaline earth metal halides, carbonates, ni-
trate/nitrites, sulfates, and hydroxides, which are the most commonly used in energy systems.
A molten salt database will be established for engineering and academic research purposes.
This framework aims to provide precise thermal conductivity predictions that are compara-
ble to recommended experimental datasets for any molten salt mixtures, ensuring the proper
design and safe operation of molten salt systems.
It is now important to review experimental techniques, reported results, numerical estimation
methods, and existing models for predicting the thermal conductivity of molten salts to
identify gaps in the current models and guide the theoretical approach of our development.
This review will be the objective of the next chapter. Chapter 3 will define the specific
objective and sub-objectives of the research. The research results will then be presented in
the following chapters, organized by article: Chapter 4 will focus on the development of a
model for pure molten salts; Chapter 5 will extend this pure molten salt model to simple
common-ion molten salt mixtures; Chapter 6 will address the modeling reciprocal molten salt
mixtures based on the model of molten salt mixtures. Chapter 7 will provide a comprehensive
discussion of the findings. Finally, we will conclude with an assessment of the strengths and
limitations of this work, along with future perspectives.
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CHAPTER 2 LITERATURE REVIEW

The thermal conductivity of molten salts is crucial for the performance of heat transfer within
molten salt systems and their safe operation in industrial processes, ultimately influencing
their economic payback time. Designing these processes necessitates a thorough understand-
ing of thermal conductivity and the ability to predict its values in response to changes in
temperature and composition for various potential salt candidates.
In systems where a specific salt mixture has been preselected, the thermal conductivity can
be determined through experimental techniques or numerical estimations. The reliability of
the results obtained varies with each technique employed, and the accuracy of these results
is often questioned. While numerical estimation can mitigate some hazardous measurement
conditions, challenges remain in obtaining thermal conductivity due to certain unknown
input parameters. For fuel salts in MSRs, regulatory safety concerns may further restrict
experimental measurements.
In complex processes where the composition of molten salt mixtures may change according
to operational conditions (binary mixtures solidification, impurity removal by electrolysis,
etc...), experimental determination becomes laborious, and numerical estimation may also
prove impractical. Therefore, robust modeling approaches are essential for accurately pre-
dicting the thermal conductivity of molten salts in relation to both temperature and compo-
sition.
This chapter provides a comprehensive review of three primary approaches used to determine
the thermal conductivity of molten salts: experimental techniques, numerical simulations,
and theoretical models. Given the significance of experimental data for model validation,
we begin by reviewing various experimental methods, discussing their characteristics and
results. Next, we introduce equilibrium molecular dynamics (EMD) techniques, which have
been extensively employed to address gaps in the available data on thermal conductivity
for molten salt mixtures. While EMD simulations are constrained by compositional varia-
tion and the computational intensity required for high-order mixtures, we then explore the
Modified Quasi-chemical Model in the Quadruplet Approximation (MQMQA) [41], which we
intend to use for modeling the internal structure of reciprocal salts from its thermodynamic
properties. This approach estimates thermodynamic properties by accounting for interatomic
interactions and short-range ordering, making it essential for modeling complex and recipro-
cal molten salt mixtures with temperature and composition dependence. Finally, we overview
existing models that predict the thermal conductivity of molten salts, which have informed
the development of our own model.
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2.1 Experimental techniques

Accurate knowledge of thermal conductivity is essential not only for the proper dimension-
ing of engineering systems but also for ensuring the project’s thermo-economic efficiency.
Over several decades, various experimental techniques have been developed and employed
to determine the thermal conductivity of materials, including gases, liquids (such as molten
salts), and solid phases. These experimental techniques can be categorized into two main
groups: steady-state methods and transient methods. Figure 2.1 illustrates the commonly
used techniques within each category. Each technique possesses unique features, but the
overarching goal remains the accurate determination of thermal conductivity or thermal dif-
fusivity. However, heat losses through conduction, convection, and radiation pose critical
concerns regarding the precision of the obtained data.

Transient hot-wire techniques

Parallel-plate techniques

Exper imental techniques

Laser flash techniques

Variable gap techniques

Steady-state methods

Transient methods

3-omega hot-wire techniques

Transient hot-foil techniques

Forced Rayleigh scattering techniques

Coaxial-cylinders techniques

Figure 2.1 Two main categories of experimental techniques [42, 43]

Measurements at high temperatures involve various modes of heat transfer: convective, con-
ductive, and radiative. All of these modes are present during experimental work and can
significantly affect experimental accuracy. To obtain reliable values, it is essential to care-
fully assess and estimate each mode of heat transfer. The following points outline potential
sources of error associated with each heat transfer mode:

• Convection is primarily influenced by the gap thickness in the measurement setup. A
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larger gap holding the specimen can create convective flow in the liquid when temper-
ature gradients are present, leading to increased uncertainty in the results.

• Heat conduction can occur through the cylinders and instrumentation, potentially re-
sulting in greater-than-expected heat losses.

• Radiative heat transfer becomes significant at high temperatures; therefore, the cylinder
material should possess low emissivity. Accurate correction for radiative heat transfer is
necessary; otherwise, the temperature dependence of thermal conductivity may exhibit
a positive trend, which is often indicative of unreliable experimental data.

2.1.1 Steady-state methods

The steady-state methods are based on Fourier’s law of conduction, where thermal conduc-
tivity is determined by introducing a heat flux into a layer of salt of known thickness and
measuring the resulting temperature difference across the layer. These techniques present
challenges, as accurately determining the heat transfer due to convection, conduction, and
radiation through the apparatus can be difficult. However, when carefully designed, these
techniques can yield reasonably precise data [44]. Common measurement techniques within
the steady-state method include coaxial-cylinder techniques, parallel-plate techniques, and
variable gap techniques.

Coaxial-cylinders techniques

Coaxial-cylinder techniques consist of an inner cylinder and an outer cylinder, with the
molten salt held in between. An isothermal temperature difference is maintained to achieve
thermal equilibrium. By determining the heat flux from the inner cylinder across the known
thickness of the molten salt to the outer cylinder, the thermal conductivity can be directly
obtained using Fourier’s law in cylindrical coordinates. The equation is given:

λ = q̇ ln(r2/r1)
2π l∆T , (2.1)

where r1 and r2 represent the inner and outer radius of the liquid sample located, ∆T is the
temperature difference between two radius. l is the length of the liquid sample, and q̇ is the
input heat flux. Figure 2.2 (a) schematically illustrates the principle of the technique.
This technique offers a direct measurement of thermal conductivity, in contrast to other
indirect methods that determine thermal diffusivity. Once again, the accuracy of the mea-
surement relies on the careful assessment of the effects of convection, conduction, and radi-
ation heat transfer. Various experimental measurements have been conducted by employing
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(a)

Heat source

Liquid sample

Cooling water

(b)

Copper plate

Liquid sample

Copper plate

A is the surface area

Figure 2.2 Schematic of different techniques: (a) Coaxial-cylinders techniques (adapted from
Zhao’s paper [45]), and (b) Parallel-plate technique (adapted from Zhao’s paper [43]).

this technique. Table 2.1 summarizes the work of different investigators, includes the gap
thickness, cylinder materials used, the sign of temperature dependence ((∂λ/∂T )|P ), and the
reliability of their measurements. DiGuilio and Teja [57] emphasized that accurate thermal

Table 2.1 Summary of numerous investigators’ measurements [40].

Investigator Gap [mm] Cylinder material Uncertainty [%] (∂λ/∂T )|P
Golyshev and Gonik [46] 1 Molybdenum 5–6 -
Tufeu et al. [47] 0.2 Silver 5 ∼0
Veneraki et al. [48] 1.37-2.19 Graphite 8 -
White and Davis [49] 3.18 Silver - +
McDonald and Davis [50] 2.54 Silver - +
Fedorov and Machuev [51] 3 Graphite 8-10 +
Polyakov and Gildebrandt [52] 3 Graphite 10 +
Savintsev et al. [53] 2 Platinum 9-10 +
Egorev and Revyakina [54] 3 Stainless steel 10 +
Bloom et al. [55] 0.9 Silver 5 +
Smirnov et al. [56] 1.2 Platinum 4 +

conductivity data should exhibit a non-positive temperature dependence ((∂λ/∂T )|P ≤ 0).
This observation aligns with the findings of Nagasaka and co-workers [58], Harada and co-
workers [59], as well as several recent studies [40,60,61]. According to the signs of temperature
dependence presented in Table 2.1, most studies have reported unreliable datasets. Although
all investigators claimed measurement uncertainty within 10%, underestimated heat losses
often lead to inflated results. For instance, a large gap between the inner and outer cylinders
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can significantly enhance heat transfer due to convection and radiation. Additionally, while
guard rings are used to minimize heat losses at the ends of apparatus, significant errors can
arise from inaccurate measurement of the axial temperature gradient [47].

Parallel-plate techniques

These techniques consist of three layers, resembling a sandwiched structure, where heat
transfer is considered solely through conduction. The top layer is made of a highly conductive
metal (such as copper) to which the heat flux is applied. The second layer contains the
liquid to be studied, while the bottom layer is also composed of a good conductive metal
that receives heat from the top layer until thermal equilibrium is reached. Both the top
and bottom layers should be coated to resist corrosion from high-temperature molten salts.
Consequently, the thermal conductivity of the liquid can be estimated using Fourier’s law,
as given:

λ = q̇ d

A∆T , (2.2)

where A and d are the surface area and thickness of the liquid sample. The schematic of
these techniques is shown in Figure 2.2 (b).
Tye et al. [62], Kato et al. [63], Santini et al. [64], and Araki et al. [65] employed this technique
to determine the thermal conductivity of molten salts. Unfortunately, their reported datasets
all exhibited a strong positive temperature dependence. The primary concern regarding
significant heat losses at high temperatures is the impact of radiative heat transfer.

Variable gap techniques

The variable gap techniques (Figure 2.3) were originally developed at ORNL for determin-
ingthe thermal conductivity of molten fluoride salts for the purpose of MSRs [66]. These
techniques are similar in principle to the parallel-plates method, which measures steady-
state temperature differences across a gap containing the sample. In these techniques, the
gap thickness is variable, typically less than 0.3mm, to minimize convective flow within the
liquid. A small temperature difference of 10°C to 15°C is maintained across the sample [61].
Since the measurement only considers changes in the specimen’s thickness and temperature,
potential errors due to convection, radiation, and conduction heat losses can be estimated
and minimized [66]. The thermal conductivity of liquid sample is considered as a linear
function of the variable gap x, the expression is shown:

∆T
q̇

= x

λ
+Rth,fix, (2.3)

where Rth,fix represents the upper and lower resistances, which are expected to remain nearly



14

constant or fixed during measurement [67]. Merritt et al. [68] noted that these techniques

Liquid sample

Heat source

Cooling chanels

Liquid sample

Cooling chanels

Heat source

Figure 2.3 Schematic of variable gap technique (adapted from Gallagher’s paper [67])

could introduce considerable errors due to heat loss through pathways other than the sample
liquid itself. Nevertheless, Cooke [66] successfully determined the thermal conductivity of
HITEC salt, which was consistent with other reliable datasets and exhibited a negative
temperature dependence. More recently, Gallagher et al. [44] employed the same technique
with some improvement to determine the thermal conductivity of FLiNaK, finding a negative
temperature dependence in their minimum obtained values. Both datasets were in good
agreement with other reliable datasets.

2.1.2 Transient methods

Transient techniques offer short measurement times, require minimal sample quantities, and
often involve indirect contact with the sample. These advantages make them highly recom-
mended for obtaining data on the thermal conductivity of molten salts [58, 69,70].
Common transient methods include (modified) transient hot-wire, transient hot strip, laser
flash, and forced Rayleigh scattering, among others [59,69,71–75]. Some of these techniques
measure thermal diffusivity, which requires the knowledge of additional properties such as
salt density and heat capacity to determine thermal conductivity.
These techniques can be challenging to apply to certain molten salts due to high tempera-
tures, corrosion of probes or containers, and possible errors arising from different modes of
heat transfer. For instance, fluoride salts can react adversely with many types of glasses and
dielectric materials used for optical windows or probe insulation [69,71]. Furthermore, recent
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findings using laser flash diffusivity techniques have sometimes indicated a positive temper-
ature dependence (∂λ/∂T )|P > 0 [76,77], which can be attributed to the heat leakage.
While many experimental results obtained through transient techniques are considered reli-
able, careful evaluation is still necessary due to the lack of standardized measurement proce-
dures [68, 78–80].

Transient hot-wire techniques

Transient hot-wire techniques provide reliable measurements of thermal conductivity for liq-
uids, solids, gases, and powders, and have become widely employed methods for liquids.
These techniques utilize a thin wire, typically made of platinum, which functions as both
a heater and a thermocouple, suspended or embedded in the sample. The voltage of the
platinum wire changes in incremental steps, creating a transient temperature that heats the
measurement environment. This generates a line source with a uniform heat flux per unit
length that remains constant over time [81]. The thermal conductivity can be determined
by observing the time-dependent temperature change of the platinum wire. The schematic
of the transient hot-wire techniques is illustrated in Figure 2.4 (a).
Given that molten salts are corrosive and electrically conductive at high temperatures, the
platinum wire must be coated to prevent current leakage and corrosion. Various coatings
have been developed to address these challenges [58, 69, 71]. The equation governing the
transient hot-wire technique is expressed as follows [82]:

λ = q̇/l

4π ∆T ln(4αdif

r2C
t), (2.4)

where α is the thermal diffusivity of the fluid, normally taken at the temperature Tref and is
nearly constant. r is radius of the wire, ln(C) = γEuler, γEuler is Euler’s constant. In earlier
studies, Turnbull et al. [83] used this technique to determine the thermal conductivity of
molten nitrate salts. However, the time increment of his experimental measurements was set
to 1 minute, which seemed too long to achieve accurate thermal conductivity results [72]. In
addition, the current leakage was occupied due to the lack of insulation on the wire, which
greatly impacted the results because of the influence of electrical conductivity. Similar issues
were present in McLaughlin et al. [84]’s work, where no insulation was used.
Omotani et al. [71] improved this technique by using liquid mercury in a quartz tube as
the heat source rather than exposing the wire directly to the sample, effectively minimizing
convection errors. Their results showed a negative temperature dependence, were consistent
with other reliable datasets. Nakazawa et al. [85] and Kitade et al. [69] further modified
the technique by using ceramic Al2O3 as an insulator, which was coated on the platinum
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Figure 2.4 Schematic of different techniques: (a) Transient hot-wire technique, and (b) Laser
flash technique (adapted from Zhao’s paper [43]).

wire. Their reported results agreed well with those other researchers, and remained within
acceptable accuracy.
More recently, Merritt et al. [68] developed a modified transient hot-wire needle probe by
combining the advantages of the transient hot-wire technique and the concentric cylinder
techniques, which shortened the measurement times and minimized convection and radiation
heat losses. Their results also aligned well with other reliable experimental datasets for
molten nitrate salts and FLiNaK.

Laser flash technique

The laser flash technique is one of the most widely used methods for indirectly determin-
ing thermal conductivity. It measures the thermal diffusivity (αdif [m2.s−1]) of liquids at
high temperatures, requiring additional knowledge of density (ρ) and heat capacity (Cp) to
calculate the thermal conductivity of the sample. The formula is given by:

αdif = λ

ρCp
(2.5)

This technique consists of a sandwiched structure with three layers of well-defined geometry.
The liquid sample is heated by a laser or flash lamp. The high-intensity laser beam strikes and
heats the first layer, and heat is subsequently transferred through the liquid by conduction.
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An infrared detector located on the third layer captures the transient temperature changes.
Figure 2.4 (b) illustrates the concept the laser flash technique.
The thermal conductivity obtained using the laser flash technique often shows a positive
temperature dependence. This is likely due to a lack of correction for radiative effects and
conductive losses within the structure [61]. Furthermore, this sign of temperature dependence
is also influenced by the precision of heat capacity and density. An et al. [76] used the
laser flash technique to measure the thermal conductivity of FLiNaK. Their results, near
the melting point aligned with other studies; however, an increase in thermal conductivity
was observed with rising temperature. More recently, Rudenko et al. [86] employed the
same technique to measure the thermal conductivity of FLiNaK in 2022. Their results were
consistent with other reliable studies but demonstrated a negative temperature dependence.

Forced Rayleigh scattering techniques

Forced Rayleigh scattering (FRS) is another optical method used to measure the thermal
diffusivity of liquids. In this technique, a laser beam is split into two beams of identical
intensity, which cross the liquid sample to create an interference pattern. This pattern
induces a sinusoidal temperature distribution that acts as an optical phase grating for the
probing beam. The liquid sample is colored with a small amount of dye to absorb the energy
from the heating laser beam. The transient decay of the temperature distribution induced
by a short heat pulse follows the diffusion heat equation. By analyzing the diffracted probing
laser, the thermal diffusivity of the liquid sample can be determined [58].
Nagasaka and his co-workers redesigned the FRS techniques to measure the thermal conduc-
tivity of molten alkali halides, claiming a measurement accuracy within a few percent [58,
72, 87]. However, it was not possible to measure molten fluoride salts due to their strong
corrosiveness towards the sample containers. All of Nagasaka’s work demonstrated a nega-
tive temperature dependence, which aligned with findings from other researchers. We have
therefore used Nagasaka’s work as the model development reference for our study.

Other experimental techniques

Various techniques have been developed to measure the thermal conductivity of liquids.
Among the transient methods, the transient hot-foil (hot-disc) technique stands out, oper-
ating similarly to the transient hot-wire method. However, instead of a wire, this approach
uses a plane-shaped foil to generate a plane heat source. While the method offers certain
advantages, its application to molten salts is more complex due to the lower ionization within
the salt. The reduced voltage along the heat source causes polarization at the interface be-
tween the heated foil and the molten salt, limiting current flow. Nonetheless, in practice,
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other voltage potentials can exist within the cell, allowing some current to flow into the salt
despite surface polarization [66].
Zhao et al. [43] utilized the 3-omega hot-wire technique to measure the thermal conductivity
of nitrate salts. This method separates frequency domain measurements from steady-state
and transient measurements. Similar to the transient hot-wire technique, it employs an
alternating current with a fundamental angular frequency (ω) to heat the platinum wire sen-
sor and surrounding liquid at 2ω, resulting in a voltage response at three times the input
frequency, or 3ω. This frequency-domain approach minimizes errors due to corrosion and
convection that can affect other measurement methods. Zhao et al. [78] successfully deter-
mined the thermal conductivity of molten nitrate salts, reporting an uncertainty of less than
3%. The results showed a negative temperature dependence, though both sodium nitrate
and potassium nitrate datasets exhibited slightly higher values compared to other reliable
measurements. Unfortunately, no additional studies on the thermal conductivity of other
molten salts have been conducted.
Please refer to Chapter 4 (Article 1) for a comparative review of the characteristics of the most
commonly used experimental techniques to measure the thermal conductivity and diffusivity
of molten salts, along with their reported accuracy.

2.2 Current status of thermal conductivity measurements of molten salts using
experimental techniques

In our work, most of the experimental data available in the literature have been collected for
molten fluorides [56, 88–91] [92–94], chlorides [50–53, 56, 83, 95–99] [58,59,79,92,100], bro-
mides [50, 56, 95] [59,73,94], iodides [50, 56] [59,74], carbonates [54, 97, 101, 102] [75], ni-
trates/nitrites [49, 50, 55, 64, 83, 84, 102–111] [38,47,63,69–71,112], sulfates [113], and hy-
droxides [104, 114, 115]. To highlight the important experimental works, the corresponding
references have been underlined to facilitate reading. These data points will be shown in
chapter 4 and 5. These datasets can be categorized based on their sign of temperature
dependence. Data exhibiting a positive temperature dependence ((∂λ/∂T)|P > 0) are gen-
erally obtained using steady-state methods, whereas those showing a negative temperature
dependence ((∂λ/∂T)|P < 0) are typically acquired through transient techniques. This dis-
agreement in the sign results in significant discrepancies among experimental datasets for
both pure molten salts and mixtures. However, values close to the melting point are some-
times quite similar across studies. The thermal conductivity of molten unary salts reported
by different researchers generally falls within the range of 0.1 to 3 [W.m−1K−1]. Among
these pure molten salt datasets, approximately 62% were obtained using coaxial-cylinder
techniques, which was the most popular method before the 1980s. This is followed by tran-
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sient hot-wire and laser flash techniques, each accounting for roughly 13% of the datasets.
Some techniques were developed and used exclusively for that research group. For example,
the variable gap method exclusively belonged to the ORNL group; while the FRS techniques
were employed only by Nagasaka and his co-workers. Other techniques have contributed to
the remaining datasets. For a detailed visual representation of the available datasets on pure
molten salt thermal conductivity, please refer to the figures in Chapter 4.
Looking at two widely studied heat transfer fluids: FLiNaK, commonly studied in MSRs;
and solar salt, the most used in CSP plants. Fig. 2.5 illustrates a simple common-anion
ternary fluoride salt at the eutectic composition (LiF)0.465 − (NaF)0.115 − (KF)0.42 (mole frac-
tion) commonly referred to as FLiNaK, which has been proposed for implementation as a
coolant in MSRs. Figure 2.5 depicts that the most recent experimental datasets mostly
exhibited a negative temperature dependence, contrasting with earlier works that demon-
strated a positive sign. Notably, Janz et al. [34] reported thermal conductivity values with
a significantly positive sign, and approximately 300% higher than other studies near the
melting temperature. Moreover, it is noteworthy that thermal conductivity values remained
relatively consistent near the melting temperature in the works published after 1987. Yet, as
the measurement temperature increased, the discrepancy became notably significant, mainly
due to errors caused by the radiation effect. Hence, the analysis and selection of reliable
experimental datasets is of prior importance for developing a reliable thermal conductivity
model of molten salts. We believe that the negative temperature dependence observed is
accurate.
Figure 2.6 presents available experimental datasets for molten nitrate salt mixtures found in
the literature. These datasets exhibit consistency in both temperature dependence and the
thermal conductivity values obtained from different experimental techniques. This consis-
tency is likely attributed to the extensive research on NaNO3 and KNO3 (figures in Chapter
4), with many reported datasets aligning closely near the melting temperature. Consequently,
there are fewer constraints in using solar salt compared to working with FLiNaK, as the ex-
perimental datasets for solar salt are more consistent.
As emphasized previously, experimental techniques often underestimate heat losses through
convection, conduction, and radiation at high temperatures. Consequently, the thermal
conductivity values obtained are generally overestimated. These losses become significant
as the measurement temperature increases, making it challenging to accurately quantify the
individual contributions. Moreover, the complexity of heat transfer in these cases is influenced
by various factors, including device geometries, materials, sample container properties, and

1The abbreviations for different experimental techniques are as follows: VGT—variable gap techniques,
LFT—Laser flash techniques, MTHW—Modified transient hot-wire techniques, CCT—Coaxial cylinder tech-
niques, TGST—Transient grating spectroscopy techniques, and 3ω—3-Omega techniques.
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Figure 2.5 Thermal conductivity of a common-anion ternary fluoride salt - FLiNaK
(LiF)0.465 − (NaF)0.115 − (KF)0.42 as a function of temperature obtained via experimental
techniques1.

other technique-specific parameters, which are beyond the scope of this research.
Conversely, by considering these heat losses, results obtained from numerical simulations or
modeling can be validated indirectly. Unlike experimental techniques, numerical simulations
and modeling mitigate the impact of these heat losses, providing generally more reliable
predictions of thermal conductivity. With this context in mind, let us now shift our focus to
the technique of MD simulations.

2.3 Numerical simulations

In recent years, advancements in computational power have made numerical simulations an
alternative approach for predicting the physical properties of materials. Numerical simula-
tions include methods such as Monte Carlo and molecular dynamics (MD) simulations. The
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Figure 2.6 Thermal conductivity of a molten nitrate salt NaNO3 − (KNO3)x(mol) as a func-
tion of temperature obtained via experimental techniques.

Monte Carlo method is faster and more suitable for determining thermodynamic properties,
while MD simulations are more appropriate for studying transport properties [116].
In MD simulations, atoms are represented as particles, and their movements are driven by
interactions with one another, which are determined by solving Newton’s equations of motion.
These interactions are described by a force field, which defines the potential forces acting on
the particles. Consequently, the accuracy of the force field is crucial for ensuring the precision
of the simulation.
Many studies have employed the MD method to investigate the properties and local struc-
tures of molten salts. However, these methods are limited by the accuracy of their underlying
parameters (potentials) and assumptions, which can sometimes yield results that are larger
than those obtained from experimental work [60]. Despite the larger uncertainty, MD sim-
ulations can provide a preliminary understanding of the behavior of salts, particularly for
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molten salt mixtures in relation to their composition.

2.3.1 Classical MD

Classical MD employs predefined potentials and force fields derived from either empirical
data or independent electronic structure calculations. This approach has become a well-
established and powerful method for studying many-body condensed matter systems [117].
The two most common methods for calculating atomic interactions in salt systems during
MD simulations are the "Rigid Ion Model (RIM)" and the "Polarized Ion Model (PIM)". RIM,
a simpler and more commonly used method, assumes that each ion carries a point charge
at its center of mass, completely ignoring electronic polarization. This simplification can
reduce the accuracy of the results, especially when simulating dynamic properties [118]. On
the other hand, the PIM accounts for ion polarizability, capturing the important polarizable
effects in salt systems. It is considered one of the most successful models [119]. Rather than
relying on predefined empirical input potentials, the PIM derives these parameters by fitting
to Density Functional Theory (DFT) data. This approach enables the parametrization of
complex force fields, leading to accurate energy estimates [120].
To address the lack of thermal conductivity for certain molten salt mixtures, we performed
extensive EMD simulations using the Polarized Ion Model (PIM). The PIM, developed by
Madden and colleagues [121, 122], has demonstrated strong performance and accuracy in
simulating chloride and fluoride salts, and is expected to be well-suited for other salts as
well. For a more detailed discussion of the model’s development, refer to the work of Salanne
et al. [123]. Here, we provide a brief overview of the PIM model.
The interionic potential accounts for interactions such as charge-charge, charge-dipole, dipole-
charge, dipole-dipole, overlap repulsion, dispersion, and polarization, and is expressed as
follows [122,124,125]:

Uij(rij) = qiqj

rij︸︷︷︸
Charge-charge

+ Bije
−αijrij︸ ︷︷ ︸

Overlap repulsion

−Cij
6 f

ij
6 (rij)
r6

ij

− Cij
8 f

ij
8 (rij)
r8

ij︸ ︷︷ ︸
Dispersion

+ qirijµj

r3
ij

f ij
4 (rij) − µirijqj

r3
ij

f ij
4 (rij)︸ ︷︷ ︸

Polarization

+ µiµj

r3
ij

− 3(rij · µi)(rij · µj)
r5

ij︸ ︷︷ ︸
Polarization

(2.6)

In the Eq. 2.6, qi and µi are respectively the charge and the dipole moment of the i particle.
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The Born-Mayer-Huggins short range potential term, Bije
−αiri , is used to describe the short-

distance overlap repulsion of electronic clouds. Cij
6 and Cij

8 are the dispersion coefficients. The
dispersion damping function, f ij

n , for short-range correction of interactions between charge
and dipole and dispersion interactions is expressed as follows [126]:

f ij
n = 1 − cij

n e
−bij

n rij

n∑
i=0

(bij
n rij)k

k! (2.7)

The long-range electrostatic interactions, UCoul = 1
2

N∑
i̸=j

qiqj

rij
, are considered by employing a

three-dimension Ewald summation method [127].
The parameter set Bij, αij, C

ij
6 , C

ij
8 , b

ij
n , c

ij
n in the formalism is used to describe the total pair-

wise potentials between ionic pairs. These parameters were calculated by Ishii et al. [128] via
a procedure for determining potential parameters based on Madden’s work [122], which relies
solely on electronic structure calculations employing density functional theory (DFT). Sub-
sequently, by matching the dipoles and forces on the ions calculated from DFT for condensed
phase ionic configurations, the potential parameters are deduced using an objective minimiza-
tion procedure. Since no experimental information was considered in the parametrization
process, the generated potentials are classified as ab initio MD (AIMD) [124].

2.3.2 Ab initio MD

Instead of relying on pre-determined parameters used in classical MD, ab initio MD, also
known as first-principles MD, using quantum mechanics to calculate the forces acting on the
nuclei "on-the-fly" through electronic structure calculations as the simulation progresses [117].
AIMD is widely applied to novel or poorly characterized materials, including complex molten
salts and reactions occurring under extreme conditions. AIMD requires only fundamental
constants such as the fine-structure constant, electron mass and charge, atomic nucleus mass
and charge, Planck’s constant, and the speed of light [129]. Due to the high computational
demand of quantum mechanical calculations at each time step, AIMD is typically limited to
systems with only a few hundred atoms and short timescales.
Machine learning potential (MLP) has been paid much attention in recent years, thanks to its
high speed and accuracy to simulate the complex interactions between molecules. The MLP
applies deep neural networks to learn the potential energy function of the interatomic inter-
actions [130]. MLP significantly reduces the computational demands of AIMD simulations
by approximating quantum mechanical interactions without requiring electronic structure
calculations at each time step. This enables the simulation of larger systems and longer
timescales.
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2.3.3 Derivation of thermal conductivity from EMD simulations

Thermal conductivity from molecular dynamics (MD) simulations can be determined using
two primary approaches: the Green-Kubo (GK) formalism for equilibrium molecular dynam-
ics (EMD) and direct methods for non-equilibrium MD, which are based on the known heat
flux and temperature gradient of the system [43]. In this discussion, we will focus on the GK
formalism for EMD.
According to the GK formalism [98], thermal conductivity can be calculated from EMD.
The GK formalism is based on the fluctuation-dissipation theorem reported by Weber [131],
allowing for the interpretation of thermal conductivity from the fluctuations in energy and
charge currents obtained from EMD. The entropy of a molten mixture can be calculated
using non-convective fluxes of heat, mass, and charge [132].
In line with our previous work, the macroscopic energy flux is calculated as a summation of
heat and enthalpy contributions in the present study [133]. Following the GK method, the
thermal conductivity induced by lattice vibrations for a given molten mixture of composition
X, at a given temperature T is evaluated from the simulations as a function of the correlation
time, τ :

λ(T, τ,X) = 1
T 2 [Lee −B−1

2∑
i=0

Lezi
Azizjzk

] (2.8)

Where both A and B are the matrix determinants which calculated for pure compound (C),
binary (B), or ternary (T) as follows:

AC = Lez0 , B
C = Lz0z0 (2.9a)

AB
αβ =

∣∣∣∣∣∣Leα Lβα

Leβ Lββ

∣∣∣∣∣∣ , BB =

∣∣∣∣∣∣Lz0z0 Lz1z0

Lz0z1 Lz1z1

∣∣∣∣∣∣ (2.9b)

AT
αβγ =

∣∣∣∣∣∣∣∣∣
Leα Lβα Lγα

Leβ Lββ Lγβ

Leγ Lβγ Lγγ

∣∣∣∣∣∣∣∣∣ , B
T =

∣∣∣∣∣∣∣∣∣
Lz0z0 Lz1z0 Lz2z0

Lz0z1 Lz1z1 Lz2z1

Lz0z2 Lz1z2 Lz2z2

∣∣∣∣∣∣∣∣∣ (2.9c)

The transport coefficients L in the above equations are determined through the GK formu-
lation [98]:

Lnm(τ, T,X) = 1
3kBV

∫ τ

0
⟨Jm(t) Jn(0)⟩ dt (2.10)

Where m and n can be e or zi; Je and Jz are correspondingly the energy (e) and charge
(z) flux of the i ion; kB and V are Boltzmann constant and equilibrium volume of the
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system, respectively. Notice that in Eq. 2.8, the first term Lee/T
2 is responsible for the

thermal conductivity of an electrically neutral fluid. The second term of Eq. 2.8 describes
the thermo-electrical effect on thermal conductivity.
In practice, the total canonical statistical ensemble (NVT) run is divided into 20 blocks of
0.5ns and the transport coefficients L were calculated independently in each block. The
correlation time, τ , is set to 5ps which is large enough to ensure convergence of the thermal
conductivity. Lastly, an average value over all the different blocks is considered as the thermal
conductivity of a perfectly thermally equilibrated system:

λ(X,T ) = lim
τ→∞

⟨λ (τ, T,X)⟩all blocks (2.11)

In 2008, Salanne et al. [134] defined one of the most widely used interatomic potentials. Since
then, the PIM has been employed to simulate various properties of molten salts, with most
results validated by experiments [123, 134–161], demonstrating its accuracy in reproducing
the thermal conductivity of molten salt mixtures [133,138,141,147,151,152,154].
The main advantages of MD simulations of molten salts are not only to avoid the costly
and hazardous experiments, but also the insights to provide the complex fluid dynamics and
chemical interactions, leading to stable complex structures. The radial distribution function
reveals local structures and short-range ordering within molten salts, which provides a better
understanding of the behavior of molten salt solutions. As discussed earlier, NaCl is the
simplest ionic liquid, where Na+ ions are surrounded by Cl− ions, and vice versa, in the
molten state. This structure has a high degree of short-range ordering, though ions remain
free to move. In molten salt solutions, the behavior is different, since multiple ions are
present in the melt. For example, in common-ion salt mixtures (for example, KCl-MgCl2,
LiF-BeF2), interactions primarily occur at the second-nearest-neighbor level, and complex
structures form due to polarization effects. These complex ions generally have lower mobility
than simple ions, which impacts the transport properties of the melt. In the case of LiF-BeF2

mixtures, for example, a dissociated melt (Li+, BeF2−
4 , F−) forms at low BeF2 content, while

species such as Be2F3−
7 , Be3F4−

10 , Be4F5−
14 , and higher-order polymers appear with increasing

BeF2 content [162]. In some mixtures, more than one different cation and more than one anion
are present within the melt, which is referred to as reciprocal mixtures, where interactions
occur at both the first and second-nearest-neighbor short-range ordering. This results in
significant deviations from ideal behavior, reducing the thermal conductivity of the melt,
particularly when there are large differences in ionic masses and size, as in LiF-CsI mixtures.
In industrial processes such as metal electrolysis, common-ion and reciprocal mixtures often
form very complex solutions. Simulating these intricate systems using numerical techniques
is highly challenging due to the need for numerous force field interactions, many of which are
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frequently unavailable. Furthermore, molecular dynamics (MD) simulations are limited to
performing only one specific molten salt composition and temperature per run. For context,
each MD simulation typically requires at least 48 hours to complete, with additional hours
needed for data analysis and calculations to obtain the results. Consequently, exploring a
broad range of compositions and temperatures, as commonly occurs in industrial processes,
significantly increases the required simulation time, computational complexity, and overall
effort.
This limitation restricts the applicability of MD simulations in practical engineering sce-
narios, such as molten salt reactors (MSRs). In these reactors, numerous simulations are
conducted to support development and optimization through finite element analysis (FEA)
and fluid dynamics, which evaluate heat transfer, mechanical stresses, and flow characteris-
tics. Accurate simulations must account for the variable thermal conductivity of molten salts
across varying temperatures and compositions, as this critically influences reactor efficiency
and safety. However, obtaining comprehensive compositional and temperature-dependent
data as inputs for FEA becomes impractical for large-scale industrial process simulations
using MD simulations.
In such cases, more efficient methods are necessary to estimate the properties of com-
plex molten salt solutions. This need has driven efforts to develop robust thermophysical
property databases for molten salt mixtures, including eutectic behaviors and temperature-
composition dependencies [163]. Among various models, the Modified Quasi-chemical Model
in the Quadruplet Approximation (MQMQA) [41] has shown great promise in modeling
complex molten salt solutions, including reciprocal salt systems. We can further develop our
model for reciprocal molten salt mixtures by leveraging the outcomes of the MQMQA model,
which will help fill the gaps in thermal conductivity predictions for these mixtures. A review
of the MQMQA model follows.

2.4 Thermodynamic modeling: modified quasi-chemical model in the quadru-
plet approximation

The Modified Quasi-chemical Model in the Quadruplet Approximation (MQMQA) evaluates
the interactions of short-range ordering in molten salt solutions and was specifically developed
for reciprocal molten salt mixtures. Reciprocal molten salt mixtures are characterized by the
presence of more than one cation and more than one anion. The interactions within these
solutions are notably intricate due to the significant influence of both first-nearest neighbors
(FNN) and second-nearest neighbors (SNN) short-range orderings (SRO). In particular, the
FNN interactions, primarily between cations and anions, are very strong, leading to consid-
erable deviations from ideal mixing behavior. Additionally, the SNN interactions between
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cation-cation further complicate the system. Together, these factors introduce substantial
challenges in accurately modeling the thermodynamic properties of reciprocal molten salt
solutions [41].
In the solution, cationic species (A, B, C, ...) and anionic species (X, Y, Z, ...) occupy
two distinct sublattices. In a ternary reciprocal molten salt system denoted as (A+, B+

/ X−, Y−), there are nine quadruplets. These include four unary quadruplets, which are
the pure end-members: [A2X2]quad, [B2X2]quad, [A2Y2]quad, and [B2Y2]quad; and four binary
quadruplets: [ABX2]quad, [ABY2]quad, [A2XY]quad, and [B2XY]quad; and one reciprocal quadru-
plet, [ABXY]quad. The exchange reaction of formation of the unary quadruplets are follow-
ing [41,164,165]:

FNN SRO reciprocal: [A2X2]quad+[B2Y2]quad = [A2Y2]quad+[B2X2]quad, ∆gexchange
AB/XY , (2.12)

Let’s assume another reaction with A = A+, B = B3+, X = X−, and Y = Y 2−, the reaction
is given by 3A2Y + 2BX3 ⇌ 6AX + B2Y3, ∆gexchange

AB/XY , where ∆gexchange
AB/XY = ∆g0

R/6, ∆g0
R is

determined by the Gibbs energy of four unary quadruplets, which corresponds to four unary
components. The factor 6 is the number of equivalent ions.
If ∆gexchange

AB/XY < 0, SRO occurs predominantly in the form of [A2X2] and [B2Y2] pairs within
the FNN interactions for (A+, B+ / X−, Y−). Consequently, the formation of [ABX2] pairs
is less favored compared to random mixing, leading to a reduction in the contribution of
the [ABX2] SNN energy (∆gAB/X2) to the total Gibbs energy. The binary quadruplets are
expressed:

SNN SRO Common-anion: [A2X2]quad + [B2X2]quad = 2[ABX2]quad, ∆gAB/X2 (2.13)

SNN SRO Common-cation: [A2X2]quad + [A2Y2]quad = 2[A2XY ]quad, ∆gA2/XY (2.14)

∆gAB/X2 and ∆gA2/XY are the Gibbs free energy of formation of binary quadruplet that of
the exchange reaction of FNN pairs of two unary quadruplets [A2X2]quad + [B2X2]quad or
[A2X2]quad + [A2Y2]quad. The parameters was optimized to reproduce the available experi-
mental data. And eventually, the Gibbs energy of formation of the reciprocal quadruplet
[ABXY]quad is given from the binary quadruplets [41]:

1
2 ([ABX2]quad + [ABY2]quad + [A2XY]quad + [B2XY]quad)

= 2[ABXY]quad, ∆gAB/XY

(2.15)
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Here, we would like to mention the FNN pair fraction is defined as:

XA/X = nA/X

nA/X + nB/X + nA/Y + ...
(2.16)

nA/X is the number of moles of FNN [AX] pairs, similarly nA2/X2 , nAB/X2 and nAB/XY

etc., are the numbers of moles of [A2X2]quad, [ABX2]quad, [ABXY ]quad, etc., quadruplets.
The equation is further simplified by assuming that the ratio of SNN coordination number
and FNN coordination number is identical for all species, therefore the pair fraction of the
quadruplet is shown:

XA/X = XA2/X2 + 1
2XAB/X2 + 1

2XA2/XY + 1
4XAB/XY + ... (2.17)

where XAB/XY are the quadruplet fractions, for a more detailed demonstration, please refer
to the article of Pelton et al. [41].
Apart from the pair fractions defined in the MQMQA, the Temkin model also describes
pair fractions. In the Temkin model, cations and anions are assumed to randomly occupy
their respective sublattices, representing ideal mixing with no Gibbs energy exchange in
the mixture (∆gexchange

AB/XY = 0). This scenario typically applies to monoatomic common-ion
mixtures, where the pair fractions in the Temkin model and in the MQMQA approach are
identical to the nominal fractions. For a detailed discussion on the relationship between
nominal fractions and pair fractions in both the Temkin model and the MQMQA approach
within molten salt mixtures, refer to Chapter 6.
The MQMQA has proven to be a robust and effective method for modeling the complex
thermodynamic behavior of numerous molten salt systems, including fluorides, chlorides,
nitrates, carbonates, and sulfates, among others [166–178]. Over the years, it has enabled
precise optimization of thermodynamic properties for a broad range of salt mixtures.
The MQMQA approach has been implemented in FactSageTM [179], and has become a reliable
method for predicting the thermodynamic properties of complex molten salt systems in terms
of temperature and compositional variations. This provides significant benefits for molten
salt applications in energy systems and industrial processes. This well-established approach,
along with the optimized database in FactSageTM, greatly facilitates the development of
molten salt thermal conductivity by accounting for interatomic interactions between diverse
cations and anions within complex or reciprocal molten salt systems, while also allowing for
the direct application of optimized thermodynamic data in model development..
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2.5 Molten salt thermal conductivity models

Various theoretical and empirical models have been developed to estimate the thermal con-
ductivity of molten salts. Gallagher [67] identified five categories of thermal conductivity
models, introducing two additional categories beyond those summarized by DiGuilio and
Teja [39]. In this chapter, we classify them based on models for pure molten salts, and
models for molten salt mixtures.

2.5.1 Models for pure molten salt

Certain theoretical models have successfully estimated the thermal conductivity of pure
molten salts as a function of temperature, exhibiting a negative temperature dependence
and demonstrating good agreement with reliable experimental datasets for specific salt fam-
ilies. Nevertheless, the lack of required knowledge about other salt families poses challenges
to their applicability across different salt families. While some theoretical models employ
empirical fitting parameters to achieve accurate predictions for pure salts, extending these
models to predict the thermal conductivity of multi-component salt mixtures remains very
difficult.

Bridgman-type models

Bridgman’s model was the first theoretical framework developed to describe the thermal
conductivity of liquids. It was adapted from his earlier work on insulators, based on the
assumption that the molecules in liquids behave similarly to those in a lattice, where energy
is transmitted along the lattice in the direction of the gradient at the speed of sound. The
equation for Bridgman’s model [180] is as follows:

λBridgman = 3kBcs

l2
(2.18)

l =
(

V

naNA

) 1
3
, (2.19)

where λ, kB, cs, V , na, and NA are the thermal conductivity, Boltzmann constant, sound
velocity, molar volume, number of ions per molecule, and Avogadro number, respectively.
Kincaid and Eyring [181] advanced this model by incorporating the internal degrees of free-
dom associated with polyatomic molecules, and Powell et al. [91],

λKincaid−Eyring = 0.931
γ

3kB

(
naNA

V

) 2
3
cs (2.20)
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λP owell = 2.8kBU
(
naNA

V

) 2
3
, (2.21)

where γ = Cp/Cv is the ratio of the heat capacity at constant pressure to that at constant
volume.
Using the Bridgman equations to calculate the thermal conductivity of molten alkali ni-
trates, Turnbull [83] and Gustafsson et al. [103] found that the model’s predicted values
were approximately 25% higher than expected. In contrast, the Kincaid & Eyring’s model
provided more accurate estimations for molten alkali nitrates, with errors limited to around
7%. Nagasaka et al. pointed out that the realistic accuracy of these models is likely between
20-40%, because of the use of erroneously large data in Turnbull’s and Gustafsson’s original
comparisons. DiGuilio and Teja [39] pointed out that the lack of reliable data on sound ve-
locity and heat capacity was the main limitation of this model. However, these properties are
more readily available than thermal conductivity, and can often be determined with accuracy
today through experimental techniques or modeling.

Mechanistic-type models

Mechanistic-type models, also known as quasi-crystalline models, assume that molecules are
arranged similarly to a lattice structure in a liquid, much like in a solid [44]. In these models,
the thermal conductivity is viewed as having two main contributions: a vibrational contri-
bution, which involves heat transfer through molecular collisions (similar to solid materials);
and a diffusive contribution, where high-energy molecules diffuse into regions of lower energy
(similar to gases) [57]. The total thermal conductivity is expressed as the sum of these two
mechanisms:

λ = λvib + λdif = avCv

l
+ 2DCv

l2
, (2.22)

where Cv is the specific heat capacity at constant volume, v is the mean vibrational fre-
quency, D is the diffusion coefficient, and a is a constant, usually taken as 2. Turnbull [83]
utilized this approach to predict the thermal conductivity of molten salts, noted that the
diffusive contribution accounts for less than 5% compared to the vibrational contribution.
The diffusive contribution was assumed to be negligible. More importantly, the model is
primarily applicable near the melting point, where the molten salt can be treated as a quasi-
crystalline structure. This validity is attributed to the high ratio of thermal diffusivity to
mass diffusivity and a relatively large Lorenz number, as discussed by Cornwell [182]. Rao
applied this approach by focusing only on the vibrational contribution, deriving the vibra-
tional frequency using Lindmann’s harmonic oscillator model [183]. The expression for Rao’s



31

model is as follows [184]:

λRao = A

R 2
3

N
1
3

A

( Tm

MV
4
3

) 1
2

(2.23)

where A = 23.44 is a dimensionless empirical fitting constant when λ in [W. m−1K−1],
and Tm, R, and M are the melting temperature, the universal gas constant, and the molar
mass, respectively. Turnbull modified Rao’s model to account for liquid dissociation by
incorporating the number of ions per molecule of molten salt, denoted as n, resulting in the
following expression [83]:

λRao−T urnbull = B

R 2
3

N
1
3

A

 Tm

M
n

(V
n

) 4
3

 1
2

(2.24)

where B = 13.28 is a dimensionless empirical fitting constant. The constants A and B were
determined by fitting empirical thermal conductivity data for molten salts. As a result, these
empirical fitting constants restrict the model’s predictive capability, leading to significant
errors when predicting the properties of certain salts [182]. Additionally, this model does not
account for temperature effects. Horrocks and McLaughlin [185] developed a similar model
that utilizes the rectangular cell potential instead of the vibrational frequency. This model
is expressed as follows:

λHorr−McLau ≃ λvib (2.25)

λvib = 2 Pte v n l Cv, (2.26)

where Pte is the probability of transferring energy on each collision, v is the vibrational fre-
quency, n the number of molecules per unit area of a lattice plane in the liquid, l the distance
between nearest neighbor lattice planes and Cv is the specific heat capacity per molecule vol-
ume. This model successfully predicted the thermal conductivity of simple liquids, such as
argon, nitrogen, benzene, and carbon tetrachloride, which are nonpolar molecules with zero
dipole moments. Unfortunately, its applicability to a broader range of liquids is limited, due
to improper assumptions about the liquid structure and the reliance on fitting parameters
to determine Pte [78]. Gustafsson [103] evaluated Horrocks-McLaughlin’s model and noted
that the accuracy varies between 10-40%, depending on the selected molecular diameter.
Mechanistic-type models are derived empirically, which restricts their predictive capability,
and their applicability to multi-component molten salt mixtures.
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Corresponding states principle models

Some successful theoretical models for molten salt thermal conductivity are based on the cor-
responding states principle. This principle was initially formulated to derive thermodynamic
and transport properties of gases and liquids [186]. It assumes that relationships between
thermodynamic properties can be established using reduced properties. For molten salts, it
has been proposed that the reduced thermal conductivity can be expressed as a function of
reduced volume or reduced temperature, utilizing the properties of a reference fluid.
White and Davis [49] plotted λ/λm against ρ/ρm and T/Tm, where m denotes properties at
the melting point. They concluded that reduced density serves as a more effective parameter
for correlating the reduced thermal conductivity of nitrates to a reference nitrate.
Employing the corresponding states principle requires a reference fluid from the same salt
family. Subsequently, Young and O’Connell [187] selected a point on the liquid saturation
curve as their reference for characteristic parameters. The reference thermal conductivity
was determined empirically and is unique to each salt. Both the studies by White and Davis,
as well as Young and O’Connell, face limitations in their predictive capabilities because they
rely on existing reference thermal conductivity data from similar salts.
Nagasaka and Nagashima [94] applied Harada’s corresponding state correlation [186] to ther-
mal conductivity by comparing the model to experimental data of several molten salt families.
This correlation demonstrated an appreciable precision for molten alkali halides. The model
was also used to predict the thermal conductivity of molten alkali metal fluorides, which could
not be measured experimentally due to the corrosion of quartz and sapphire cells required in
the forced Rayleigh scattering measurement technique. The model provided reliable predic-
tions for unary alkali halides with an accuracy of 15-20%. Unfortunately, specific parameters
used in the model are not always available for each compound, which limits the application
to other salts. For example, CsCl, CsBr, and CsI have different crystal structures than alkali
halides, and their interatomic potentials remain unknown [44].

Rough hard-sphere models

DiGuilio and Teja [39] proposed a model based on the rough hard-sphere theory, which was
developed earlier by Chandeler et al. [188], Li et al. [189], Assael et al. [190] and Ciotta et
al. [191] to describe non-spherical liquids. Li et al. pointed out that real molecules are not
hard spheres, therefore the reduced thermal conductivity of a system of rough hard spheres
can be:

λ∗
RHS = 64

75

(
Mπ

k3
BT

)1/2 21/3

N
2/3
A

λV 2/3, (2.27)
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where M , kB, and V are the molar mass, Boltzmann constant, and the molar volume. More-
over, λ∗

RHS is a function of only the molar volume:

λ∗
RHS = f(V/V0), (2.28)

where V0 represents the molar volume at closest packing, given by the expression V0 =
NAr

3/21/2 for spheres, r is the molecular diameter. DiGuilio and Teja suggested that the
thermal conductivity of molten salts can be related to that of a smooth monatomic reference
liquid, such as argon. This idea is inspired by the work of Chandler et al., which established
a relationship between the viscosity of rough hard spheres and that of smooth hard spheres.
They proposed the following equation:

λ∗
MS = Cλλ

∗
Argon, (2.29)

where Cλ is a constant that is independent of temperature and density but varies with each
specific salt, being empirically fitted based on data from one salt in the same salt families.
This model effectively predicted the thermal conductivity of both the chloride and nitrate
salt families, demonstrating strong agreement with reliable experimental data. However, the
thermal conductivity values for sodium chloride and sodium nitrate were derived by fitting Cλ

using experimental data from the common anion family of salts. Nevertheless, there is often
insufficient reliable dataset available for each family of molten salts to perform accurate
fitting, which limits the applicability of this model. Additionally, extending the model to
multi-component molten salt mixtures is nearly impossible.

Kinetic theory models

Gheribi et al. [60] introduced a model based on classical kinetic theory derived from the Boltz-
mann transport equation. It assumes that conduction is driven by vibration-based energy
transfer. In this model, the thermal conductivity of molten salts is not strongly temperature-
dependent but instead correlates with the coefficient of thermal expansion (or density). The
inter-molecular distance, or the mean free path < lph > within atomic vibrations, is pro-
portional to the combined radii of the anions and cations and inversely proportional to the
number of atoms per molecule < l > ∝ (ra + rc)/n. As the liquid expands with increasing
temperature, the mean free path grows, leading to a decrease in energy transfer, expressed as
a negative temperature dependence (∂λ/∂T )|P < 0. The formulation of this model is given
by:

λm,Gheribi = Kemp

(
Cvm cs,m

3nVm

)(
ra + rc

na

)
(2.30)



34

The temperature dependence of the model is expressed:

λGheribi(T ) = λm,Gheribi

[
1 − αm(γm + 1

3)(T − Tm)
]
, (2.31)

where Cvm, cs,m, na, Vm, αm, λm, and γm represent respectively the heat capacity per unit
volume, sound velocity, number of ions, molar volume, thermal expansion, the thermal con-
ductivity, and the Grüneisen parameter, all taken at the melting temperature Tm. Here, m
denotes the melting temperature.
The model’s predictions for thermal conductivity, spanning from the melting temperature to
the boiling temperature, showed strong agreement with experimental data for many molten
alkali and alkaline earth metal halides, carbonates, nitrates/nitrites, sulfates, and hydroxides.
However, the model introduced a dimensionless fitting constant Kemp, which was empirically
determined to be approximately 4.33. This reliance on an empirical fitting constant limits
the model’s applicability when predicting the properties of multi-component mixtures, com-
plex salts, or polymerizing salts. Therefore, developing a model that is less dependent on
experimental data is desirable.

Free volume models

Zhao et al. [109] developed a theoretical model based on free volume, where an elementary
particle in the liquid moves according to the ideal gas law. The model assumes that molten
salt molecules are spherical particles with cubic packing, and considers molecular diameter
instead of anionic or cationic radii. This allows for calculating the ratio of the total volume
to the free volume. By applying the thermal conductivity model for monoatomic liquids
proposed by Hirschfelder and Curtiss [192], the temperature dependence of the thermal con-
ductivity for a monatomic liquid is expressed as follows:

λZhao = ( NA

Dcell

)2/3kB( 8k
πm1

)1/2(DcellP

R
)1/3ρ1/3T 1/6, (2.32)

where Dcell is the density of the cell, m1 is the mass of one molecule, P is the pressure. The
model is extendable to polyatomic liquids by applying a correction factor to account for the
internal degrees of freedom of the polyatomic molecules. The predicted results were compared
with several experimental datasets, including the work of Smirnov et al. [56], which was not
recommended and made it difficult to assess the reliability of the model. Additionally, the
model exhibited a slightly positive temperature dependence for thermal conductivity, which
is inconsistent with other findings.
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2.5.2 Models for molten salt mixtures

Molten salt mixtures are of greater interest than unary salts for industrial applications due to
their enhanced properties, such as lower melting points, higher heat capacities, and improved
thermal conductivity. These characteristics make them more efficient for processes such as
heat transfer, energy storage, and high-temperature operations in systems like MSRs and the
Hall-Héroult process.
To date, the most commonly used approach for estimating the thermal conductivity of multi-
component molten salts is the ideal mixing rule (see the following). While this assumption
can provide reasonable results for some mixtures, such as molten nitrate salts, it may not
hold true for others. For instance, in LiF-BeF2 mixtures, the ions within the melt may
exhibit some degree of network polymerization, leading to significant deviations from ideal
behavior. Unfortunately, validating these models is challenging due to the lack of data in
the literature. In fact, because of the differences in intermolecular interactions, no model has
been able to predict the thermal conductivity of any compositions of molten salt mixtures
as of this research.

Ideal mixing rule

Diguilio et Teja [57] proposed that the thermal conductivity of molten salt mixtures can be
calculated as a linear function of the mole fraction of each pure component. The expression
for the ideal mixing rule is given by:

λid =
n∑

i=1
Xi λi, (2.33)

where λid represents the linear solution of thermal conductivity of salt mixtures, Xi is the
molar fraction of the unary component, and λi represents the thermal conductivity of each
pure compound. The model is simple to apply and performs well for molten nitrate mixtures.
However, since it is not based on thermodynamic theory, it is not suitable for other salt
mixtures, especially those that form complex ions. Even though there is evidence questioning
the reliability of the ideal linear model, some studies still choose to utilize this [39,47,71,193].

Kinetic theory models

Gheribi and Chartrand [133] proposed a theoretical framework for predicting the thermal
conductivity of molten salt mixtures as a function of temperature and composition. This
framework builds upon their earlier work on the thermal conductivity model for pure molten
salts [60]. In molten salt solutions, the mixing of ions leads to a significant decrease in the
phonon mean free path, thereby reducing thermal conductivity. This reduction is attributed
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to differences in atomic masses, cation sizes, and neighboring coupling forces. As a result, the
phonon scattering relaxation time is influenced by the chemical disorder introduced by the
mass variations in liquid solutions. The expression for the thermal conductivity of molten
salt mixtures is given by:

λ(X,T ) = λσ(X,T )
[
1 − δλ

M(X,T )
]

(2.34)

λ−3/2
σ (X,T0) =

[
V/Vid

Γ3/2

]
(X,T0)

N∑
i=0

Xi

(
Γi

λi

)−3/2

(T0) (2.35)

δλ
M ≃

ϵ · lph
re

· gmass if lph ≥ re

0 if lph < re

(2.36)

where the mass fluctuation term is gmass = ∑N
i=0 Xi

[
mi

m
− 1

]2
. lph is the phonon mean free

path, re is the average interatomic length, V/Vid is the ratio of the excess molar volume. Γ
is a parameter defined as Γ = Cvcs/na, Cv is the specific heat capacity at constant volume,
where cs is the sound velocity, na is the number of atoms per chemical formula.
Their reported results aligned well with equilibrium molecular dynamics (EMD) results and
experimental datasets, indicating that the thermal conductivity of molten salt mixtures does
not adhere to the ideal mixing rule but rather reflects reductions in the solutions. However,
a "universal" constant ϵ ≃ 0.4872 was introduced into Equation 2.36, derived from solid
solutions and assumed to be applicable to all ionic mixtures. This assumption limits the
reliability of the model when predicting significant mass variations within the mixtures, as
well as in the case of complex salts.

Unit cell models

Zhao et al. [194] developed a theoretical unit cell model to predict the thermal conductivity
of binary molten salts, building on their previous model for pure molten salts. An important
finding was that the thermal conductivity of binary molten salt mixtures exhibited a negative
deviation from the ideal mixing rule. Their predictions aligned well with experimental data.
Unfortunately, this model was only validated for binary molten salt mixtures. Additionally,
their earlier model for pure molten salts was validated using non-recommended datasets,
which complicates the assessment of the overall reliability of this model for binary molten
salt mixtures.
Muhmood et al. [195] extended Zhao et al.’s unit cell concept to ternary salt mixtures, with
predictions indicating a negative temperature dependence of thermal conductivity. Never-
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theless, the predictive accuracy of the unit cell models for molten salt mixtures remains
uncertain and requires further validation with other systems.

2.5.3 Empirical models

Empirical (or semi-empirical) models depend on correlations or fitting to experimental data.
As previously mentioned, it’s really challenging and costly to obtain reliable experimental
measurements. Additionally, many of these models lack a solid theoretical basis, as they are
often limited to adapt to specific mixtures, salts with common anions, or chemically similar
systems. Consequently, their predictive capabilities to other mixtures are very limited [10,
44,196,197].
Smirnov et al. [56] proposed that the thermal conductivity of molten alkali halide mixtures
is inversely proportional to molar volume, which is consistent with other models for pure
salts [83, 103,180,181,198]. The expression is given:

λmix = (x1λ1 + x2λ2)(1 − ∆β
βad

) (2.37)

where ∆β/βad, the adiabatic compressibility is related to the deviations in thermal con-
ductivity within the mixture. This compressibility was obtained from experimental data.
However, the experimental results reported by Smirnov et al. for pure molten salts were
considered unreliable due to a significant positive temperature dependence of thermal con-
ductivity [40, 44, 199, 200]. Since heat losses are less significant at lower temperatures, the
results from Smirnov et al. occasionally align with reliable data near the melting point.
Nevertheless, this model remains constrained by the available experimental datasets.

2.5.4 Chapter conclusion

This chapter reviewed commonly used methods for determining thermal conductivity, includ-
ing experimental techniques, numerical simulations, and existing models. We collected and
carefully analyzed the available experimental datasets of thermal conductivity for salts rele-
vant to energy applications, including fluorides, chlorides, bromides, iodides, nitrates/nitrites,
carbonates, sulfates, and hydroxides. Only experimental datasets exhibiting a negative tem-
perature dependence or temperature independence were considered reliable. Inadequate
treatment of convective and radiative heat transfer effects would otherwise significantly in-
flate the measured thermal conductivity of the liquid salts. Fortunately, hundreds of reliable
datasets exist for many pure salts, as well as for some salt mixtures.
Salt mixtures are particularly interesting for industrial applications due to their improved
properties. However, very limited experimental datasets of thermal conductivity for mixed
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salts are available. Molecular dynamics (MD) simulations have demonstrated their reliability
in simulating molten salt mixtures, including complex salt systems and reciprocal systems.
These simulations provide insights into the interactions between different ions and the struc-
tures formed in the melt. In particular, the Polarized Ion Model (PIM) technique has shown
strong performance and accuracy in simulating chloride and fluoride salts in numerous stud-
ies, and it will be used to simulate molten salt mixtures in the present study.
Both experimental and numerical techniques are suitable for determining the thermal conduc-
tivity of specific salt mixtures. However, when addressing variable or dynamically changing
compositions during a process, experimental techniques become impractical, and numerical
techniques face challenges related to computational intensity and unknown potentials.
Therefore, modeling becomes an effective method for rapidly estimating behaviors across
temperature or composition variations. Among modeling approaches, the Modified Quasi-
chemical Model in the Quadruplet Approximation (MQMQA), which considers both first-
nearest-neighbor (FNN) and second-nearest-neighbor (SNN) interactions within molten salt
solutions, has demonstrated high accuracy in predicting thermodynamic properties for various
molten salts, especially for reciprocal mixtures. The MQMQA approach will be employed
in the thermal conductivity modeling of reciprocal molten salt solutions in this study to
estimate the FNN and SNN structure of the mixtures a computed homogeneous Gibbs energy
minimization.
Numerous models have been developed to predict the thermal conductivity of pure molten
salts and molten salt mixtures over the past several decades. However, most models have
limitations in predictive capability, as many rely on empirical fitting constants specific to a
particular salt or salt family, especially in models for pure molten salts. For mixtures, the
ideal mixing rule is commonly used, yet this rule lacks a solid basis in thermodynamic theory.
Moreover, none of the current models adequately address intermolecular interactions in the
melt.
To address these gaps, including the need for models that can handle variable compositions
without relying on empirical parameters or neglecting intermolecular interactions, the goal
of this thesis is to develop a reliable thermal conductivity model for molten salt mixtures.
This model will account for both temperature and compositional variations, taking into
consideration the short-range ordering interactions between different ions. The model aims
to demonstrate its predictive capability for salts of alkali and alkaline earth metal halides,
carbonates, nitrates/nitrites, sulfates, and hydroxides. Additionally, the model should be
independent of empirical fitting constants while accurately predicting thermal conductivity
values comparable to reliable experimental data.
With this foundation, the next chapter outlines the specific objectives of the study, detailing
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the approach to model development and validation across diverse molten salt systems, in-
cluding unary, common-anion, common-cation, complex, and reciprocal salts. Additionally,
the thesis outline will be presented.
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CHAPTER 3 OBJECTIVE AND THESIS STRUCTURE

The previous chapter reviewed existing techniques for determining the thermal conductiv-
ity of molten salts. These techniques include experimental methods, numerical simulation
techniques, and physical models. This review identified a significant gap in accurately simu-
lating the thermal conductivity as a function of temperature and compositional dependence
of molten salts.
Both experimental and numerical techniques require extensive work on data collection and
analysis, often relying on extrapolation. Additionally, most existing thermal conductivity
models are tailored to specific salt families through empirical fitting constants, which limits
their applicability to other salt mixtures. Indeed, none of these models account for inter-
atomic interactions and short-range ordering within mixtures that contain more than two
cations and more than two anions in reciprocal molten salt mixtures.
This study aims to develop a molten salt thermal conductivity model that overcomes the
mentioned limitations. Based on prior research [60], this model builds on classical kinetic
theory and is theoretically grounded. It requires only a few input parameters, the majority
of which are easily found in the literature or in molten salt databases.
The model is designed to predict thermal conductivity across a diverse range of molten
salt mixtures as a function of both temperature and composition. To enhance predictive
capability for the thermal conductivity of molten salt mixtures, four specific sub-objectives
have been established. This research seeks to bridge the gap between current knowledge and
practical applications through a series of modeling and validation steps. Ultimately, the goal
is to ensure the reliability of thermal conductivity predictions for molten salt systems in both
simulations and industrial processes.
The specific objectives of this thesis are presented below, followed by an outline of its general
structure.

3.1 Research objective

Research question: How can a theoretical model be developed to accurately predict the
thermal conductivity of molten salt mixtures that account for the interatomic interactions in
solutions containing multiple cations and anions as a function of temperature and composi-
tion?
Main objective: To develop a thermal conductivity model for molten salt solutions that
eliminates the reliance on empirical fitting constants, enabling accurate predictions of thermal
conductivity for any molten salt mixture as a function of both temperature and composition.
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To achieve this objective, several sub-objectives have been defined as follows:
Sub-objectives:

1. Develop a model for the thermal conductivity of pure molten salts as a function of tem-
perature, without relying on empirical fitting parameters, and create a comprehensive
database of pure molten salt properties.

2. Extend the model for pure molten salts to accommodate multi-component mixtures of
common ions, including both monoatomic and polyatomic anions, while accounting for
mass fluctuations among different ions.

3. Incorporate pair fractions into the MQMQA approach for the common-ion model, con-
sidering the short-range ordering interactions between cations and anions and the Gibbs
energy exchange in reciprocal molten salt solutions.

Following the completion of the second sub-objective, the same methodology will be applied
to another supplementary study that focuses on modeling complex solutions of molten salt
mixtures, such as those involving molten cryolite (NaF-AlF3).

3.2 Organization of the thesis

This thesis will consist of articles, with the outcomes presented within these works. Each of
the sub-objectives defined in the previous section corresponds to a chapter. Specifically, there
are three articles that represent Chapters 4, 5, and 6. Additionally, another sub-objective, as
a supplementary work of this project related to the thermal conductivity model for complex
molten salt solutions, will be included in the Appendix E. The overall structure of the thesis
is outlined as follows:
Chapter 4 introduces a molten salt thermal conductivity model for unary molten salts based
on the kinetic theory, and establishes a comprehensive database for further development of
molten salt mixture models. In order to develop a reliable model, extensive collection and
careful analysis of available experimental datasets were conducted. Among the numerous
studies reviewed, the works reported by Nagasaka and colleagues, as well as those by Harada
and colleagues, were identified as the most reliable experimental datasets and will be used
to validate the thermal conductivity model for pure molten salts.
The classical kinetic theory, based on the concept of minimum thermal conductivity, was
used to develop the thermal conductivity model for pure molten salts, which is commonly
employed in characterizing thermal transport properties in amorphous solids and non-metallic
glasses. This approach has been applied to accurately predict the thermal conductivity of 58
different pure molten salts, including halides, divalent halides, carbonates, nitrates/nitrites,
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sulfates, and hydroxides. Furthermore, a database has been established to parameterize the
temperature dependence of these unary salts, facilitating their application and extending the
model for multi-component molten salt mixtures (Article 1 has been published in journal of
«Solar Energy»).
Chapter 5 further develops the unary thermal conductivity model to address common-anion
multi-component molten salt mixtures as a function of both composition and temperature.
The model introduces a new parameter to quantify the decrease in thermal conductivity
within the melt-the disorder scattering parameter.
In mixtures involving mixed ions, these ions serve as scattering centers for phonons. The mean
free path of phonons reduces due to differences in atomic mass, cation size, and inter-ionic
coupling forces. In molten salt solutions, a mass fluctuation term of the disorder scattering
parameter contributes to the reduction in thermal conductivity.
Given the limited availability of experimental datasets on molten salt mixtures, over 100
EMD simulations were conducted for various common-anion binary mixtures, which include
fluorides (LiF-NaF, LiF-KF, NaF-KF), chlorides (LiCl-NaCl, LiCl-KCl, NaCl-KCl), bromides
(LiBr-NaBr, LiBr-KBr, NaBr-KBr, RbBr-CsBr), and iodides (LiI-NaI, LiI-KI, NaI-KI, RbI-
CsI). The predicted results were validated against various EMD simulations and compared
to available experimental datasets reported in the literature for common-anion molten salt
mixtures. Therefore, we can confidently assert that the accuracy and reliability of the devel-
oped model are comparable to experimental findings (Article 2 has been published in journal
of «Materials Today Energy»).
For common-anion molten salt mixtures that form complex structures and polymer chains,
such as LiF-BeF2), strong SNN short-range ordering leads to the creation of intricate co-
ordination complexes and polymers, which significantly decrease thermal conductivity. To
model these complex solutions, a new parameter, "complex rate"-τ , that represents the lo-
cal structure of the solutions, was introduced to describe the mass-based evolution of these
complexes and polymers. The model for complex solutions was validated using both numer-
ical simulations and experimental datasets for the KCl-MgCl2 and NaF-AlF3 systems. As a
supplementary study of this thesis will be included in the appendix E (This supplementary
study has been published in journal of «Journal of Molecular Liquids»).
Chapter 6 extends the thermal conductivity model for multi-component common-ion molten
salt mixtures to reciprocal molten salt mixtures by applying the MQMQA approach, while
accounting for short-range ordering as a function of temperature and composition. Currently,
there is no existing model to predict the thermal conductivity for reciprocal molten salt
mixtures, and very few experimental datasets are available. To address this gap, we conducted
EMD simulations on three reciprocal mixtures: Li+,Na+/F−,Cl−, Li+,K+/F−,Cl−, and
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Na+,K+/F−,Cl−. A total of 25 EMD simulations were performed for each reciprocal mixture
at 1300 [K].
Using EMD simulations can help prevent hazardous accidents associated with high-temperature
experimental measurements. However, these simulations are time-consuming and computa-
tionally intensive, particularly when simulating high-order mixtures, some of which may in-
volve unknown potentials. This change is particularly relevant in industrial processes where
temperature and composition changes in molten salt mixtures occur frequently. Therefore,
modeling becomes an efficient alternative approach for quickly estimating values under vari-
able temperature and composition conditions, thereby ensuring system safety, such as in
MSRs.
Fortunately, the Modified Quasi-chemical Model in the Quadruplet Approximation (MQMQA)
has successfully modeled and optimized numerous high-order reciprocal molten salt systems
with precision in thermodynamic simulations. The MQMQA accounts for the interactions of
short-range ordering between first-nearest-neighbor ions (cation-anion) and second-nearest-
neighbor ions (cation-cation and anion-anion), and exchanges of Gibbs energy. Consequently,
we leverage the advantages of the pair fractions in the MQMQA model to further develop
our latter model of thermal conductivity for reciprocal molten salt mixtures. The predic-
tive values obtained from this model have been validated against EMD results and available
experimental datasets. Furthermore, the model predicted the thermal conductivity of sev-
eral reciprocal molten salt mixtures identified in the literature as potential PCMs for energy
applications (Article 3 has been published in journal of « Solar Energy Materials and Solar
Cells»).
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Abstract: A theoretical model for predicting the temperature-dependent thermal conduc-
tivity of pure molten salts, both simple and complex, is presented. The model is based on
kinetic theory and incorporates Einstein’s concept of minimum thermal conductivity. The
proposed formulation can consider the magnitude of thermal conductivity for separate salts,
including complex and polymerizing salts. The model’s thermal conductivity predictions
were compared to reliable experimental data in the literature and a previously recommended
thermal conductivity model using the Bland-Altman method. The comparison showed ac-
curate thermal conductivity predictions relative to the reliable experimental data, with an
average deviation of 10% or less. The model’s predictions were also compared to the exper-
imental data on an individual basis for halide, divalent halide, carbonate, nitrate, nitrite,
sulfate, and hydroxide molten salts, demonstrating reliable predictions for the molten salts
studied and improved accuracy over the previous model. Lastly, a database of simple and
complex molten salts, with the necessary parameters for modeling their thermal conductivity,
is recommended.

4.1 Introduction

As the global average atmospheric concentration of CO2 reaches new levels each year, cli-
mate change mitigation is one of the highest priorities universally. One effective method
to combat climate change is adopting renewable and clean energy production technologies
as alternatives to existing fossil fuel energy sources. The development and deployment of
renewable technologies, including high-temperature thermal energy storage (TES), thermal
concentrating solar plants (CSP), and advanced nuclear reactors, are widely being pursued
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as potential alternatives to fossil fuel energy sources [201,202]. One commonality for some of
these developing technologies is their proposed use of high-temperature molten salts, which
have favorable thermo-physical and thermo-chemical properties. Given their potential ben-
efits in various advanced energy systems, molten salts are of interest to engineering and
scientific communities. Yet, accurate knowledge of many properties of molten salts is not
well established, hindering effective design, optimization, and deployment of these energy
technologies. Therefore, establishing reliable data and predictive models for these properties
is necessary to enable new molten salt energy technologies [79]. The thermal conductivity
of molten salt features relatively significant uncertainties in experimental measurements and
predictive simulations, gaps in existing experimental data, and scatter amongst different data
sets. Given these issues, a theory-based model that is not empirically derived could provide
predictions of the thermal conductivity for molten salts with significant experimental un-
certainties or those without existing data. Such a model would circumvent the burden of
performing intensive computational predictions and experimental measurements. A reliable
model could be widely applied for developing high-temperature molten salt technologies.
Molten salts have many thermo-physical properties that are suitable and cost-effective for
utilization in high-temperature energy technologies. These characteristics include a wide
operational temperature range, low vapor pressure, high heat capacity, and high thermal
stability [32]. For example, a high specific heat capacity is beneficial for integrating a high-
temperature TES system with renewable energy sources allowing for dispatchable power
production and flexibility from the primary heat/energy source. This capability is primarily
demonstrated by modern CSP plants using nitrate-based "solar salts", which are low cost and
have established implementation processes [203, 204]. In the case of CSP TES, classified as
sensible TES, the liquid phase and thermal mass are utilized to transfer and store thermal
energy. Another promising type of TES is latent TES technology, using the heat of material
phase changes to transfer energy. Latent TES with molten salts acting as phase change
materials (PCMs) is gaining interest due to their high melting point, high energy density,
high thermal conductivity, and constant temperature during charging and discharging at
the phase change temperature [205]. For TES, the thermal conductivity influences the rate
of charging and discharging thermal energy. Therefore reliable information on the thermal
conductivity of molten salts will be necessary to design and develop commercial molten salt
TES systems adequately. Ultimately, the selection of molten salt for these TES applications
will depend on the mixture’s thermo-physical properties, which dictate the energy system’s
design, efficiency, and operational constraints.
The initial interest in molten salts is often associated with molten salt reactor (MSR) pro-
grams at Oak Ridge National Laboratory, namely the Aircraft Reactor Experiment and the
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Molten salt Reactor Experiments. Under these programs expansive studies were initiated to
develop nuclear reactors using fuel dissolved in a molten salt [6–9]. Since then, the interest
in MSRs for energy production persists today due to several advantages over conventional
reactors, including online refueling, low vapor pressures, high thermal capacity, and higher
operating temperatures [206, 207]. Recently, nuclear reactors have been proposed to utilize
molten salts as a TES fluid, leveraging the development of CSP technologies [208]. Using
molten salt as a reactor coolant with solid fuel in place of water or gas coolants allows for
low-pressure systems while providing superior heat transfer characteristics, potentially low-
ering capital costs and improving safety relative to existing reactors [206]. Nuclear fusion
reactor concepts have also been proposed, utilizing molten salts as a thermal blanket and
for tritium breeding [11]. Like TES and CSP, the design and deployment of nuclear systems
will depend on reliable knowledge of the thermo-physical properties of molten salt mixtures,
which will vary depending on the type of reactor concepts. Though, it is generally accepted
that the knowledge thermal conductivity of molten salts for nuclear applications is the least
mature relative to the other thermo-physical properties [10,199].
While these aforementioned energy technologies are inherently different, they share similar
technological and developmental challenges that pertain to the utilization of molten salts.
An understanding and knowledge of material or compatibility, cost of sourcing and preparing
molten salt mixtures, the chemical (thermodynamic) properties, and the thermo-physical
properties are required to evaluate the suitability of molten salts in any energy concept.
For example, the European project, Energy Storage for Direct Steam Solar Power Plants
(DISTOR), was initiated to identify high-temperature PCMs for integrating CSP plants
with direct steam generation receiver [209]. The following property constraints are used to
determine the suitability of molten salt materials for PCM applications [210]:

• Thermal transport property

– Maximize the thermal conductivity of molten state: (≳ 1 W.m−1K−1)

– Maximize the thermal conductivity of solid state: (≳ 2 W.m−1K−1)

• Thermodynamic property

– Maximize the specific latent heat storage capacity: (≳ 450 MJ.m−3)

– Maximize the specific liquid heat capacity: (≳ 2 MJ.m−3K−1)

– Minimize the system vapor pressure at maximum operating temperature: (≲
100 Pa)

– Minimize the relative volume change upon melting: (≲ 15%)
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• Corrosion property

– Minimize the corrosion rate: (≲ 200 µm.year−1)

– Maximize the number of cycles: (≳ 10000 cycles)

• Economical aspect

– Minimize the cost: < about 5000 (USD per ton)

– Market availability in large quantity: > millions of ton

Aside from liquid thermal conductivity, many of these characteristics can be estimated rea-
sonably well by experiments and theoretical approaches. The solid thermal conductivity
and thermodynamic properties can be predicted by theoretical approaches [39, 60, 109, 133,
193, 194]. The corrosion characteristics of molten salts with structural materials can often
be determined with experimental methods. However, the corrosion mechanisms are compli-
cated by impurities affecting the redox potential. Thus, corrosion can also be challenging
to model [211]. Additionally, the economic aspect largely follows the market supply and
demand. For instance, the price of battery-grade lithium carbonate has constantly increased
since 2014 due to the market shortages induced by growing demands in battery applications.
The average price is now about 17,000 USD per metric ton [212]. However, as was alluded to,
the thermal transport property of liquid thermal conductivity is relatively difficult to predict
and measure experimentally. Therefore, to effectively design a PCMs for latent TES, accu-
rate and reliable knowledge of molten salt thermal conductivity is essential. Furthermore,
thermal conductivity is a primary property used in the most basic heat transfer calculations,
and developing energy systems like CSP and molten salt reactors will require knowledge of
this property.
A reliable database of thermo-physical properties of all molten salts would be a valuable
resource for the scientific and engineering communities that could be utilized to design and
optimize molten salt systems. To meet this need, several organizations have been developing
property databases of molten salt properties [163, 173, 213–217]. Janz et al. provided an
early compilation of molten salt properties in a series of reports [33]. While these reports
are expansive, there is still a need for thermal conductivity data on additional molten salts,
correcting or removing errant data, and adding new data with lower uncertainties. Most
of the thermal conductivity correlations reported by Janz et al. and in other literature are
empirically based and specific to discrete compounds or mixtures. These types of correlations
are typically not useful when extrapolating to different molten salts. Other reviews on molten
salt properties are usually application-specific and not comprehensive works of all molten salt
families [39, 103, 184]. Notably, many studies cite the issues related to thermal conductivity
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measurement difficulties and the reliability of existing data. Briefly, most of the experimental
data sets reported in the literature are scattered or feature high uncertainties making it
challenging for researchers to make reliable recommendations [10, 60]. Additionally, there
are discrepancies between the sign of the temperature dependence of thermal conductivity
reported by many experimental works compared to current theory and molecular dynamics
predictions [60, 133]. Given the scatter in existing data and the difficulty of providing new
experimental thermal conductivity data, a model of molten salts that does not depend on
experimental thermal conductivity data would be ideal for developing a reliable molten salt
property database.
Since it is difficult and costly to perform experimental measurements of thermal conduc-
tivity, computer simulation techniques such as Molecular Dynamics (MD), Monte Carlo,
and other computational methodologies have been developed to provide a low-cost alter-
native to physical experiments [218–221]. MD has become an essential tool for under-
standing the properties of liquids and is often applied to study the properties of molten
salts [120, 124, 133, 152, 220, 222, 223]. Unfortunately, most MD techniques predict thermal
conductivity values that are larger than experimental results, have uncertainties that can
be larger than experimental uncertainties, and are computationally intensive when applied
to modeling higher order mixtures of molten salts [60, 224]. These methods also require
knowledge regarding the intermolecular potential, which is relatively limited [225]. There-
fore, these techniques are not feasible for developing a database at the time of this present
work but can validate data and be used to better understand the behavior of molten salts.
These techniques may become more valuable with increased computational power and more
efficient modeling techniques.
Many different kinds of theoretical and empirical models have been developed to predict the
thermal conductivity of molten salts. Empirical(or semi-empirical) models require correlation
or fitting to experimental data sets. However, as mentioned, obtaining reliable experimental
thermal conductivity data is challenging. Further, many empirical models have a limited
theoretical basis since they are often constrained to specific mixtures, families of common
anion salts, or chemically similar mixtures. As a result, empirical models are limited in their
predictive capability [10, 196, 197]. Some models have been proposed using the Bridgeman
equations. In Bridgeman models, the liquid is considered to have a quasi-crystalline structure
with heat transported between adjacent lattice layers. The heat transfer rate depends on the
sound velocity in the fluid [180]. Using the Bridgeman equations to analyze alkali nitrates,
Turnbull [83] and Gustafsson et al. [103] found that values given by the model were too high,
by approximately 25%. DiGuilio and Teja [39] noted that the realistic accuracy of these
models is likely 20-40% due to the lack of reliable information on the sound velocity and
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heat capacity. Some models use the assumption of a lattice structure, where vibration and
diffusion primarily contribute to heat conduction. In the case where the diffusive component
is negligible, only the vibrational contributions contribute to heat transfer. Yet, these models
are not reliable for all families of salts [103, 184]. Other suggested models show a positive
temperature dependence. For instance, Zhao et al. [109] developed a theoretical model based
on free volume, assuming that the salt molecules are spherical particles, have cubic packing,
and a molecular diameter instead of anionic/cationic radii. This model showed a slightly
positive temperature dependence of thermal conductivity for molten nitrates and KCl, which
is inconsistent with other models. Generally, predictions from these empirical and semi-
empirical models are not transferable to all salt families.
Some relatively successful theoretical models for molten salt thermal conductivity are based
on the corresponding states principle or the rough hard sphere theory. Nagasaka and Na-
gashima [94] applied Harada’s corresponding state correlation [186] to thermal conductivity
by comparing the model to experimental data of several molten salt families. The model was
also used to predict the thermal conductivity of molten alkali metal fluorides, which could
not be measured experimentally due to the corrosion of quartz and sapphire cells required
for the forced Rayleigh scattering measurement technique. The model shows reasonable
agreement with the experimental data and a decreasing thermal conductivity with increasing
temperature. Unfortunately, specific parameters used in the model are not always known
for each compound, which limits the application to additional salts. DiGuilio and Teja [39]
proposed a model based on the rough hard-sphere theory of Li et al. [189]. This model suc-
cessfully predicted the thermal conductivity of the chloride and nitrate families and showed
good agreement with the reliable experimental data. This model also predicted a negative
temperature dependence. Yet, the thermal conductivity of sodium chloride and sodium ni-
trate was determined by fitting the experimental data of the common anion family of salts.
Unfortunately, sufficient reliable knowledge of each family of molten salts is not always avail-
able, which restricts the use of this model. Overall, rough hard sphere and corresponding
states models have a reasonable predictive capability, and both suggest a negative trend with
temperature but require supporting information that may be limited in availability.
Gheribi et al. [60] proposed a model based on the Boltzmann transport equation with the
assumption that (∂lnλ/∂T )P =0, suggesting that the thermal conductivity of molten salts
does not depend significantly on temperature but on the coefficient of thermal expansion
(or density). The model’s predicted thermal conductivity was in good agreement with reli-
able experimental data for most molten alkali and alkaline earth metal halides, carbonates,
nitrates/nitrites, sulfates, and hydroxides. Gheribi et al. assumed that the propagon (equiv-
alent to phonons in crystals, see section 3) mean free path < lpr. > within atomic vibration
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was proportional to the sum of the anionic and cationic radii and inversely proportional
to the number of atoms per molecule < l > ∝ (ra + rc)/na. This model introduced a di-
mensionless fitting constant Kemp into the equation. Gheribi et al. empirically determined
Kemp ∼ 4.33, limiting the applicability of the model when predicting multiple component
mixtures, complex salts, and polymerizing salts. Therefore, it is desirable to develop a model
that is independent of the experimental data.
In this work, we propose a model for the thermal conductivity of molten salts that is similarly
derived from the Boltzmann transport equation but does not require fitting to any thermal
conductivity data. Instead, we include a model for minimum thermal conductivity, often
used in bulk metallic glasses, with a new proportionality constant that captures the number
of cations and anions in each salt. With this formulation, the model can uniquely describe all
salts, including complex and simple salts, without a singular Kemp. In this sense, the work
herein is an improvement to Gheribi’s initial ansatz, where the empirical constant Kemp is a
limitation for predicting molten salt mixtures. In addition, there is no theoretical justification
for Gheribi’s assumption. Hence, this work aims to demonstrate the capability of the new
theoretical model based on the kinetic theory that overcomes the previous limitations. Like
the previous derivation, we also assume thermal conductivity depends strongly on density
but weakly on temperature [224]. The model is, in principle, considered predictive and can
predict the temperature-dependent thermal conductivity of all salts using the density, heat
capacity, sound velocity, and melting temperature as inputs for the calculations.
A critical assessment of molten salt thermal conductivity data is provided through the col-
lection of the experimental data available in the literature and comparison to the model’s
prediction, distinguishing between reliable and unreliable experimental data as suggested
previously by DiGuilio [39] and Gheribi [60]. Computations are performed on salts from the
fluoride, chloride, iodide, bromide, carbonate, nitrate/nitrite, sulfate, and hydroxide families
to compare with the most reliable experimental data sets found in literature, when available.
The accuracy of the proposed model shows prediction accuracy improvements compared to
Gheribi’s previous approach. The model was also applied to predict the thermal conductivity
of molten salts that are lacking in reliable experimental data. Finally, we recommend a new
database of molten salt conductivity for each family.

4.2 Experimental thermal conductivity: reliable and unreliable data sets

Thermal conductivity is one of the most challenging properties to determine with high accu-
racy and reliability using experimental techniques or MD simulation; this is particularly true
in the case of molten salts [226]. For several decades, various experimental methods have
been used to determine the thermal conductivity of molten salts. Experimental methods gen-
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erally fall into two main categories: steady-state or transient methods. In the steady-state
methods, the common measurement techniques include parallel plate and concentric cylinder
methods [47, 55, 64]. Generally, these methods induce a thermal gradient through a layer of
salt of known thickness with known heat flux. The thermal conductivity is determined using
approximations to Fourier’s law of conduction and the measured thickness, heat flux, and
temperature difference through the specimen layer. The primary challenges with these tech-
niques include competing convective heat transfer, thermal radiation corrections, accurately
measuring the temperature difference through the specimen, and conduction heat losses from
the heat source to the surrounding structure [36,60,67,227–229]. Though, with carefully de-
signed systems, these techniques have provided reasonably accurate data [47,61,92].
Literature suggests that transient methods are preferred over steady-state methods when
measuring the thermal conductivity of high-temperature fluids due to fast measurement
times and their potential to limit convective errors. Therefore, transient measurements pro-
vide much of the recommended data on molten salt thermal conductivity [58,69,70]. Typical
transient methods include transient hot-wire, transient hot strip, laser flash, forced Rayleigh
scattering, etc [59, 69, 71–75]. These techniques typically measure transient heat transfer
through a material by a solution to the heat equation and provide thermal diffusivity mea-
surements, not thermal conductivity. Therefore, transient methods also require information
on the material’s density and heat capacity to determine thermal conductivity. Additionally,
these techniques are still challenging to use with many molten salts due to high temperatures,
probe or container corrosion, and errors from competing modes of heat transfer. For exam-
ple, fluoride salts react with many glasses and dielectric materials used as optical windows
or probe electrical insulation, respectively [69,71]. Additionally, recent results with the laser
flash diffusivity technique have occasionally shown positive (∂lnλ/∂T )P [76,77]. While many
experimental results from transient techniques have been suggested to be reliable, these tech-
niques still require careful consideration given the absence of a standardized measurement
procedures [68, 78–80].
Because of the challenges associated with making thermal conductivity measurements of
molten salts, the data reported in the literature can feature large deviations between studies
and temperature dependence trends that disagree. For example, consider the experimental
data for KNO3 and NaNO3, molten salts with a relatively large number of experimental data
sets determined with different techniques. Figure 4.1 summarizes the thermal conductivity
values of KNO3 and NaNO3 obtained by different investigators. These results show that
the maximum deviation between reported values for the thermal conductivity of KNO3 can
achieve 50%. Similarly, the deviation between the reported values of NaNO3 can be as
high as 40%. The principle difference among reported data is the sign of the temperature
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Figure 4.1 Thermal conductivity of molten NaNO3 and KNO3 as a function of temperature
obtained via reliable (solid symbols) and non reliable (open symbols) experimental techniques.

dependence of thermal conductivity, (∂λ/∂T )P , being either positive or negative. In the
case of data considered reliable (denoted with solid symbols), the thermal conductivity at
the melting temperature, λm, is in agreement for both salts. For instance, λm of KNO3 is
approximately 0.42 [W.m−1K−1]. However, the relative deviation between the reliable sets of
data, detailed by the bounding red dashed lines, can be greater than 10% within the measured
temperature range and increases when linearly extrapolating to higher temperatures. Despite
the relatively large number of measurements made on KNO3 and NaNO3, it is clear that most
data sets are likely unreliable. This also suggests that scatter and differing signs of (∂λ/∂T )P

are expected to be present in other molten salt thermal conductivity data. Therefore, it is
important to identify reliable data sets from the experimental work by careful checking and
analysis.
KNO3 is an appropriate case to compare the reliability of different measurement techniques
given the relatively large number of available experimental studies. In order of reporting date,
these data for KNO3 loosely follow a trend of decreasing measured thermal conductivity with
time. Turnbull et al. [83] used the transient hot-wire technique with an un-insulated wire,
which likely led to the leakage of current during the measurement. Gustafsson et al. [103]
measured by transient optical determination with a plane source technique. The measurement
time was 10 s; therefore, the convective loss was negligible. A possible error of this technique
could have been the current leakage from metallic heat sources into the molten salt; the
investigators did not consider this. Bloom et al. [55], White et al. [49], Santini et al. [64],
and McDonald et al. [50] employed either the steady-state concentric cylinders technique or
parallel plates technique. It is expected that convection and radiation losses caused errors that
the authors did not consider. For instance, Bloom et al. and Santini et al. underestimated
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convection losses from the shape of the apparatus and neglected radiation losses through the
molten salt gap. Regardless of the reasoning for the errors, these earlier correlations (open
symbol) show a (∂λ/∂T )P > 0 suggesting that heat losses may have biased the measurements
given that losses should increase with temperature. Therefore, these results are considered
unreliable.
Tufeu et al. [47] used a steady-state method with a silver coaxial cylinder cell and a care-
fully engineered specimen gap to minimize the convective and radiative heat transfer losses.
The gap between the cylinders was 0.2 mm and the emissivity coefficient was 0.02. The
reported data showed (∂λ/∂T )P ∼ 0. More recently, in the 1990s, Nagasaka et al. and co-
workers [69, 72–75] used the forced Rayleigh scattering technique and the transient hot-wire
technique with ceramic coated probes to determine the thermal conductivity of the molten
salts. The characteristics of these methods included short measurement times and small sam-
ple temperature rises, therefore the effect of convection should be negligible. The researchers
also carefully considered the radiation losses. All of these data sets show a (∂λ/∂T )P < 0, a
critical differentiating factor when considering the reliability of experimental data.
A (∂λ/∂T )P < 0 is often associated with reliable data. DiGuilio and Teja [39] suggested that
temperature dependence allows for easy verification of data’s reliability. Galamba and Cas-
tro [225] stated that the data obtained by Nagashima and coworkers (Nagasaka, Nakazawa)
were likely the most accurate at that time. In addition, the (∂λ/∂T )P < 0 seen in more recent
experimental data is consistent with the kinetic theory-based model proposed by Gheribi et
al. [60]. Chliatzou et al. [40] pointed out the primary data selected as reference correlations of
thermal conductivity for 13 inorganic salts, and all have a (∂λ/∂T )P < 0. Therefore, in the
context of this study, it is assumed that the reliable experimental data show (∂λ/∂T )P < 0.
Table 4.1 represents different experimental techniques and their features to determine the
thermal conductivity of molten salts. The characteristics of each experimental technique
are summarized along with notable references and the expected reliability. We consider
the experimental works by Nagasaka and colleagues to be the most accurate data sets for
comparison in this study, in accord with previous critical assessments.

4.3 Reliable representation of the temperature dependent thermal conductivity
of simple and complex molten salts

A theoretical approach describing the thermal conductivity of simple molten salt compounds
as a function of temperature has been proposed in a prior work [60]. This approach is, in
many respects, predictive as it does not require experimental information on the thermal
transport within the molten salt to parameterize the model. Only an accurate knowledge
of several thermodynamic properties at their melting temperature are necessary: heat ca-
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Table 4.1 Review of the characteristics of the most employed experimental techniques to
measure the thermal conductivity and thermal diffusivity of molten salts along with their
claimed accuracy

Category Technique Characteristics Accuracy
claimed Reliability Ref.

Forced Rayleigh • Contact-free
scattering • Within 1 ms of measuring time

• Less than 0.1 [K] temperature rise ±3% Reliable [58]
• A few cubic millimeters of sample

Transient hot-wire • Very short measuring time
with liquid metal
probe • Negligible of radiation effect ±3% Reliable [69,71]

or coated probe • Carefully treat the convection er-
rors

Transient Transient hot-wire • Current leakage
method without isolation • Convective effects ±10% Unreliable [83,91]

• No special molten salt container

Laser flash • No Joule heating ±10% Reliable [105,230]
• Taking into account of radiation
effect

Pulse-heated flat
plate • Very short period (< 1s) ±10% Reliable [110]

Wave-front-
shearing • Measurement within 10s

interferometry • Negligible radiation errors NaN Reliable [112]
• Studied convective effect

Optical interfero-
metric • Measurement within 10s

• Negligible radiation errors ±2.6% Unreliable [103]
• Current leakage

Concentric-
cylinders • Very thin melting layer ≤ 1mm

• Very low surface emissivity
(Molybdenum or polished silver sur-
face)

∼ ±6% Reliable [47,92]

Steady Coaxial cylinders • Large melting layer ≥ 2.5mm

state • Heat losses (axial or end of appa-
ratus vessel) ±5% Unreliable [51, 54–

56]
• Affected by convection and radia-
tion

Parallel-plates • Suitable for solid materials - Unreliable [64,104]
• Heat losses due to high tempera-
ture
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pacity, density, thermal expansion, and sound velocity (or compressibility). Contrary to
thermal conductivity, these properties are typically known for the large majority of molten
salts. In a few cases (some complex molten salts), these thermodynamic properties can be
predicted with appreciable accuracy from empirical relationships or trending analysis using
the knowledge of the properties of similar molten salts. Briefly, this prior approach consists
of a theoretical description of the temperature dependence of the thermal conductivity and
a semi-empirical description of the magnitude of the thermal conductivity near the melt-
ing temperature. The theoretical expression of the temperature dependence of the thermal
conductivity was derived from an empirical ansatz found in equilibrium and non-equilibrium
molecular dynamics simulations [224]: at constant volume, the thermal conductivity is almost
independent of temperature, which can be written as:(

∂λ

∂T

)
V

= 0 (4.1)

Integration results in the following expression for the temperature dependence of the thermal
conductivity at standard pressure (1 bar) [60]:

λ (T ) = λmexp
[
−αm

(
γm + 1

3

)
(T − Tm)

]
(4.2)

where αm, λm, and γm represent respectively the thermal expansion, the thermal conductivity,
and the Grüneisen parameter, all taken at the melting temperature Tm. The Grüneisen
parameter is an empirical parameter defined at the melting temperature as:

γm =
αmc

2
s,mM

Cpm

(4.3)

where M , cs,m, and Cpm are the molecular weight, sound velocity, and heat capacity. Given
that for most molten salts the term λm, αm, γm is of the order of 10−4, the first order Taylor
expansion of Eq. 4.4 is considered an accurate approximation in a wide range of temperatures
(up to or near the boiling point) :

λ (T ) = λm

[
1 − αm

(
γm + 1

3

)
(T − Tm)

]
(4.4)

Thereafter, a formulation for the thermal conductivity at the melting temperature was pro-
posed based on the kinetic theory and an ansatz on the mean free path of propagons, the
quasi-particles associated with heat transport defined by Allen et al. [231]. Even though
heat travels by collective vibrations in molten salts, they are distinct from phonons due to
their lack of long-range ordering, unlike crystalline materials which have defined long-range
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ordering [231]. Allen et al. described the distinction between propagons and phonons in heat
transport at the quantum scale [231]. According to kinetic theory, the thermal conductivity
within a material can be expressed:

λm = 1
3Cvmcs,m < lph. > (4.5)

where Cvm is the heat capacity per unit volume at the melting temperature and< lph. > is the
propagon mean free path assumed to be independent of temperature (volume). The second
ansatz proposed in our prior study [60] is that the propagon mean free path is "universally"
proportional to the average ionic radius, rion, between constituting molten salt compounds:

< lpr. >= Kemp rion (4.6)

By "universally," it is understood that Kemp is constant for all molten salts and therefore inde-
pendent of the nature of interactions. Note that rion is simply defined as:

(∑
i r

i
a +∑

j r
j
c

)
/n,

where ri
a and rj

c are the radii of the anionic, i, and cationic, j, species. Thereafter, the thermal
conductivity is expressed:

λm = Kemp
Cvm cs,m

3nVm

rion (4.7)

Kemp was optimized to fit all the reliable experimental data reported for the thermal con-
ductivity of molten KCl. It was determined that the optimal value of Kemp was 4.33.
Even though Kemp was optimized on the thermal transport properties of molten KCl only,
this specific value can predict, with appreciable accuracy, the thermal conductivity of most
molten salts with available experimental data. Nevertheless, from a theoretical point of view,
assuming a "universal" definition of the propagon mean free path is questionable. Strictly
speaking, the propagon mean free path should depend on the nature of the interactions
within molten salts. Polymerizing molten salts such as BeF2 [160] should have a lower
propagon mean free path than fully dissociated molten salts like LiF. However, given the
large discrepancy between the different reliable experimental datasets on simple molten salts
(halides) and the relatively few reliable experimental datasets reported for complex molten
salts, the reasonable predictive capability of the model was de facto admitted for all types
of molten salts, including complex salts. Therefore, additional reliable experimental thermal
conductivity data are necessary for both simple and complex molten salts before we can
analyze the reliability of the assumptions behind our prior formulation [60] and its fine-tuned
predictive capability.
In the present work, we propose an original theoretical approach to represent and predict
the thermal conductivity of simple and complex molten salts as a function of temperature
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without the empirical considerations leveraged in the prior formulation. The assumption
that (∂λ/∂T )V = 0 originates from molecular dynamics simulations performed in the frame-
work of the Green-Kubo formalism [152,220]. This was first demonstrated for simple molten
salts [224] and later confirmed for complex molten salts [160, 232]. This fundamental equa-
tion governing the temperature dependence of the thermal conductivity of molten salts is
not strictly empirical and can be justified by thermodynamic considerations. Indeed, from
a thermodynamic point of view, at constant volume, the sound velocity within insulating
materials is nearly independent of temperature or negligible compared to that at constant
pressure. Then, the kinetic theory (Eq. 4.5) shows that the thermal conductivity is also nearly
independent of temperature at constant volume. Therefore, Eq. 4.2 and its approximation
given by Eq. 4.4 can be considered valid for any variety of molten salts.
We propose a formulation of the thermal conductivity based on the concept of a minimum
thermal conductivity, λmin. This assumption is the primary contribution of our new for-
mulation. In amorphous solids, which, like liquids, lack the long-range order of crystals
but may contain a certain amount of local short-range ordering, the thermal conductivity
is often described through the Einstein minimum thermal conductivity model considering a
single frequency [233]. Cahill–Pohl [234] further extended the model to include a range of
frequencies. In general, the Cahill-Poll model has a strong predictive capability for ther-
mal transport within non-metallic glasses, particularly those based on oxides. Neglecting
the transversal component of the sound velocity, which is reasonable in the liquid state, the
minimum thermal conductivity at the specific melting temperature is as [235]:

λmin = kB N
2/3
A ( n

M
)2/3 ρ2/3

m cs,m, (4.8)

Note that the parameters describing the minimum thermal conductivity are, in this case,
identical to those describing its temperature dependence, which ensures a self-consistent
description of the temperature-dependent thermal conductivity of molten salts when one
describes λm by the minimum thermal conductivity model. Also, noting that Cv is close to
3nR (R = NA kB being the gas constant), it is interesting to highlight that the minimum
thermal conductivity expression is very similar to that derived in our prior work [60] from
the kinetic theory (Eq. 4.7). The two expressions of thermal conductivity are proportional,
λmin ∝ λkinetic, even though this proportionality depends on the average ionic radius of the
molten salt compound. Based on this similarity, we assume that λm can be expressed:

λm(T ) = K λmin(T ) (4.9)

where K is a proportionality constant typically greater than or equal to one. The more
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complexity in the local structure, the closer K is to one. For polymerizing molten salts (e.g.,
BeF2) that have a local structure close to that of glasses,in principle, K → 1. Therefore, K
must be a function of the local ordering, maximized when the molten salt is fully dissociated
and at a minimum (equal to 1) when polymerizing. Simple molten salts (e.g., NaCl and LiF)
are generally fully dissociated, while complex ones (AlF3, UF4, ThF4) form complex anions
where several anions surround one cation. The ratio n+

s /n
−
s (n+

s and n−
s being the number

of cation and anion forming the salt compound) quantify, in first approximation, the degree
complexity of the local ordering within molten salts. K can be directly expressed through
this ratio:

K = 1 + n+
s

n−
s

(4.10)

When coordination complexes, the ratio n+
s /n

−
s significantly decreases, and in the case of

polymerization, it becomes null. Therefore, for polymeric fluids, the thermal conductivity
tends to its minimum value defined by Eq. 4.8.
In summary, in the proposed approach, the thermal conductivity is expressed as a function
of temperature as follow:

λ (T ) = K λmin

[
1 − αm

(
γm + 1

3

)
(T − Tm)

]
(4.11)

where λmin is defined via Eq. 4.8. It is important to highlight that the proposed approach is
predictive, as no prior information on thermal conductivity is necessary to parameterize the
model. The only properties required to predict the thermal conductivity are the density, the
heat capacity, the thermal expansion, and the sound velocity, all considered at the melting
temperature of the salts.

4.4 Analysis Methodology

We performed a broad assessment of the proposed model’s predictive capability by calculating
the thermal conductivity of 25 different molten salts with reliable experimental data. These
selected salts have data reported by Nagasaka et al. or Harada et al. [38,58,69,72–75,85,94,
236]. Note that Harada et al. reported on nine salts, also evaluated by Nagasaka et al., for
a total of 31 different experimental data sets. The other properties required by the model
were taken from the works of Janz et al. [35] for density and Gheribi et al. [60] for the heat
capacity and sound velocity. The model’s accuracy was evaluated for all 25 molten salts
using typical statistical measured. The model’s accuracy was illustrated with Bland-Altman
and correlation plots. The new model’s predictions were also compared to that of Gheribi’s
previous approach. The initial assessment was chosen to demonstrate the model’s accuracy
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on both the thermal conductivity at the melting point and the temperature dependence of
thermal conductivity for a range of molten salts from different families before considering
each molten salt individually.
Model calculations were then carried out for all families of salts, separated by family and
valency, where experimental data is available; grouping the salts into halides, divalent halides,
carbonates, nitrates, nitrites, sulfates, and hydroxides. The density and heat capacity were
computed in FactSage, a commercial thermodynamic equilibrium calculation software [179,
237]. The sound velocity was taken from Gheribi et al. [60]. The model’s predictions are
compared to both reliable and unreliable data reported in the literature and to the prediction
of Gheribi’s previous approach. The thermal conductivity of molten salts where there is no
reliable experimental data was also predicted. Finally, a molten salt thermal conductivity
database is provided based on the results obtained from the new model with all model
parameters required for prediction.

4.5 Results and discussion

4.5.1 Broad assessment of the model

The proposed model’s predictions and relative deviation to the experimental data from Na-
gasaka et al. and Harada et al. are shown in Bland-Altman plots, Figure 4.2 A) and B),
respectively. The density data was from Janz [35], and the other parameters were taken from
the previous work of Gheribi et al., aside from MgCl2 [60]. The correlation for the sound
velocity of MgCl2 was recently re-assessed and provided in a separate work [238].
In Figure 4.2 A), 25 experimental data sets from literature, reported by Nagasaka and his
co-workers [38,58,69,72–75,85,94,236], are compared to the model’s prediction on a Bland-
Altman plot. The mean relative error of the present model to the experimental data is 9.33%,
while the average experimental error reported in the literature by Nagasaka is approximately
15%. The 95% confidence interval for the mean difference is shown in Figure 4.2, represented
by the dashed lines ±1.96SD. All the predicted results are within the 95% confidence inter-
val of Nagasaka et al., except for KI, which is slightly higher than the confidence limit. In
Figure 4.2 B), the model’s predictions are compared to 9 experimental thermal conductivity
values reported by Harada et al. [59, 230]. In this case, the relative deviation of the model
to experimental data is 8.04%. Note, KI reported by Harada et al. is nearly the same as the
model’s prediction, with a relative deviation of only 3.5%. In comparison, the relative devia-
tion of the model to the value reported by Nagasaka et al. is approximately 38%. In the case
of RbI, the model prediction agrees with Nagasaka et al.’s work, but it is low relative to the
value reported by Harada et al. Even though both data sets are considered reliable, it is clear
that large deviations for some salts still exist, which further illustrates the difficulty of relying



60

0.2 0.4 0.6 0.8 1.0 1.2
Means of m between predicted values and experimental data

20

10

0

10

20

30

40
D

ev
ia

tio
n 

(%
)

LiF
NaF

KF

RbF

CsF

LiCl

NaCl
KCl

RbClCsCl

LiBr

NaBr

KBr

RbBrCsBr

LiI

NaI

KI

RbI

CsI

Li2CO3

Na2CO3

K2CO3

NaNO3

KNO3

A)

Average experimental error reported ±15%
 +1.96 SD

Mean error of the model = 9.33 %

-1.96 SD

Nagasaka et al. data

Flourides
Chlorides
Bromides
Iodides
Carbonates
Nitrates

0.15 0.20 0.25 0.30 0.35 0.40 0.45
Means of m between predicted values and experimental data

20

10

0

10

20

30

40

RbI

KI

NaCl
KCl

RbCl

NaBr

KBr

RbBr NaI

Average experimental error reported ±10%

B)

 +1.96 SD

Mean error of the model = 8.04 %

-1.96 SD

Harada et al. data

Chlorides
Bromides
Iodides

Figure 4.2 Quantification of the predictive capability of the present approach through a
Bland-Altman plot representation. The means between the predicted and measured thermal
conductivity (via reliable experimental techniques) at melting temperature reported by Na-
gasaka et al. (left) [38,58,69,72–75,85,94,236], and by Harada et al. [59,230] are represented
along with the 95% confidence limit. Note the experimental errors claimed by Nagasaka et
al. fall in the range of 5% to 25% while Harada claimed the uncertainty was within 10%.

on experimental techniques when measuring molten salt thermal conductivity. Alternatively,
the proposed model shows the capability of prediction within an average deviation of 10% for
both simple and complex molten salts at the melting temperature. It also suggests that the
model can be used with reasonable confidence to verify the reliability of experimental data.
Figure 4.3 and Figure 4.4 show the thermal conductivity at the melting temperature and
the slope of the thermal conductivity with temperature from the predictions. The reliable
experimental data reported by Nagasaka et al. and Harada et al. are shown for compar-
ison. Two dashed lines represent ±10% deviation from the experimental data. Figure 4.3
shows that our predictions are in good agreement for most simple and complex salts near or
within this ±10% deviation. However, in some cases, the model overestimates the thermal
conductivity for members of the iodide and carbonate families compared to Nagasaka’s work.
The discrepancy could be caused by errors in the model’s thermo-physical property inputs or
errors in experimental data. Note that the predictive accuracy is comparable to the experi-
mental uncertainties claimed in the literature. Figure 4.4 shows the temperature dependence
of thermal conductivity from the present model compared to experimental data from Na-
gasaka et al. and Harada et al. The shaded region represents the standard uncertainty from
the experimental measurements of thermal conductivity. The predictions agree with most
experimental data and are within the region of the experiments’ standard uncertainty. Note
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that all the experimental data have a negative or negligible temperature dependence, but
the model can only predict a negative temperature dependence. In particular, the carbonate
salt family, Li2CO3, Na2CO3 and K2CO3 show negligible temperature dependence. However,
the model’s predictions show a negative temperature dependence for these carbonates. If we
observe the nitrate salts’ experimental temperature dependence of thermal conductivity, a
negative slope is shown for both NaNO3 and KNO3. Carbonates and nitrate are expected
to behave similarly, suggesting that experimental errors may have affected the carbonate
thermal conductivity data. With other empirically based models, errant data could bias the
predicted thermal conductivity. However, our proposed model overcomes the limitation of
relying on experimental measurements while still providing comparable accuracy to experi-
mental techniques.
In Figure 4.5, the predicted thermal conductivity of molten salts at their melting temperature
is compared to that of Gheribi et al. The dashed lines represent ±10% relative deviation from
the proposed model’s prediction of thermal conductivity to the Gheribi et al. prediction.
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Figure 4.3 Correlation plot between predicted (y-axis) vs reliable experimental thermal con-
ductivity (x-axis) taken near the melting temperature λm (see text for details). The two
dashed lines represent a 10% error in the x-axis, which also highlights the accuracy of present
model.
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Figure 4.4 Correlation plot between predicted (y-axis) vs reliable experimental thermal con-
ductivity of the temperature dependence (∂λ/∂T )P . The light-blue region was determined
from error analysis assuming a linear behavior of thermal conductivity with respect to tem-
perature.

The results of the two models are in good agreement for most simple salts. The relative
deviations for most of the salts, λm, are less than 10%. However, some members of divalent
halides and some of the complex salts from the carbonate, sulfate, and hydroxide families
have larger deviations. It is possible that the empirical constant Kemp = 4.33, proposed
in the Gheribi et al. approach, is not suitable when extending the model to some complex
salts. Alternatively, the theoretical formulation defines a unique K for each salt, potentially
circumventing this previous limitation. This comparison shows that the proposed model
agrees with the previously proposed theoretical model but provides the benefit of using the
derived K for each salt instead of a discrete value. The derived K is particularly useful for
extending the model to cases where K = 1, such as the polymerizing salts like BeF2, sulfate,
and hydroxide salt families.
In general, the initial assessment of the proposed model demonstrates its accuracy for many
molten salts. We observe reasonable agreement in comparison to reliable experimental data
of thermal conductivity at the melting point and the experimental temperature dependence
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Figure 4.5 Correlation plot of predicted thermal conductivity between the present model (y-
axis) and the Gheribi et al. approach (x-axis) taken near the melting temperature λm (see
text for details). The two dashed lines represent a 10% error of x-axis. Note that this figure
can be read to quantify the mean free path of phonon between two models.

of thermal conductivity. The proposed model agrees with the Gheribi et al. predictions
for most simple salts, demonstrating that the new model is an acceptable modification.
Notable differences occurred for divalent halides and complex salts, which is expected to be
an improvement over the previous model, spanning from the new derivation of the magnitude
of thermal conductivity proposed in the present formulation. In the following sections, both
models are compared to experimental data, where available, for all salt families to test the
accuracy of the proposed model.
The model was applied to monovalent halides, divalent halides, carbonates, nitrates, nitrites,
sulfates, and hydroxides. The comparisons of predicted results and available experimental
data found in the literature are presented in the following section. In each plot, error bars
claimed by authors are included. The minimum error was assumed to be 5%; this is justified
because it is expected that no experimental technique can provide an uncertainty less than
5% [239]. The solid symbols designate reliable experimental data sets, the open symbols
designate unreliable experimental data sets, and the red dashed line represents the predic-
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Table 4.2 The predicted thermal conductivity of molten salts (fluorides, chlorides, bromides,
iodides). Model parameters for the thermal conductivity of molten salts are expressed as
λ(T ) = λm + λ

′(T − Tm). Data reliability: reliable (R) or unreliable (UnR). For some salts,
no experimental data is available, and predictions (Pre) are reported. The thermo-physical
properties (ρ = ρ+ ρ

′
T , α, U , Cp) are also shown.

Salts Tm ρ ρ
′

αm ∗
10−4

cs,m Cpm λm λ
′ ∗ 10−4 Data

[K] [kg.m−3][kg.m−3.K−1][K−1] [m.s−1][J.mol−1.K−1] [W.m−1.K−1] [W.m−1.K−2] type

Fluorides
LiF 1118 2358 -0.490 2.68 2547.8 64.20 1.350 -3.75 R
NaF 1268 2755 -0.636 2.88 2085.5 70.20 0.841 -2.62 R
KF 1129 2646 -0.652 3.41 1816.4 66.90 0.583 -2.60 R
RbF 1048 3995 -1.021 3.49 1760.4 69.50 0.507 -3.47 R
CsF 955 4899 -1.280 3.85 1460.8 74.10 0.382 -2.97 R
BeF2 1070 1972 -0.015 0.074 2547.8 87.90 0.626 -0.017 Pre
MgF2 1536 3235 -0.524 2.16 2175.6 94.90 0.768 -1.67 R
CaF2 1691 3179 -0.391 1.55 1710.3 99.90 0.532 -0.567 R
SrF2 1673 4784 -0.751 2.13 1398.6 99.00 0.397 -0.728 Pre
BaF2 1593 5775 -0.999 2.39 1174.6 99.30 0.299 -0.654 R
Chlorides
LiCl 883 1884 -0.433 2.88 2038.1 65.02 0.687 -2.20 R
NaCl 1081 2139 -0.543 3.50 1743.7 69.62 0.485 -2.08 R
KCl 1045 2136 -0.583 3.82 1597.2 73.60 0.373 -1.88 R
RbCl 990 3121 -0.883 3.93 1292.1 73.40 0.283 -1.57 R
CsCl 918 3769 -1.065 3.82 1161.6 77.40 0.236 -1.31 R
BeCl2 688 2276 -1.100 5.38 2408.6 181.92 0.351 -1.71 Pre
MgCl2 987 1950 -0.271 1.80 2150.0 92.05 0.462 -1.04 UnR
CaCl2 1055 2526 -0.423 2.03 2065.0 102.53 0.447 -1.15 UnR
SrCl2 1148 3390 -0.578 2.12 1873.1 104.60 0.383 -1.19 UnR
BaCl2 1235 4015 -0.681 2.15 1720.6 108.78 0.325 -1.08 UnR
Bromides
LiBr 820 3065 -0.651 2.58 1470.7 65.27 0.435 -1.21 R
NaBr 1020 3175 -0.817 3.49 1324.4 68.00 0.332 -1.46 R
KBr 1007 2958 -0.825 3.88 1278.9 69.87 0.273 -1.50 R
RbBr 953 3739 -1.072 3.94 1188.2 72.80 0.240 -1.51 R
CsBr 909 4245 -1.223 3.91 1013.9 75.00 0.190 -1.10 R
MgBr2 984 3087 -0.478 1.22 1965.6 76.94 0.354 -0.439 Pre
CaBr2 1003 3618 -0.500 1.6 1767.8 112.97 0.339 -0.660 Pre
SrBr2 916 4390 -0.745 2.01 1628.6 116.39 0.304 -0.896 Pre
BaBr2 1123 5035 -0.924 2.31 1394.7 104.85 0.242 -0.899 Pre
Iodides
LiI 722 3790 -0.919 2.93 1367.7 63.18 0.349 -1.53 R
NaI 935 3627 -0.949 3.46 1184.3 64.85 0.257 -1.29 R
KI 958 3359 -0.956 3.91 1144.2 70.30 0.215 -1.29 R
RbI 913 3950 -1.144 3.94 740.1 72.10 0.132 -0.505 R
CsI 894 4255 -1.183 3.72 634.7 71.00 0.106 -0.347 R
MgI2 907 3642 -0.651 1.31 1350 74.22 0.205 -0.295 Pre
CaI2 1052 4233 -0.751 1.16 1328.4 71.26 0.210 -0.310 Pre
SrI2 788 4803 -0.885 2.16 1310.1 110.04 0.211 -0.677 Pre
BaI2 1013 5222 -0.977 2.31 1292.4 112.97 0.194 -0.749 Pre
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Table 4.3 The predicted thermal conductivity of molten salts (carbonates, nitrates/nitrites,
sulfates and hydroxides) are recommended in the table.

Salts Tm ρ ρ
′

αm ∗
10−4

cs,m Cpm λm λ
′ ∗ 10−4 Data

[K] [kg.m−3][kg.m−3.K−1][K−1] [m.s−1][J.mol−1.K−1] [W.m−1.K−1] [W.m−1.K−2] type

Carbonates
Li2CO3 1008 2203 -0.373 2.04 2815.8 185.44 1.165 -2.32 R
Na2CO3 1127 2480 -0.449 2.27 2333.1 189.54 0.799 -1.86 R
K2CO3 1169 2414 -0.442 2.33 2011.7 205.50 0.562 -1.27 R
Rb2CO3 1110 3549 -0.641 2.26 1604.2 205.00 0.416 -0.930 UnR
Cs2CO3 883 4037 -0.561 1.59 1492.1 205.00 0.357 -0.508 UnR
Nitrates/Nitrites
LiNO3 527 2070 -0.549 3.07 1853.2 149.00 0.582 -1.47 R
NaNO3 583 2334 -0.767 3.76 1807.5 155.60 0.513 -1.94 R
KNO3 610 2335 -0.7601 3.90 1754.6 141.00 0.442 -2.06 R
RbNO3 589 3137 -1.069 3.93 1499.9 146.00 0.357 -1.72 UnR
CsNO3 690 3621 -1.166 4.14 1207.7 150.00 0.258 -1.19 UnR
NaNO2 544 2226 -0.746 3.59 1906.2 99.79 0.559 -2.48 R
KNO2 713 2167 -0.667 3.94 1887.3 102.00 0.458 -2.71 Pre
Sulfates
Li2SO4 1132 2464 -0.406 2.03 2414.0 205.02 0.602 -1.18 Pre
Na2SO4 1157 2652 -0.503 2.33 2069.0 204.00 0.445 -1.06 UnR
K2SO4 1347 2475 -0.451 2.89 1721.0 201.46 0.301 -0.935 Pre
Rb2SO4 1347 3442 -0.665 2.61 1348.0 209.20 0.218 -0.535 Pre
Cs2SO4 1364 4300 -0.952 2.53 1176.0 206.69 0.174 -0.415 Pre
Hydroxides
LiOH 735 1718 -0.457 3.31 3677.6 87.09 1.124 -5.82 UnR
NaOH 591 2068 -0.478 2.68 2926.2 86.02 0.754 -2.83 UnR
KOH 633 2013 -0.440 2.53 2486.0 87.00 0.501 -1.70 UnR

tions from Gheribi et al. Our proposed model is able to predict the thermal conductivity for
any type of salt with existing knowledge of the required input properties. Notably, BeCl2,
MgBr2, MgI2, and CaI2 lack data on their sound velocity, and this property was obtained by
linear extrapolation of the same salt family as a function of the period (principal quantum
number) [238]. The model uses the critically reviewed heat capacity, density, and coefficient
of thermal expansivity provided in FactSage, a commercial software for thermodynamic equi-
librium calculation [179,237]. While the proposed model still relies on existing knowledge of
other properties, the experimental data for these properties are generally more reliable and
available than thermal conductivity data. Furthermore, it is possible to accurately predict
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the density, heat capacity, coefficient of thermal expansivity, and sound velocity with existing
modeling techniques. Nevertheless, the accuracy of the input property data is representative
of the current model’s accuracy and is expected to be near 15% or less. Complete uncertainty
quantification of the input data and the propagation of those uncertainties for the proposed
model is beyond this work’s scope. Based on the results obtained from this work, we rec-
ommend a new database for molten earth metal halides and complex salts in Table 4.2 and
Table 4.3 respectively.

4.5.2 Monovalent halides

Monovalent fluorides The predictions of monovalent fluorides and chlorides are illustrated
in Figure A.1. Fluoride salts are a suitable candidate for PCM solar thermal energy stor-
age systems because of their high latent heat capacity [240] and are of interest for nuclear
applications. However, it is more difficult to experimentally determine their thermal conduc-
tivity using techniques that can be reliably applied to other salts, such as forced Rayleigh
scattering. This difficulty is due to their corrosive behavior with most available optically
transparent container cells and other electrically insulating materials commonly employed in
high-temperature thermal conductivity measurements. Therefore, the reliable experimental
data is relatively limited for fluoride salts compared to other salts. However, we observe
that both λm and (∂λ/∂T )P from the present model agree with the available experimental
data sets. Meanwhile, the present model is also generally closer to the experimental data
and the predictions of Nagasaka et al. in comparison to the prediction of Gheribi et al. The
predicted λm of the present model also falls within the error range claimed by experimental
measurements and predictions.
Nagasaka [94] applied the law of corresponding states to estimate the thermal conductivity of
monovalent fluoride salts based on reliable experimental data of the other molten halides [58].
The accuracy of Nagasaka’s estimations are ±15 ∼ 20% for monovalent fluorides and are con-
sidered reliable, despite the lack of experimental data for most fluorides. The present model’s
prediction agrees with Nagasaka’s predictions. Outside of RbF, the present model also agrees
better with Nagaska’s predictions than Gheribi et al. LiF was the most studied salt in the
family and includes results from different investigators with different experimental techniques.
The reported experimental thermal conductivity of LiF at the melting temperature appears
to be similar, and our predicted results agree with these reliable data sets.
Golyshev and Gonik [93] pointed out that a positive temperature dependence seen in previous
experimental measurements could be caused by erroneous radiation and convection contri-
butions due to a large melt layer. Experimental measurements that included corrections for
these losses and showed a negative temperature dependence of thermal conductivity were con-
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sidered reliable [89,92–94]. The results obtained by Smirnov et al. [56] showed a large positive
temperature dependence, and the thermal conductivity values were considerably higher than
others, even though they employed a small gap of 1.2 mm and platinum structure to reduce
the convective and radiative heat transfer. A probable cause for their errors is conductive
heat losses through the structure of the instrument spanning from the inadequate design of
the top and bottom of their apparatus, as noted by Chliatzou et al. [40] Therefore, the data
from Smirnov are considered unreliable as well as data from Sreenivasan et al. and Polyakov
et al. [56, 88, 90]. However, Smirnov’s data occasionally agree with the present model and
other experimental data near the melting point, particularly those with lower melting points
and higher thermal conductivity. This behavior is unsurprising since competing heat trans-
fer mechanisms have more significant contributions at higher temperatures due to decreased
fluid viscosity and increased thermal radiation.
The temperature dependence of thermal conductivity for RbF and CsF is slightly overesti-
mated compared to Nagasaka et al. and the predictions fall outside the ±15% relative error
at some temperatures. This magnitude of discrepancy was not observed in the predictions of
other fluoride salts. However, Nagasaka et al. reported that their fluoride salt estimations
may have errors ranging from ±15% to ±20%, and our model’s predictions would fall within
the recommended interval if the uncertainty was assumed to be ±20%. Unfortunately, we
could only compare our model’s predictions to Nagasaka’s estimations for CsF and RbF.
Nonetheless, the current agreement is reasonable considering the difficulty of fluoride mea-
surements. Looking at the LiF data, the reliable data reported by Golyshev et al. had
relative deviations over 50% at about 1200 [K]. Therefore, we can confirm that our predic-
tions are comparable or better than existing empirical errors. Given the agreement with
other fluorides, we suggest an accuracy of ±15% for the entire fluoride salt family, but more
experimental data is necessary to verify this estimate.
Monovalent chlorides Figure A.1 compares the predicted and experimental thermal con-
ductivity for molten alkali and alkaline earth metal chlorides. For most monovalent chlorides,
reliable experimental data exists. When considering the reliability of available experimental
data sets, the reliable data were identified using the same principles as the fluorides. The
reliable data sets include the works of Nagasaka [58,72,94], Golyshev [92] and Harada [59]. In
the figures, closed symbols depict these reliable data sets while open symbols represent unre-
liable data sets [51,56,83,90,95–98,241]. The present model agrees better with experimental
data, in comparison to the predictions of the Gheribi et al. model for all monovalent chloride
salts, with the largest improvement of accuracy seen for KCl and CsCl. The predicted values
of thermal conductivity and (∂λ/∂T )P have nearly the same values as the experimental data.
Therefore, we have confidence that the accuracy of this model is less than 10% in the case
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of monovalent chlorides.
It is noted that LiCl was successfully measured experimentally by Nagasaka et al. but
the data featured a relatively large scatter, and deviation from the models’ predictions,
at higher temperatures. It was noted by Nagasaka that the quartz container cell turned
slightly opaque due to corrosion of the quartz and sapphire cells, which likely affected the
experimental values. This corrosive behavior is typical of Li cation salts [94]. Comparing the
models’ predictions to Nagasaka et al.’s experimental data at lower temperatures (< 1200[K])
is potentially a more reliable metric for the models’ accuracy. The average and maximum
relative deviations between the model’s predictions and the empirical data of Nagasaka et al.
at temperatures < 1200[K] are 11.61% and 19.07%, respectively. Additionally, Roberston et
al. [79] provided recent measurements of LiCl using a transient grating spectroscopy system
designed to determine the molten fluoride thermal diffusivity and sound velocity. The thermal
diffusivity measurements were performed around 1000 [K] for LiCl. It is shown that the
magnitude of thermal conductivity and (∂λ/∂T )P from Robertson et al. agree well with
the model’s predictions. The average and maximum relative deviations between the model’s
predictions and the empirical data of Robertson et al. are 4.40% and 5.89%, respectively.
The experiment used corrosion-resistant materials (namely diamond windows) to mitigate
the effects of material interaction, which impacted the measurements by Nagasaka et al., so
Robertson’s data is considered more reliable. When considering the reliable data (Nagasaka
< 1200[K] and Roberton), it is expected that the model provides reasonable accuracy for
LiCl, yet more data is necessary at higher temperatures for further validation.
Monovalent bromides Figure A.2 shows the predicted thermal conductivity for the mono-
valent bromide salt family compared to experimental values. Our predicted results agree with
the reliable experimental data sets, which only include Nagasaka [73, 94] and Harada [59].
As mentioned, lithium cation salts are challenging to measure because of their corrosion of
many cell materials. Therefore, Nagasaka [94] obtained the estimation values for LiBr by
using the law of the corresponding state. The model’s prediction has high accuracy in the
cases of LiBr and NaBr, while the prediction values for other monovalent bromide salts are
slightly over-estimated. For RbBr and KBr, the data from Harada et al. have slightly better
agreement with the model compared to the data of Nakazawa et al. Other measurements
from McDonald [241], Smirnov [56] and Lucks [95] are considered unreliable. Note that Mc-
Donald provided results reasonably close to the model’s prediction and other experimental
data but showed a slight positive temperature dependence. Further, the present model again
shows slight improvements in accuracy over the Gheribi et al. model for CsBr and LiBr.
Overall, the model’s predictive accuracy is expected to be less than 15% for the monovalent
bromide family salt.
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Monovalent iodides Figure A.2 shows the predicted thermal conductivity for monova-
lent iodide salts compared to the experimental values. Once again, the present model shows
agreement with existing reliable experimental data. The model shows improved accuracy
compared to the Gheribi et al. model for RbI and CsI, and the present prediction has results
nearly identical to the experimental data of Nakazawa and Nagasaka [74]. The predicted ther-
mal conductivity of NaI and KI is higher than the experimental data of Nakazawa et al. [74]
However, they are in good agreement with the experimental data obtained by Harada [59],
similar to the results of KBr. Even though both experimental data sets are considered reli-
able, the deviation between two reliable data sets can achieve 100% for KI. As a result, we
suggest that both experimental data sets should be reconsidered. Additionally, the accuracy
of thermodynamic properties of heat capacity, density, and sound velocity should also be
reconsidered before making a final assessment of the data’s reliability.

4.5.3 Divalent molten salts

Divalent Fluorides Figure A.3 shows the experimental and predicted thermal conductivity
for the divalent molten alkaline earth fluorides and chlorides. Unfortunately, no experimental
data were found for molten alkaline earth bromides and iodides. For most divalent salts, our
model’s predictions are nearly the same as those from the Gheribi et al. model, except MgF2,
where our estimations are approximately 25% higher than the previous works prediction.
Nevertheless, our present predictions are between the two reliable experimental data sets of
Golyshev [93] and Khlebnikov [89]. We expect that the prediction accuracy of the present
model is higher than our previous work for all divalent molten salts. The experimental data
of Powell et al. [91], Golyshev [93] and Khlebnikov [89] for CaF2 are considered reliable,
and the present model’s predictions are in between these three data sets. Conversely, the
experimental measurements of Bystrai [96], Filatov [99], Green [242] and Savintsev [53] were
considered to be unreliable. With the available data sets of divalent fluorides, the predictive
accuracy of present model for this salt family is expected to be under 10%.
Divalent Chlorides There are no reliable experimental measurement data for divalent chlo-
rides. The present model predicts almost the same λm and temperature dependence as the
Gheribi et al. approach. The sound velocity of MgCl2 was corrected by Gheribi et al. [238].
Therefore, the new thermal conductivity is shown in the figure. The present model’s pre-
dicted thermal conductivity at the melting temperature is close to that of Bystrai et al. [96]
and Green [242]. However, both are considered unreliable. Even through, Singh et al. [243]
was considered the value of MgCl2 of Green [242] as reliable data. Filatov et al. [99] em-
ployed the coaxial cylinders method to measure the thermal conductivity near the melting
point; the data shows a high λm and a positive temperature dependence common in many
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steady-state measurements. Due to the lack of reliable experimental data, the accuracy of
the model could not be assess for the divalent chloride salts.

4.5.4 Complex molten salts

Carbonates Figure A.4 shows the comparison of experimental and predicted thermal con-
ductivity for molten alkali metal carbonates. Only one reliable experimental data set was
found for the molten carbonates, from Otsubo et al. [75] using the forced Rayleigh method,
considered a reliable technique. All other experimental data are considered unreliable because
of their positive temperature dependence [54, 97, 101, 244]. The present model’s predictions
agree with the reliable experimental data of Otsubo et al. We observe a relative deviation of
20% compared to the thermal conductivity predicted by the Gheribi et al. model. Compared
to the reliable experimental data for Li2CO3, Na2CO3 from Otsubo et al., [75] the present
model is within 10% relative deviation and shows accuracy improvement over the Gheribi
et al. model. K2CO3 shows a higher predicted thermal conductivity than the Gheribi et
al. model and the experimental measurements, but is still within the experiment’s standard
uncertainty. We conclude that the accuracy of the present model is higher than the Gheribi
et al. model for molten alkali metal carbonates. We expect the present model’s accuracy is
approximately 10% for the carbonate salts.
Nitrates and nitrites Figure A.4 shows the predicted values and the experimental thermal
conductivity data for molten alkali metal nitrates. The thermal conductivity of molten alkali
metal nitrates has been studied extensively relative to other molten salts. The nitrate salts
are also predominately used in CSP applications due to their low melting point and chemical
stability in air environments. Typically, these applications use a mixture of binary salts
referred to as solar salt, which constitutes of 60 wt% NaNO3 and 40 wt% of KNO3. This
mixture is suitable and economical for the heat transfer and thermal energy storage medium
for CSP, yet higher order systems that have potentially improved thermal properties are of
interest. Due to their favorable properties (low melting point and low corrosion) and high
interest, the nitrate salts are less difficult to measure experimentally and have a relatively
large amount of experimental studies.
The most reliable experimental data are Omotani [70,71], Nagasaka [38,236], Tufeu [47] and
Kitade [69] for LiNO3, NaNO3 and KNO3. The comparisons with the present model’s predic-
tions show good agreement with the reliable experimental data reported; moreover, the model
predicted the thermal conductivity of the nitrates salt with an accuracy of 10%. However, no
reliable data was found for RbNO3 and CsNO3. Gustafsson et al. [103] employed the optical
method to measure the nitrates salt, RbNO3 and CsNO3 had temperature dependence for
thermal conductivity close to zero, similar to our predictions. Further, the measurements
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of other salts by Gustafsson et al. and McDonald et al. were reasonably close compared
to other experimental measurements but occasionally showed a positive temperature depen-
dence, as was the case for NaNO3 and KNO3. Therefore, the RbNO3 measurements were
not considered reliable, despite their agreement with the model. Therefore, we suggest that
these salts be further studied. The present model predicted lower thermal conductivity val-
ues than the experimental measurements of CsNO3. This could be due to a relatively low
thermal conductivity, inherently more difficult to measure experimentally than higher ther-
mal conductivity molten salts. White et al., McDonald et al., and Gustafsson et al. reported
thermal conductivity values that were higher than the reliable works for the other nitrate
salts, and we expect that their results could be higher than the actual thermal conductivity
of CsNO3 as well.
Only one reliable experimental data set was found for sodium nitrite in the nitrite salt family,
shown in Figure A.5. Our predicted estimations agree with the reliable experimental data,
within 5% deviation. Tufeu [47] reported that the error of measurement was approximately
4% for NaNO2. However, as mentioned, it is expected that experimental techniques can be
expected to provide an accuracy of less than 5%. Other experimental data shows a positive
temperature dependence or higher values are considered as unreliable [49,50,50,55,64,76,78,
83, 84, 102–104, 106–108, 111, 112, 230]. Overall, it is concluded that the prediction accuracy
of our model is approximately 10% for the nitrate/nitrite salt family.
Sulfates Figure A.5 shows sodium sulfate’s predicted and experimental data. Since Na2SO4

is a polymerizing salt, K is assumed to be one instead of the theoretical value of 1.4. The
figure shows the predictions assuming both values with notably higher values when 1.4 is
assumed. One reference was found in the literature. Creffield [113] applied the coaxial cylin-
der technique, and their method considered the effects of radiation with platinum-iridium
cylinders. However, the measurements were taken with a gap size of 2 mm or larger, con-
sidered relatively large for this technique, and may have resulted in convection errors. Their
reported correlation also shows an increasing trend with temperature, typical of many other
coaxial cylinder measurements. Nonetheless, at the melting point, where the coaxial cylin-
der technique occasionally provides reliable data, the present model’s predicted results agree
with Creffield [113]. Given the reported experimental standard uncertainty of 8%, the pre-
diction appears to be reasonable but inconclusive. No significant difference in performance
was observed when comparing the present model with the Gheribi et al. model.
Hydroxides Figure A.6 shows the predicted results for some alkali metal hydroxides com-
pared to the experimental data. The hydroxides are also known to be polymerizing salts;
therefore, they have K of one. The figure also shows the model’s prediction when poly-
merization is not considered, with notably higher thermal conductivity values. No reliable



72

experimental data was found for the hydroxide salts. Tye [104] showed a slightly positive tem-
perature dependence for LiOH, with a lower thermal conductivity than the present model’s
prediction. Lucks [95] applied a steady-state technique, where the thickness of the liquid
specimen was variable, using a movable heating plate. The uncertainty was likely less than
25%. The measurements reported a large positive temperature dependence for NaOH but a
thermal conductivity relatively close to the model’s prediction near the melting temperature.
This value is also close to Touloukian et al. [114]. In the case of KOH, a relatively recent
thermal conductivity measurement was reported by Wang [115] using a quasi-steady state
technique with a reported uncertainty of 1.5%. This measurement is potentially reliable
due to the minimization of the radiation effects and consideration of convective losses. The
present model’s prediction of KOH’s thermal conductivity is nearly the same as the measure-
ment reported by Wang at the melting point. Given the limited data, the model’s accuracy
was not assessed. The model also shows a significant difference compared to the Gheribi et al.
model’s prediction, predicting a lower thermal conductivity for all hydroxide salts considered.
Though no experimental data were considered reliable, the present prediction is generally in
better agreement with experiments compared to the previous model. This discrepancy may
be due to the Kemp value used in the previous model, which is likely less capable considering
complex and polymerizing salts.

4.6 Conclusion

Thermal conductivity is one of the most difficult thermophysical properties to be determined
experimentally, but accurate knowledge is essential for many advanced energy applications,
including TES, CSP, and nuclear energy. Though, significant discrepancies exist between
experimental data sets, even for salts with a relatively high amount of experimental thermal
conductivity data, such as NaNO3 and KNO3. Generally, this is caused by the difficulties
of measuring high-temperature corrosive fluids. Furthermore, the thermal conductivity of
molten salts is also relatively challenging to predict through MD and other computational
methods. A reliable database and model of molten salt thermal conductivity would be highly
beneficial to aid research and development of advanced energy applications.
This work proposed a theoretical model based on the kinetic theory that predicts the temperature-
dependent thermal conductivity for pure molten salts. This model provides a theoretical basis
for the thermal conductivity of pure salts, based on the concept of minimum thermal conduc-
tivity and the number of anions and cations, without any requirement for empirical fitting on
thermal conductivity data. The model only needs density, heat capacity, and sound velocity
data as inputs. The notable advantage of the present model is that it is derived from kinetic
theory without any empirical fitting parameters, provides more accurate predictions than
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the previous model, and can be considered more predictive. In contrast, the previous model
from Gheribi et al. assumed a "universal" propagon (phonon) mean free path by introduc-
ing an empirical fitting constant, which limits the predictive capability for some families of
salts. Moreover, the present model can be extended to a model for predicting the thermal
conductivity of simple molten salt mixtures for binary, ternary, and higher orders by taking
into account the mass fluctuation of the mixtures, as was done with the previous Gheribi
model [44, 61, 133, 238]. The capability of the proposed theoretical model was initially as-
sessed by comparing the model’s predictions of thermal conductivity at the melting point
and the temperature dependence of thermal conductivity to previous experimental data and
the previous Gheribi et al. model for thermal conductivity. After the initial assessment,
the predicted thermal conductivity was detailed for salts from the fluoride, chloride, iodide,
bromide, carbonate, nitrate/nitrite, sulfate, and hydroxide families. Where available, com-
parisons were made to experimental data and the previous Gheribi et al. model. Lastly, we
recommended a new thermal conductivity database for all these salts with the recommended
property values.
The broad initial assessment of the model used two previous experimental studies as the basis
for comparison. The experimental works of Nagasaka et al. and Harada et al. are considered
reliable and cover the thermal conductivity of 25 different molten salts over 25 and 9 different
measurements, respectively. The Bland Altman method compared experimental data and the
model’s prediction; the model agreed with the experimental measurements with an average
deviation of less than 10%. The model also showed agreement with the experimentally
determined thermal conductivity temperature dependence, with most predictions falling in
or near a 10% relative deviation from the experimental data. Further, the new model showed
reasonable agreement with the previously presented Gheribi et al. model, which uses an
empirically derived fitting constant, Kemp, but showed notable differences for divalent halides
and complex salts. This deviation was expected to be caused by the empirical derivation of
the previous model in comparison to the new formulation from the concept of minimum
thermal conductivity with a proportionality constant depending on the number of anions
and cations in the salt. Overall, this broad initial assessment provided confidence in the
new theoretical derivation and outlined the potential advantages of predicting the thermal
conductivity of complex molten salts.
The model’s predictions were compared with available experimental data, including monova-
lent halides, divalent halides, and complex molten salts. This model showed good agreement
and accurate predictions with the most reliable experimental data for both simple and com-
plex molten salts. The model’s accuracy was superior to that of the previous Gheribi et al.
model when compared to reliable experimental data. However, the model’s accuracy was not
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formally assessed due to the existing data limitations. We expect that the present model
is comparable to or better than the Gheribi et al. model for all salts studied in this work,
given the new theoretical derivation of K. This is impactful since the present model better
captures the influence of structure on the thermal conductivity of complex salts, divalent
halides, and polymerizing salts. Many of these molten salts are of interest for emerging en-
ergy technologies, including nuclear energy and thermal energy storage. Further, the present
model must capture the structural details when extending to molten salt mixtures, given
that many mixtures of interest are complex or polymerizing. Detailed information on the
structure and coordination of the salt mixtures will also be required to extend the model to
these mixtures and capture the role of structure in thermal conductivity.
This work shows that our presented model accurately predicts the thermal conductivity of
most pure molten salts given sufficient thermophysical properties. Nonetheless, it should be
emphasized that the prediction accuracy depends on the accuracy of these input properties.
As such, the formal error propagation of all property values into the model will be required
to determine its uncertainty rigorously. Given the general agreement to reliable experimental
data, the prediction uncertainties for all salts studied in this work are expected to be com-
parable to reliable measurement methods. Therefore, this model builds the foundation for a
more detailed model of mixtures as well as provide input to molten salt databases used in
engineering applications.
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Abstract: This study presents a theoretical model, based on kinetic theory, for accurately
predicting thermal conductivity in molten salt mixtures, a vital factor in designing advanced
energy systems such as concentrating solar power, thermal energy storage, and advanced
nuclear reactors. Applicable to non-complex, non-reciprocal systems, the model represents
thermal conductivity with respect to composition and temperature. We evaluated the model
using molecular dynamics simulations on binary systems from fluoride, chloride, bromide,
iodide salt families. The model predictions were also compared against existing experimental
datasets for those families as well as binary nitrates and carbonates. The model demonstrated
an improvement in predictive accuracy over the ideal linear estimation and showed reasonable
agreement with the reliable experimental data. Deviations from ideal conductivity, analyzed
using the Redlich-Kister method, pointed to the molecular weight and thermal conductivity
of individual compounds as primary influencing factors. When applied to predict the ther-
mal conductivity of higher order eutectic salt mixtures relevant to energy applications, the
model showed predictive accuracy comparable to empirical methods. The model was fur-
ther applied to generate compositional mapping to quantify deviations from ideality over the
compositional space. This advance enhances new molten salt mixtures evaluation efficiency
and extends the model to complex mixtures.

5.1 Introduction

Molten salts (MSs) possess many thermo-physical properties that are well suited for use in
advanced green energy technologies, including thermal energy storage (TES), concentrating
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solar power (CSP), and molten salt reactors (MSRs) [207, 245–249]. These properties in-
clude a wide liquid temperature range, low pressures, high stability, high heat capacity, low
viscosity, non-combustibility, and relatively low material costs [201, 214, 250]. For example,
MS TES can help mitigate intermittency issues associated with renewable technologies such
as wind and photovoltaic solar power by providing dispatchable power during times of high
demand or low supply [251,252]. MS CSP plants with TES have already been commercially
demonstrated with nitrate salts [253]. Adopting higher temperature MSs like chloride mix-
tures could enable improved efficiency gains relative to existing MS CSP systems [13, 254].
MSRs offer potential benefits over traditional reactors, including lower pressures, higher
temperatures, higher boiling points, and better radionuclide retention [6, 207, 255]. How-
ever, despite the potential advantages of MS energy technologies, collecting thermo-physical
properties of new MS mixtures is generally challenging and costly, particularly for thermal
conductivity [10,40,199,213,214] Therefore, the development of property databases and pre-
dictive models for MS mixtures is crucial for supporting the design and deployment of these
technologies [173,213,214].
Accurate knowledge of the thermal conductivity of MSs is critical for the appropriate design
and operation of energy systems. However, measurement challenges arise due to their high
melting temperature, corrosiveness, and volatility, which can result in chemical interactions
and measurement errors [40,44,199]. These properties can significantly impact thermal per-
formance, efficiency, and safety of prospective energy systems [27, 256]. Moreover, empirical
thermal conductivity data in the literature often feature larger uncertainties, scatter, discrep-
ancies, and knowledge gaps compared to other properties influencing the thermal performance
of advanced energy systems [34,37,40,199,256–258]. The need for accurate thermal conduc-
tivity data underscores the importance of developing new methodologies for determining the
thermal conductivity of MSs for energy applications.
Numerous experimental methods have been developed to measure the thermal conductivity
of MSs. These methods can be classified into steady-state methods and transient meth-
ods [40, 42, 44]. The steady-state methods include the coaxial cylinder [47, 50, 55, 56, 90, 92],
parallel plate or comparative methods [62,64,259], and variable gap techniques [44,61,66,260].
Many of the data sets from steady-state methods are considered unreliable and show an in-
correct temperature dependence of thermal conductivity, (∂λ/∂T )P > 0 [39,40,60,194,261].
However, reliable data can be determined with carefully designed systems [40, 44, 47, 48, 61].
On the other hand, the transient state methods, including hot wire, laser flash, and forced
Rayleigh scattering, are often recommended as the most reliable [50,65,71,76,80,87,200]. Yet,
the transient methods can also be influenced by the effects of thermal radiation, and convec-
tion [200,262,263]. These competing heat transfer errors are expected to be the primary cause
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of the large discrepancies between thermal conductivity data in the literature [40, 60, 199],
making it difficult to rely on empirical data. While numerous measurement methods ex-
ist, few have consistently demonstrated reliability across all MS families, and their use for
measuring large numbers of mixtures may not be practical.
Strategies like molecular dynamics(MD) or theoretical model predictions have been consid-
ered as alternatives to empirical measurement, but have largely been demonstrated for pure
salts instead of mixtures [39, 60, 124, 133, 144, 152, 193, 194, 222, 223, 264]. The majority of
MSs that are practical for energy applications are multicomponent mixtures. For instance,
solar salt (60% NaNO3 - 40% KNO3 in weight) is used in modern CSP, chloride mixtures
have been proposed for advanced CSP [250, 253, 265], and fluoride and chloride mixtures
have been proposed for nuclear applications [199, 207, 256, 257, 266]. Yet, compared to the
vast amount of possible mixture combinations, data on the thermal conductivity of binary
and higher-order MS mixtures are relatively limited in the literature. Much of the existing
empirical data also exhibit (∂λ/∂T )P > 0 [34, 54, 56, 65, 80, 198, 267–269]. As a result, the
empirical data of only a few mixtures have been compared to theoretical models and MD
predictions [34,47,50,54–56,61,65,71,75,76,80,83,86,106,133,198,200,200,222,238,267–269,
269–271]. A comprehensive understanding of the compositional and temperature dependence
of MS mixtures is crucial for optimal system performance, but predicting their thermal con-
ductivity remains challenging due to the complications of modeling of multiple component
systems and the limited reliable validation data.
Early works relied on experimental data to describe the compositional dependence of MS
mixtures, with varying success. Bloom et al. [55] measured the thermal conductivity of
KNO3-NaNO3 mixtures summarized that the excess thermal conductivities of binary mix-
tures were negative and exhibited an increase proportional to the square of the difference
between cationic radii, suggesting that the excess thermal conductivity primarily depends
on differences in cation radii rather than cation masses. Later, Cornwell proposed that mix-
ture thermal conductivity is influenced by several factors, such as cations/anion masses and
the atomic radii, making it lower than values given by the ideal linear model [182]. Given
these works, MS mixture thermal conductivity does not appear to be reliably predicted with
a simple molar fraction-weighted sum of the pure component’s thermal conductivity, often
denoted as an ideal linear model.

λid =
n∑

i=1
Xi λi, (5.1)

where λid represents the linear solution of thermal conductivity of salt mixtures, Xi denotes
the unary component molar fraction, and λi corresponds to the thermal conductivity of each
pure MS. Despite the evidence contradicting the reliability of ideal linear models, some later
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works opted to apply these models [39,47,71,193].
Smirnov et al. proposed that the thermal conductivity of common anion alkali halides and
their mixtures varied inversely with molar volume, which is consistent with other models
for pure salts [83, 103, 180, 181, 198]. However, the empirical data sets from Smirnov et al.
were suggested to be unreliable, due to the substantial increase in thermal conductivity with
temperature [40,44,199,200]. Given that heat losses are less significant at lower temperatures,
the results of Smirnov et al. occasionally agree with reliable data near the melting point [264].
Several later works also implemented a molar volume dependence in predictive models for
mixtures [39, 152,193,238].
Building on the empirical data, several works have attempted to develop theory-based ther-
mal conductivity models of MS mixtures, such as the rough hard sphere model, unit cell
models, and kinetic theory models. DiGuilio and Teja [39] developed a model for the ther-
mal conductivity of pure MSs based on the rough hard-sphere theory of Li et al. [189], and
applied it on mixtures of salts with a common anions using the ideal linear model. How-
ever, the experimental data of the mixtures considered in the study was generally not the
same as in the ideal linear mixtures λExp ̸= λid, and the model is likely unreliable for all
mixtures [50, 194]. Zhao et al. [194] developed a theoretical unit cell model to predict the
thermal conductivity of binary MSs, where the thermal conductivity of a binary mixture
would not be a linear function of each component’s mole fraction. However, the pure MS’s
empirical data sets used in the study were considered unreliable, and it is challenging to
verify the predictive capability of this binary mixture model. Muhmood et al. [195] extended
the unit cell concept developed by Zhao et al. to ternary salt mixtures showing a negative
temperature dependence of thermal conductivity. However, like the rough hard sphere mod-
els, the predictive reliability of the unit cell models on salt mixtures is still uncertain and
must be validated on other systems.
Gheribi and Chartrand [133] presented a theoretical framework to predict the thermal trans-
port properties of MS mixtures as a function of composition and temperature, based on prior
work on a theoretical model of thermal conductivity for pure salts [60]. The model (Gheribi
model) was derived from classical kinetic theory and demonstrated to be reliable for many
pure MS compounds. Later the model was extended to mixtures [133, 238]. The model’s
predicted thermal conductivity of LiF-NaF-KF and LiCl-NaCl-KCl mixtures were compared
with MD simulations and experimental data [61,133], showing that the thermal conductivity
of MS mixtures was not a simple linear function of the pure components’ mole fractions,
agreeing with the theoretical model. However, the theoretical model included a constant
derived from solid solutions, ϵ′ , which was assumed to be "universal" for all ionic systems
considered. This limits the model’s reliability when predicting different MS mixtures, partic-
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ularly in the case where large differences in the molar masses of cations exist, or in the case
of complex salts.
Due to the difficulties and existing data discrepancies corresponding to experimental methods,
computational simulations have been relied upon to determine the thermophysical properties
of liquids, offering a cost-effective alternative [218–221]. Multiple works have successfully
demonstrated that the thermal conductivity of pure MSs can be predicted accurately using
kinetic theory-based models or MD simulations [39, 60, 124, 133, 144, 152, 193, 194, 222, 223].
Moreover, MD has been used to simulate the properties of MS mixtures, particularly for
investigating multicomponent complexes in MS mixtures [147,222,238,272,273]. Despite the
larger predicted thermal conductivity sometimes obtained by MD simulations, relative to the
reliable experimental data, the compositional trend of the thermal conductivity predicted
for mixtures provides a reasonable basis for comparison when evaluating the performance
of theoretical models, such as the Gheribi model. As such, MD can allow for a preliminary
understanding of the salt mixture’s relative behavior with composition, but may not be
reliable when predicting the magnitude of the mixture’s thermal conductivity [120,152].
In our previous work, we proposed a theoretical model for predicting the temperature-
dependent thermal conductivity of pure MSs. The model modified the Gheribi kinetic theory
model, by incorporating the concept of minimum thermal conductivity, which is often ap-
plied when predicting bulk non-metallic glasses [234]. The model proposed a proportionality
constant equal to the ratio of the number of cations to anions in each salt and, therefore,
does not require the universal constant used by Gheribi’s original model. The predictions
were compared to the reliable experimental data sets for halide, divalent halide, carbonates,
nitrate, nitrite, sulfate, and hydroxide MSs, showing predictive accuracy comparable to the
uncertainty of reliable empirical data, with an average predicted error of 10% or less for the
compounds studied [264]. We propose that this model could be extended to predict the ther-
mal conductivity of MS mixtures, in accordance with the original Gheribi model [61,133,238].
In this study, we introduce a new model that predicts the thermal conductivity of simple MS
mixtures, not complex, polymerizing, or reciprocal, as a function of composition and tem-
perature. We used equilibrium MD simulations for binary fluorides, chlorides, bromides, and
iodides to validate the model’s ability to capture the compositional dependence of thermal
conductivity. For binary nitrate and carbonate systems, the model’s predictions were com-
pared against empirical data. The Redlich-Kister method was applied to quantify deviations
from ideality in the binary salt systems. Furthermore, the model’s predictions were applied
to several higher-order MS mixtures relevant to advanced energy applications and contrasted
with empirical data. Compositional mappings were also applied to identify the regions where
the mixture deviated most significantly from ideality. By advancing the capability to accu-
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rately predict the thermal conductivity of simple MS mixtures, this study holds the potential
to expedite the evaluation of new mixtures for energy systems. It also lays the groundwork
for future exploration into more complex mixtures.

5.2 Kinetic theory modeling for the molten salt mixture as a function of tem-
perature and composition

The concept of minimum thermal conductivity is widely applied to characterize thermal
transport in amorphous solids, like non-metallic glasses [234]. In the phonon-gas model
for solids, phonons (collective vibrations) are treated as classical particles responsible for
heat transport. However, amorphous materials lack the long-range ordering, heat is carried
through harmonic couplings between non-correlated and delocalized atomic vibrations, re-
ferred to as "diffusons" [274]. This concept is also expected to be applicable to liquids like
MSs given their local short-range ordering, but absence of long-range crystal ordering. By
applying the Debye approximation of lattice vibration, Cahill et al. demonstrated that the
minimum thermal conductivity in the canonical statistical ensemble (NVT) can be expressed
as [234]:

λNV T
min (T ) = (π6 )1/3 kBn

2/3
d

∑
i

ci(
T

Θi
D

)3
∫ Θi

D/T

0

x3ex

(ex − 1)2dx, (5.2)

where nd = (naNA)/V , ci, and Θi
D represent the number density of atoms, the velocity

of sound, and the Debye temperature for the three acoustic modes (two transversal and
one longitudinal), Θi

D = ci(ℏ/kB)(6πn)1/3, respectively. At low temperatures, the minimum
thermal conductivity model precisely exhibits the temperature-dependent behavior of non-
metallic amorphous materials. However, it attains a plateau at high temperatures (≥ Θi

D).
By employing the Legendre transformation from the NVT (canonical) ensemble to the NPT
(isobaric-isothermal) ensemble, the expression for the temperature-dependent thermal con-
ductivity can be obtained:

λNP T
min = λNV T

min

[
1 − α0(γ0 + 1

3)(T − T0)
]
, (5.3)

where the α0 and γ0 are the thermal expansion coefficient, the Grüneisen parameter at
temperature T0. After applying this concept to MS, as demonstrated in recent works [152],
the predicted temperature-dependent thermal conductivity for pure MSs is expressed.:

λms (T ) = K λmin

[
1 − αm

(
γm + 1

3

)
(T − Tm)

]
(5.4)

The minimum thermal conductivity at a specific melting temperature is [235]: λmin =
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kB (nliq)2/3⟨cs⟩liq, where NA, nd, and cs are the Avogadro constant, number density of atoms,
and speed of sound at the melting temperature Tm of salts. K is a material constant, that
refers to the degree of complexity of the chemical nature (location structure) for MSs which
was established in our previous study [264], it can be represented as:

K = 1 + n+
s

n−
s

, (5.5)

n+
s and n−

s respectively denote the number of species involved in cationic and anionic com-
plexes, with n = 1 corresponding to the case of free species. The ratio n+

s /n
−
s represents the

degree complexity of the local ordering within MSs. For instance, K =2 for LiF, NaCl, KBr,
and K =1.5 for alkali carbonates Li2CO3, Na2CO3, and K =1.25 for the nitrates of LiNO3.
As the degree of complexity in MS increases, K→ 1, which is the case for polymerizing MSs
like BeF2.

The ions in MSs act as scattering centers for phonons. In the case of mixed ions, there is a
reduction of the mean free path of the phonons and the lattice thermal conductivity. This is
due to the differences in atomic masses, cationic sizes, and neighbor coupling forces between
the solute and solvent cations [133]. Ionic liquids share some similarities with solid solutions,
where the disorder scattering parameter Γ describes the reduction of thermal conductivity
when forming solutions. In the solid solutions, Abeles [275] showed that both the mass
fluctuation term ΓM and elastic strain field fluctuation term Γs contribute to the disorder
scattering parameter [275–277]. However, only the mass fluctuation term is considered to be
present in the disorder scattering parameter for liquid solutions. The disorder effect of the
short-range quasi-crystalline lattice of the MS is induced by a mass fluctuation term gmass.
The thermal conductivity of any MS mixtures can be expressed as [133]:

λ(X,T ) = λk(X,T )
[
1 − δλ

M(X,T )
]

(5.6)

Where X = (X1, X2...Xn) represent the composition vector. λk is the kinetic thermal con-
ductivity of MS mixtures that in supposing no local fluctuation of kinetic energy induced by
the mass difference between host and solute ions. The expression of thermal conductivity of
MS mixture derived from kinetic energy at a given temperature T is represented as:

λk(X,T ) = K(X) kB n
2/3
liq (X,T0) ⟨cs⟩liq(X,T0)

[
1 − α(X,T0)

(
γ(X,T0) + 1

3

)
(T − T0)

]
(5.7)

In which the material constant K = ∑
i XiKi, the molar volume (Vm = M/ρ), the thermal

expansion with volume fraction (Φi = XiVi/
∑

i XiVi), and the isothermal compressibility
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(χ = 1/(c2
sρ) are assuming to be ideal linear variation to the composition. δλ

M is the local
fluctuation of kinetic energy effect upon the thermal transport. It was presented in the
previous work [152,238], can be expressed as:

δλ
M = hdiff (X,T ) gmass(X) (5.8)

The mass fluctuation parameter gmass is defined by [275]:

gmass =
N∑

i=1
Xi

(
1 − Mi

M(X)

)2

(5.9)

where M = ∑
i Xi Mi is the molecular weight of the MS mixtures, which also has a linear

variation to the composition. And hdiff is the damping factor of heat carriers (diffusons),
describes the attenuation of local kinetic energy fluctuation effects on the mean free path. It
was derived from the kinetic theory in the prior work [152,278], expressed as:

hdiff = µ
λσ(X,T )

kB ⟨cs⟩liq(X,T ) n2/3
liq (X,T )

, (5.10)

where µ is an adjusted constant that is approximately 1/2, it was demonstrated that hdiff is
proportional constant between the mean free path and the average inter-ionic distance in our
previous work [152], and eventually equivalent to a ratio of thermal conductivity. λσ is the
effective thermal conductivity of the mixtures, assuming the mean free path of heat carriers
equals to the average inter-ionic distance. The accuracy of prediction can be constrained
due to the difficulty in calculating hdiff in compositional dependence, particularly for high
order systems. Nevertheless, when K = 2, and µ = 1/2 in simple MS mixtures, hdiff

is approximately equivalent to the ratio of λi/λ
id, where λid = ∑

i Xiλi is the ideal linear
behaviour of thermal conductivity of the mixtures. In summary, it can be assumed that the
thermal conductivity of MS mixtures is directly proportional to the local fluctuation of kinetic
energy. Where the quadratic terms (XiXj) have a negligible impact on this local fluctuation,
therefore they can be confidently ignored in such instances. The proposed approach to the
thermal conductivity of simple MS mixtures can be expressed as follow:

λ(X,T ) ≃ λk(X,T )
1 −

N∑
i=1

(
λi

λid

)
Xi

(
1 − Mi

M(X)

)2
 (5.11)

The present model demonstrates excellent predictive capabilities with high accuracy for sim-
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ple MS mixtures concerning their compositional and temperature dependence. Notably, no
empirical fitting is necessary for these predictions. Only a few thermophysical properties,
such as density, heat capacity, thermal expansion, and sound velocity, are required for pure
MSs, and these can be obtained from the literature or precisely estimated. The composi-
tional dependence of the parameters in the mixtures is estimated by applying an ideal linear
behavior rule that takes advantage of leveraging the linear relationship between Gibbs en-
ergy and the pressure-temperature dependence. The model is expected to be extendable to
include reciprocal and complex MS mixtures, which hold significant importance for energy
applications.
Lastly, it is essential to address significant remarks regarding the microscopic origins of
thermal transport in mixtures. It is well known that the movement of ions within ionic
systems can significantly influence thermal conductivity [279–281]. However, in the proposed
formalism, the compositional dependent thermal conductivity is described only through local
fluctuations in kinetic energy. From a microscopic perspective, thermal transport in MS arises
from fluctuations in energy current, charge current, and the interplay between energy and
charge current fluctuations, as detailed in the Green-Kubo formalism (see Appendix B).
In Figure B.7, we present the results of MD simulations for NaCl-KCl as a function of
composition at 1300 [K], directly comparing with predictions from our current model. The
predicted results are in agreement with the MD results (λGK). Notably, two distinct flux
tendenies are depicted: the energy flux (Lee/T

2) and the thermo-electrical flux (−A/BT 2,
A and B corresponds to the matrix determinants in Eq. B.5). In a ionic liquid, the thermal
conductivity is the result of the combined contributions of these two fluxes. Thus, the
obtained thermal conductivity of NaCl-KCl MS mixture exhibits an approximately linear
trend in relation with compositional dependence. From a fundamental standpoint, both of
these contributions are related to the local fluctuations of kinetic energy, which our current
theoretical model is built upon. In other words, these fluctuations are directly attributed to
variations in local velocity, thereby influencing both the local energy current and the local
movement of ions (self-diffusion).

5.3 Model evaluation methodology

In a previous work [264], the reliability of pure MS thermal conductivity was reviewed. Fig-
ure 5.1 illustrates these two features on the available experimental data of thermal conductiv-
ity for LiF and NaCl. Across the available empirical datasets, there is a maximum deviation
between data sets of more than 100% and 170% for LiF and NaCl, respectively, which are
several times larger than the reported errors from experimental measurement. Moreover,
these data sets showed disagreement on the temperature dependency. In accordance with
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most findings in the literature [39, 40, 61, 199], the works of Nagasaka et al. and Harada et
al. were considered to be the most reliable sources of empirical data. The mean relative
error of the developed pure MS thermal conductivity model to reliable data sets was below
10%. As shown in the figure, the developed pure MS thermal conductivity model agrees with
the reliable experimental data sets for LiF and NaCl. Given this agreement, these reliable
end-member thermal conductivity empirical data for the initial comparison of the present
MD simulations and the predictions using the present model for systems without reliable ex-
perimental data. These initial comparisons also verified that the present model for mixtures
still provides reliable predictions for pure salts.
There are relatively few experimental data sets on the MS mixture’s thermal conductivity
and even less data covering the entire range of the compositions for the mixtures. Therefore,
we employed a combined methodology to test the proposed thermal conductivity model’s
capability of predicting compositional behavior, comparing the present model to the MD
simulated results for systems that did not have empirical data on mixtures in the literature,
for example, the binary fluoride, chloride, bromide, and iodide salts. Details on the MD
simulations performed are described in B.1. Smirnov et al. [56] reported on some salt mix-
tures, but all of these data sets were considered unreliable [40]. For the binary nitrates and
carbonate mixtures, there were some empirical data sets available for comparison, in these
cases the MD models were not applied.
Following the evaluation of the present model on the binary systems in comparison to the MD
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Figure 5.1 Predicted (solid line) thermal conductivity has a function of temperature in com-
parison with various reliable (solid symbols-Nagasaka et al. [87,94], Harada et al. [59], ) and
Golyshev et al. [92, 93], and nonreliable (open symbols - Sreenivasan [88] and Smirnov et
al. [56], Fedorov et al. [51], Turnbull et al. [83] and Sindzingre et al. [98]) experimental data
sets for MS LiF and NaCl.
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and empirical data sets, the compositional dependence of thermal conductivity was estimated
for additional systems. The principle purpose of this analysis was to consider the deviation
from the linear model, which is often applied to predict mixtures and to quantify the influence
of the pure compound molecular weight and thermal conductivity. A Redlich-Kister approach
was used to estimate the deviation from linearity and support general trends that should be
considered when estimating the thermal conductivity of simple salt mixtures.
Finally, several simple higher-order salts with empirical data were predicted using the present
model to further test its predictive capability. Eutectic mixtures are of high interest due to
their relatively low melting points, and much of the empirical thermal conductivity data
for mixtures is provided for discrete mixtures, for example eutectic (46.5-11.5-42.0 mol%
composition) LiF-NaF-KF. This also allowed for a comparison to the mixture’s temperature
dependence of thermal conductivity. For these mixtures, compositional mappings of thermal
conductivity are also presented to predict the deviation from the linear ideal model.

5.4 Results and discussion

5.4.1 Prediction of thermal conductivity

Compositional dependence of binary salt mixtures

The predictions of the present model have been compared to all available experimental data
sets of the thermal conductivity for simple binary mixtures that are available in the litera-
ture, as well as the results from MD simulations [39, 40, 61, 199]. As mentioned in the last
section, simple MSs are those fully dissociated ions. For instance, the monovalent of fluorides,
chlorides, bromides, and iodides. On the other hand, KCl-MgCl2 system is a complex salt
mixture, the population of Mg-Cl polymer increases with the increasing of faction MgCl2 in
the mixture [282]. The system LiF-BeF2 is similar, where BeF2 forms the polymers of Be2F3−

7 ,
Be3F4−

10 , Be4F5−
13 , etc [160]. In the present work, only simple mixtures are considered.

Flourides Fluoride salt mixtures have significant interest in many advanced energy appli-
cations [214,283,284]. However, it is more challenging to determine the thermal conductivity
using experimental methods techniques compared to other anionic salt mixtures [94]. For
the fluoride salts considered here, MD simulations were used for comparison to the present
model’s predicted compositional dependence of thermal conductivity. Figure 5.2 shows the
thermal conductivity predictions as a function of composition at 1300 [K] for three binary
fluoride systems in comparison with MD simulations (left side), LiF-NaF, LiF-KF, and NaF-
KF, using the present model. The two end-member thermal conductivities are using the
corresponding MD simulation results. This allows us to validate the current model, and to
gain insight into the variations in the thermal conductivity due to the mass fluctuations. The
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Figure 5.2 Predicted (solid line and dashed lines) thermal conductivity as a function of
the composition of binary fluoride systems in comparison with ideal linear mixture(dot-
dashed line), MD simulations, reliable (solid symbols) [92, 94, 267], and unreliable (open
symbols) [56, 88,90] experimental data sets.

reliable and unreliable experimental data sets near 1300 [K] for pure MS are also illustrated
in the figures (right side). Despite the larger thermal conductivity of LiF and NaF predicted
by MD simulations, the compositional behavior of the thermal conductivity for MS mixtures
shows reasonable agreement over much of the compositional space for these mixtures.
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Figure 5.3 Predicted (solid line and dashed lines) thermal conductivity as a function of
the composition of binary chloride systems in comparison with ideal linear mixture(dot-
dashed line), MD simulations, reliable (solid symbols) [59, 87, 92, 200], and unreliable (open
symbols) [50, 51,56,83,90,98] experimental data sets.

Two MD simulations of binary fluoride mixtures are shown in the figure (open markers).
EMD1 was performed by the present work, while EMD2 utilized Ishii’s [147] potential for
the simulation. We observe that the results for these binary systems are very close to each
other. In the figures on the left side, the dashed lines represent the predicted results using
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the present model, but with the two end-member conductivity values taken from the MD
simulation results. This allowed for a direct comparison of the compositional trends predicted
by the model and by MD simulations. The two MD simulations have the error range of
±15 − 30%. The results show that the compositional trends captured by the present model
agree with those predicted by MD. On the right side in the figures, the predicted results
from the present model by using the pure salt results of the previous work are shown by
the solid black line, for the binary systems considered, whereas the red dot-dashed line
represents the thermal conductivity of the ideal linear mixture. The predictions from the
present model, not using the MD simulated end member conductivities, generally agree with
MD simulation results for the KF-rich mixtures of LiF-KF and NaF-KF, but show more
significant deviations for higher concentrations LiF and NaF, due to the MD simulations
predicting higher end member conductivity, particularly LiF. However, it is noted that the
deviations from linearity are qualitatively similar to the deviations predicted by MD.
There is a tendency toward a linear relationship between the thermal conductivity and the
composition predicted for the LiF-NaF and NaF-KF systems. On the other hand, the present
model’s prediction of the LiF-KF system shows a more significant deviation from the ideal
linear model’s predicted thermal conductivity due to the larger difference in mass between
the two constituents, a relationship that is also observed in the other systems considered in
the present work. Further discussion regarding the deviations from linearity is provided in
the following section. Additionally, we see that the thermal conductivity is nearly constant
when the majority of the mixture consists of the higher molecular weight constituent (KF),
but increases significantly as molar fraction approaches higher concentrations of the lower
molecular weight component.
The present model’s predictions agree well with Nagasaka’s estimate for the pure salts, prov-
ing that the current model still holds for pure compounds. For the binary fluoride mixtures
considered here, no reliable empirical data was available. The predicted results were also
compared with the only available empirical data for these mixtures, reported by Smirnov et
al. [56] and the results are shown in Figure B.1 in the Appendix. However, the empirical
data was considered unreliable.

Chlorides Chloride salts are one of the most attractive HTF/TES materials for next-
generation CSP plants because of their low costs, higher, and wider working temperature
ranges [12–14, 16]. Figure 5.3 illustrates the thermal conductivity of three binary chloride
systems in comparison to the MD simulations (left side), LiCl-NaCl, LiCl-KCl, and NaCl-
KCl, as a function of composition at 1100 [K]. There was no reliable empirical thermal
conductivity data that could be used to validate the predicted thermal conductivity for these
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Figure 5.4 Predicted (solid line and dashed lines) thermal conductivity as a function of the
composition of binary bromide and binary iodide systems in comparison with ideal linear
mixture(dot-dashed line), MD simulations, reliable (solid symbols) [73] experimental data
sets.

mixtures, aside from one mixture of LiCl-KCl from Merritt et al. [200]. Therefore, MD
simulations were used for comparison. In addition, the reliable experimental data sets for
pure MS are also illustrated in the same figures (right side).
The results show that the model using MD predicted end-member conductivity agrees with
the compositional trends predicted by MD simulations. The results of the MD simulation’s
thermal conductivity also show lower relative deviations from the reliable experimental data
sets for the pure chloride salts than the pure fluoride salts. The Li rich salts also show the
largest relative deviation from the reliable data. The error in the MD simulation ranged from
±15 − 30% and the present model’s predicted results for these chloride binary systems are
within the error bounds of the MD simulated results for all the systems considered here.
The LiCl-NaCl and NaCl-KCl systems show a nearly linear relationship between the com-
position and thermal conductivity. The LiCl-KCl system shows more significant deviations
from the linear behavior for Li rich mixtures, which is consistent with the behavior of the
LiF-KF system. Moreover, the binary chloride systems show smaller deviations from linear
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Figure 5.5 Predicted (solid line and dashed lines) thermal conductivity as a function of the
composition of binary bromide and binary iodide systems in comparison with ideal linear
mixture(dot-dashed line), MD simulations, reliable (solid symbols) [59,74] experimental data
sets.

behavior than binary fluoride systems for the same cation mixtures. This is due to the lower
mass ratio of Mi/M as the molar mass of the anion grows, causing smaller deviations in the
thermal conductivity along the compositions, a trend that persists in the other salt families
considered here.
The present model’s predictions agree with the empirical data for the pure salts. Binary
chloride mixtures with empirical data found in the literature were NaCl-CsCl and LiCl-KCl.
NaCl-CsCl is shown in Figure B.1 in the Appendix, which was reported by Smirnov et al.
Apart from the significantly larger magnitude of thermal conductivity values for both pure
NaCl and CsCl, we observed that the trend of thermal conductivity as a function of com-
position was in agreement with our prediction. However, as stated already, the data from
Smirnov et al. is likely unreliable. The LiCl-KCl data from Merritt et al., however, shows
strong agreement with the present model [200].

Bromides Figure 5.4 shows the thermal conductivity predictions of four binary bromide
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systems using the present model, LiBr-NaBr, LiBr-KBr, NaBr-KBr, and RbBr-CsBr, as a
function of composition at 1200 [K]. Both the predicted results and MD simulations show
nearly linear behavior of thermal conductivity with composition for all the systems consid-
ered, aside from LiBr-KBr. The nearly linear thermal conductivity predicted by the present
model is primarily due to the larger anionic molar mass(lower Mi/M), compared to F− and
Cl−. The LiBr-KBr also shows the largest deviation from the ideal model, caused by the
larger relative difference in the compound molar masses. Meanwhile, the present model’s
predictions are also in agreement with the reliable experimental for the pure MSs. Only the
NaBr-CsBr system has been found in the literature, which is reported by Smirnov et al. [56].
Figure B.1 shows the comparisons of the predicted results to the experimental data.

Iodides Figure 5.5 shows the thermal conductivity of four binary iodide systems, LiI-NaI,
LiI-KI, NaI-KI, and RbI-CsI, as a function of composition, in comparison with MD simu-
lations. Both the predicted results and MD simulations show a nearly linear behavior of
thermal conductivity with composition for all systems considered, aside from LiI-KI. The
predicted results of the thermal conductivity by the present model are also in agreement
with MD simulations, with larger deviations occurring for the thermal conductivity of LiI-
KI mixtures. Regarding the comparison to empirical data, the present model’s predicted
thermal conductivity for pure salt KI is in between the empirical data of Nakazawa et al.,
and Harada et al. [59, 74]. In a prior assessment, it was suggested that the data by Harada,
which shows slightly better agreement with the present model seemed more realistic than
that of Nakazawa et al. [74]. Only empirical data on the NaI-CsI system has been found in
the literature, which is reported by Smirnov et al. [56]. Figure B.1 shows the comparisons of
the predicted results to the experimental data sets.

Nitrates For advanced energy systems, nitrate salts are of great interest, Today, all com-
mercial CSP facilities employ nitrate-based MS mixtures as TES medium and the secondary
MS loop of next-generation MS nuclear reactors. Nitrate mixtures also have more empiri-
cal data available in the literature, relative to the fluorides, chlorides, iodide, and bromide
mixtures. Therefore, the present model was compared to existing empirical data. Figure 5.6
shows the thermal conductivity predictions as a function of composition for six binary nitrate
salt systems using the present model compared to the available experimental data sets.
The systems LiNO3 - NaNO3 and NaNO3 - KNO3 both had reliable data [47, 70, 71]. Both
systems showed a linear behavior. As such, Omotani et al. [70,71] considered both systems to
be linearly dependent on the composition. The present model’s predictions agree with these
reliable data sets and show that the ideal linear model is adequate for predicting the thermal
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Figure 5.6 Predicted (solid line) thermal conductivity as a function of the composition of
binary nitrate systems in comparison with reliable (solid symbols), unreliable (open symbols)
experimental data sets.

conductivity of these particular mixtures. However, the results show that the other three
nitrate systems considered have a tendency for significant deviation from ideality. Consistent
with the other systems, the mixtures with larger molecular weight differences and differences
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in pure salt conductivity, like the LiNO3-CsNO3 system, show the greatest deviations from
the linear rule solution.
McDonald et al. [50] used a concentric cylinder apparatus to determine the thermal conductiv-
ity of pure and mixed molten nitrate salts at 723 [K]. The empirical compositional dependence
of thermal conductivity for the mixtures agrees with the predictions of the present model,
aside from the LiNO3-CsNO3 and NaNO3-CsNO3 systems, where deviations from linearity
occur. However, those data were considered unreliable due to the larger values obtained and
slight positive temperature dependency, so these systems may require additional studies.

Carbonates Molten carbonates are considered also one of the most promising TES/HTF
mediums for advanced energy applications [285–288]. Figure 5.7 shows the thermal conduc-
tivity predictions of Li2CO3-Na2CO3 and Li2CO3-K2CO3 by the present model in comparison
with experimental datasets. Two compositions (50%:50% and 47%:53%) have been exper-
imentally determined for the binary system Li2CO3-Na2CO3, and our predictions are in
agreement with the works reported by Fuji and his colleagues (Zhang and Fuji [106] and
Wicaksonno et al. [271]) at 1000 [K]. The works presented by Otsubo et al. [75] for the pure
Li2CO3 and Na2CO3 were considered reliable data. Yet, their experimental result of the
thermal conductivity for the mixture 50% Li2CO3-50% Na2CO3 was significantly lower than
other works, which could be due to the errors of the experimental measurements.
In the case of Li2CO3-K2CO3, because of the mass difference between Li+ and K+ cations,
it shows larger deviations from linearity, and predictions from the present model agree with
the values reported by Ostubo et al. However, the works reported by Wicaksono et al., and
Zhang and Fuji showed near linear behavior. Additionally, the studies from Araki et al. [65]
appeared to be compositionally independent. Given these discrepancies, it is unclear if the
model agrees with the carbonate salts’ empirical data, and the collection of new empirical
data or MD should be considered in future works.

Thermal conductivity deviation from ideal linear mixing

To quantify the impact of composition on the thermal conductivity of MS mixtures is to
assess the deviations from a linear rule behavior, which can be expressed by [133]:

Dλ = 1 − λid/λref (5.12)

where λid and λref are the thermal conductivity of ideal linear behavior and the thermal
conductivity of the reference pure salt values, respectively, which are both dependent on
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Figure 5.7 Predicted (solid line) thermal conductivity as a function of the composition of
binary carbonate systems in comparison with reliable (solid symbols), unreliable (open sym-
bols) experimental data sets.

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
XKF 

100

75

50

25

0

1
id

/
[%

] 

T = 1300 [K]

LiF-KF

Smirnov et al. (1988)
EMD1
EMD2

k

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
XCsCl

100

75

50

25

0 NaCl CsCl

 T = 1100 [K]

EMD1
Smirnov et al. (1988)

k

Figure 5.8 Deviation of predicted (solid line) thermal conductivity as a function of the com-
position of binary LiF-KF and NaCl-CsCl systems in comparison with MD simulations,
unreliable (open symbols) experimental data sets.

the composition and temperature. Differences in the molecular weight and thermal con-
ductivity of the pure components are the main contributors to the linearity deviation. As
mentioned, for the MS mixtures, the ideal linear rule assumption of the thermal conductivity
with composition is considered as a first approximation in most studies. Thus, a composition
to linear rule behavior is a practical basis for assessing the potential advantages provided by
the present model [44].
Figure 5.8 illustrates the deviations of two examples of binary systems, LiF-KF and NaCl-
CsCl, which show relatively large deviations from linearity in comparison to the other systems
considered here. In the fluoride binary system of LiF-KF, we use the values of pure salt from
MD simulations as the reference pure conductivity for the present model, the dashed lines
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Table 5.1 The equation ∆λ/λ(X)[%] = X1X2(L0 + L1(X1 − X2)) describe the deviations
of the system from ideal linear behavior, where L0(T ) = L0

0 + L1
0T and L1(T ) = L0

1 + L1
1T

are both the fitting constants as a function of temperature. The composition of maximum
deviation X∗

max and the values of the simple binary mixtures of fluoride, chloride, bromide,
and iodide are shown in the table.

Simple binary systems L0 [%] L1 [%] M1/M2 X∗
max ∆λ/λ(X∗

max)[%]
Fluorides L0

0 10−2L1
0 L0

1 10−2L1
1 T=1300 [K]

LiF-NaF -23.11 -1.78 -0.93 -0.07 0.62 0.51 -12
LiF-KF -90.67 -6.97 -5.48 - 0.42 0.45 0.51 -46
LiF-RbF -224.12 -17.24 -59.76 -4.60 0.25 0.56 -115
LiF-CsF -459.50 -35.35 -112.18 -8.63 0.17 0.56 -235
NaF-KF -18.33 -1.41 -0.97 0.07 0.72 0.51 -9
NaF-RbF -73.48 -5.65 -14.71 -1.13 0.40 0.55 -37
NaF-CsF -177.99 -13.69 -27.67 -2.13 0.28 0.54 -91
KF-RbF -22.94 -1.76 -6.97 -0.54 0.56 0.58 -12
KF-CsF -72.46 -5.57 -22.01 -1.69 0.38 0.57 -37
RbF-CsF -13.46 -1.04 -0.27 -0.02 0.69 0.50 -7
Chlorides T=1100 [K]
LiCl-NaCl -9.75 -0.89 -0.39 -0.04 0.73 0.51 -5
LiCl-KCl -37.23 -3.38 -1.51 -0.14 0.57 0.51 -19
LiCl-RbCl -120.78 -10.98 -14.71 -1.34 0.35 0.54 -61
LiCl-CsCl -229.91 -20.90 -53.15 -4.83 0.25 0.55 -117
NaCl-KCl -8.22 -0.75 -0.17 -0.02 0.78 0.51 -4
NaCl-RbCl -51.49 -4.68 -6.27 -0.57 0.48 0.53 -26
NaCl-CsCl -114.80 -10.44 -23.92 -2.17 0.35 0.55 -58
KCl-RbCl -18.06 -1.64 -2.99 -0.27 0.62 0.53 -9
KCl-CsCl -55.33 -5.03 -12.93 -1.18 0.44 0.55 -28
RbCl-CsCl -8.55 -0.78 -0.72 -0.07 0.72 0.52 -4
Bromides T=1200 [K]
LiBr-NaBr -4.81 -0.40 -0.10 -0.01 0.85 0.50 -2
LiBr-KBr -19.16 -1.6 -1.60 -0.13 0.73 0.51 -10
LiBr-RbBr -46.26 -3.85 -2.91 -0.24 0.53 0.51 -23
LiBr-CsBr -98.51 -8.21 -6.2 -0.52 0.41 0.51 -50
NaBr-KBr -4.56 -0.38 -0.29 -0.02 0.86 0.51 -2
NaBr-RbBr -20.36 -1.70 -1.28 -0.11 0.62 0.51 -10
NaBr-CsBr -54.51 -4.54 -3.43 -0.29 0.48 0.52 -28
KBr-RbBr -7.39 -0.62 -1.08 -0.09 0.72 0.53 -4
KBr-CsBr -28.21 -2.35 -4.13 -0.34 0.56 0.53 -14
RbBr-CsBr -6.94 -0.58 -0.14 -0.01 0.78 0.50 -4
Iodides T=1200 [K]
LiI-NaI -4.83 -0.40 -0.30 -0.02 0.89 0.51 -2
LiI-KI -20.74 -1.73 -3.56 -0.30 0.81 0.54 -11
LiI-RbI -76.74 -6.39 -9.88 -0.82 0.63 0.53 -39
LiI-CsI -132.22 -11.02 -15.62 -1.30 0.52 0.52 -66
NaI-KI -5.41 -0.45 -0.64 -0.05 0.90 0.53 -3
NaI-RbI -40.18 -3.35 -3.85 -0.32 0.71 0.52 -20
NaI-CsI -78.03 -6.50 -5.78 -0.48 0.58 0.52 -39
KI-RbI -14.94 -1.25 -0.16 -0.01 0.78 0.50 -8
KI-CsI -39.30 -3.28 -0.41 -0.03 0.64 0.50 -20
RbI-CsI -5.18 -0.43 -0.05 0 0.82 0.50 -3
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represent the deviations of the predicted mixtures by using MD simulations in comparison
to the thermal conductivity of pure salt from the previous work (black solid line) [264]. It
can be observed that the deviations from linearity predicted by the present model agree
with the MD simulations (dashed lines), and are primarily fall within the error bounds. The
present model (black solid line) also predicts deviations that are smaller in magnitude than
those values in MD simulations, likely due to the larger values obtained by MD simulations
for LiF. The it can be seen that the empirical data for the LiF-KF system has a maximum
deviation from linearity around −10%, in disagreement with the present model. For the
chloride binary system of NaCl-CsCl, the model predicts a similar deviation range to the
MD simulation results, approximately −58% for X0.45.
Table 5.1 summarizes the maximum deviation and the corresponding composition for simple
binary MS mixtures of the fluoride family, chloride family, bromide family, and iodide family,
with additional systems not assessed in the prior sections. The Redlich-Kister equation [289]
X1X2(L0 + L1(X1 −X2) quantifies the excess behavior from ideal linear behavior according
to the compositions of the binary mixtures. The Redlich-Kister method is widely used in the
CALPHAD (CALculation of PHAse Diagrams) to map the compositional dependence of free
energy for multicomponent systems because it is symmetrical, L0 describes the symmetry of
the systems, L1 describes the degree of departure from the symmetry. The results further
demonstrate that the present model predicts an increasing deviation from the ideal with an
increasing molar mass difference between two compounds in a binary system. Moreover, the
deviation of the thermal conductivity decreases with the increase of anionic mass.

5.4.2 Predictions of thermal conductivity for eutectic salt mixtures

The compositions at the eutectic point are more interesting to the energy industry due to
their lower melting points. Various binary, ternary, and high-order simple MS mixtures have
been predicted in comparison with experimental data sets. Here we present the predicted
temperature-dependent thermal conductivity for mixtures with available experimental data
and relevance to advanced energy applications.

Eutectic binary systems

Figure 5.9 compares the binary mixtures for (LiCl)0.59 - (KCl)0.41 and (NaCl)0.5 - (KCl)0.5

with experimental data sets that are both reliable and unreliable as a function of temper-
ature. Merrit et al. [200] used a modified transient hot-wire needle probe to determine the
thermal conductivity of fluoride and chloride MSs. The temperature dependency (∂λ/∂T )P

of (LiCl)0.59 - (KCl)0.41 system showed a negative sign, approximately −4.26 ∗ 10−4, which
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is slightly less than both unary LiCl and KCl from Nagasaka e al. [87], −2.9 ∗ 10−4 and −
1.7 ∗ 10−4 [W.m−1K−2] respectively. The errors reported by these experimental measure-
ments were between the range of ±14.2 to 17.8%. Our predictions are within the intervals
of the reported errors, with better agreement near the higher temperature data. The data
reported by Smirnov et al. [56] for both systems showed positive temperature-dependent and
larger values, as well as the value reported by Turnbull [83] for the eutectic salt mixture of
LiCl-KCl.
Two carbonates binary systems of (Li2CO3)0.533 - (Na2CO3)0.467 and (Li2CO3)0.62 - (K2CO3)0.38

were found in the literature. The results reported by Otsubo et al. were nearly independent
of temperature for both binary systems, which could be caused by the experimental mea-
surements. Moreover, Otsubo et al. reported a significantly smaller thermal conductivity
than other experimental works for (Li2CO3)0.533 - (Na2CO3)0.467. The values reported for
(Li2CO3)0.533 - (Na2CO3)0.467, by Egorov et Revyakina [54] and Araki et al. [65], showed
higher magnitudes of thermal conductivity with positive temperature dependencies, shown
in Figure 5.10. Our predictions are in general agreement with the works reported by Zhang
and Fuji [106,271].
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Figure 5.9 Predicted (solid line) thermal conductivity as a function of the temperature of
(LiCl)0.59 - (KCl)0.41 and (NaCl)0.5 - (KCl)0.5 in comparison with reliable (solid symbols) and
unreliable (open symbols) experimental data sets.

The data sets presented by Zhang and Fuji [106, 271] seem to be relatively large and close
to the unreliable dataset of Araki et al. [65] for the system Li2CO3-K2CO3 near the melting
temperature, which can be seen in Figure 5.10. The works reported by Otsubo et al. seemed
to have slightly increasing (nearly constant) thermal conductivity for Li2CO3-Na2CO3, al-
though the predicted results are in agreement with their results at high temperatures (greater
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Figure 5.10 Predicted (solid line) thermal conductivity as a function of the temperature
of carbonates in comparison with the reliable (solid symbols), unreliable (open symbols)
experimental data sets.

than 950 K). Given that the empirical data from reliable data sets inconsistently agree with
the model for the two mixtures considered, it is suggested that the carbonate systems require
further investigation empirically or with MD.

Ternary and high order systems

LiF − NaF − KF Figure 5.11 shows the available experimental measurements in the litera-
ture in comparison with the calculations of the ideal linear rule and predictions of the present
model. There is a discrepancy between the experimental data sets. The results reported by
Lane et al. [270], and Janz et al. [34] were substantially larger than those from more recent
works. Inversely, the works presented by Ewing et al. [198] were relatively low, and temper-
ature independent. Smirnov et al. [56], Khokhlov et al. [267], An et al. [76], and Robertson
et al. [80] show a positive temperature dependence of the thermal conductivity, therefore
we consider these works unreliable. However, the magnitudes thermal conductivity reported
these investigators are close to that of the reliable datasets around 750-800 [K], close to the
melting temperature. The results reported by Gallagher et al. [61], Rudenko et al. [86], and
Merrit et al. [200] show a negative temperature dependence, which we consider reliable. The
uncertainty reported by Merrit et al. is between ±14.5 ∼ 16.9%. Our predictions agree
with these data sets. Gallagher et al. [61] provided a (∂λ/∂T )P of the average low bound-
ing data, −2.12 ∗ 10−4 [W.m−1K−2], which is in good agreement with the present model,
approximately −2.64 ∗ 10−4 [W.m−1K−2]. The ideal linear calculation is illustrated by the
dashed line, which is approximately 40% larger than the present model predictions, as well
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Figure 5.11 Predicted (solid line) thermal conductivity as a function of the temperature of
FLiNaK ((LiF)0.465-(NaF)0.115-(KF)0.42) in comparison with the ideal linear mixture (dashed
lines), reliable (solid symbols), unreliable (open symbols) experimental data sets.

as most of the experimental datasets. The MD simulations [61] show a negative temperature
dependency but larger in magnitude, the reason could be the overestimated values for pure
LiF and NaF by EMD simulation.
Figure B.2 illustrates a compositional mapping of the predicted thermal conductivity of the
LiF-NaF-KF at 1300 [K] (left) and the corresponding deviation from a linear rule behavior
(right). The results show the composition gradient of the thermal conductivity close to LiF
has a relatively large magnitude, which means that as the LiF concentration increases, the
thermal conductivity rapidly increases. In contrast, for KF, the conductivity rapidly drops as
the concentration increases. This behavior is primarily caused by the relatively large molec-
ular weight and low conductivity of KF and the small molecular weight and high thermal
conductivity of LiF, as mentioned in the previous section. The thermal conductivity and
molecular weight of NaF are between those of LiF and KF, resulting in little changes in the
composition gradient and deviation. The composition 54%LiF - 46%KF has a maximum
deviation from linearity of roughly −48%, and the deviation progressively reduces to 0% at
the corner of NaF. The deviation at the system eutectic is approximately -40%.

NaF − KF − MgF2 The temperature dependency of NaF-KF-MgF2 in comparison with
ideal linear calculations and the only experimental datasets available in the literature is
shown in Figure 5.12. The predictions of the present model agree with these experimental
datasets reported by Merrit et al. [200], who mentioned that there were only 5 data points
measured in a narrow temperature range of 967−1000[K], this is one potential contribution to



100

975 1000 1025 1050 1075 1100 1125
T [K]

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

[W
.m

1 K
1 ]

( / T)Exp.
P = 7.76 * 10 3

( / T)Theo.
P = 2.51 * 10 4

(NaF)0.354 (KF)0.59 (MgF2)0.056 

Merrit et al. (2022)
id

E M
k

Figure 5.12 Predicted (solid line) thermal conductivity as a function of the temperature of
FMgNaK ((NaF)0.354-(KF)0.59-(MgF2)0.056) in comparison with the ideal linear calculations
and the only experimental datasets.

the significant temperature dependency (∂λ/∂T )P , approximately −7.76 ∗ 10−3[W.m−1K−2].
If the measurements were obtained over larger temperature range or with lower uncertainty,
the slope may prove to be less significant, as noted by Merritt et al. The result of (∂λ/∂T )P

obtained by the model is −2.51 ∗ 10−4 [W.m−1K−2], which seems more reasonable given the
(∂λ/∂T )P of the pure salts are −2.62 ∗ 10−4, −2.60 ∗ 10−4, and −1.67 ∗ 10−4 [W.m−1K−2] for
NaF, KF, and MgF2, respectively. Lastly, the results show that the present model predictions
are approximately 10% lower than the ideal linear calculations.
Figure B.3 shows a compositional mapping of the predicted thermal conductivity of the NaF-
KF-MgF2 in composition at 1000 [K] (left) and the corresponding deviation from a linear
rule behavior (right). The system of (NaF)0.354 - (KF)0.59 - (MgF2)0.056 (FMgNaK) is also
shown in the figure. The thermal conductivity of NaF and MgF2 are of the same magni-
tude, therefore the thermal conductivity gradient slowly decreases with increasing KF. The
maximum deviation is around 6%, found in the binary mixture of NaF-KF. However, we
note that many divalent metals dissolved in alkali halides and form the complex anions. For
instance, MgF2 in NaF/KF can be treated as containing Na+, F− and the complex anions



101

MgF2−
4 [290]. It is possible that the current model may not be fully representative of this

system if complex anions have large effects of conductivity.
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Figure 5.13 Predicted (solid line) thermal conductivity as a function of the temperature
of (LiNaK)NO3 ((LiNO3)0.37-(NaNO3)0.18-(KNO3)0.45) in comparison with the ideal linear
calculations and the only experimental datasets.

LiNO3 − NaNO3 − KNO3 Figure 5.13 shows the temperature dependent of the system
(LiNO3)0.37-(NaNO3)0.18-(KNO3)0.45 in comparison with two experimental datasets. Bovesec-
chi et al. [268] built a new thermal conductivity probe for and reported three data points.
However, the reported thermal conductivity had a significant positive dependence on the
temperature. As the investigator pointed out, this was primarily caused by free convection
errors during measurement. Therefore, the measurements are suggested to be unreliable at
high temperatures. Zhang et al. [269] applied the laser flash analysis to determine the thermal
diffusivity of several nitrate salt mixtures. The experimental values of thermal conductivity
of this ternary nitrates system are lower than our predictions, as was the case for the binary
nitrates solar salt (NaNO3-KNO3 60/40 wt%) they measured, which were about 15% lower
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than the present model’s predictions. However, the predicted values of the present model
show good agreement with those reliable experimental data sets in Figure 5.6.
A compositional mapping of the predicted thermal conductivity of the ternary nitrates system
in composition at 1000 [K] and the corresponding deviation from a linear rule behavior(right)
is shown in Figure B.4. The orientation of the thermal conductivity and deviation gradients
are similar to fluoride and chloride ternary systems, depending on the pure constituent molec-
ular weight and conductivity. However, the maximum deviation is less than 5%, mainly due
to the greater molecular weight of the NO−

3 anion and a lower thermal conductivity magni-
tude for the mixtures, relative to the F− and Cl− anion salts. As such, some investigators
were successful when applying the linear rule behavior to calculate the thermal conductivity
of the nitrate mixtures, and the present model may not present significant advantages when
modeling the nitrate systems [39,47,75,193].

NaNO3 − KNO3 − CsNO3 Figure 5.14 compares the predicted results to the only experi-
mental datasets reported by Zhang et al. [269]. The data sets are consistent with our predic-
tions near lower temperatures(assuming a minimum of 15% uncertainty from the diffusivity
measurement). However, the empirical thermal conductivity increases slightly at high tem-
peratures, which is likely due to the difficulty of measurement at high temperatures, owing to
increased contributions from competing convective and radiative heat transfer. Nonetheless,
the model shows reasonable agreement, in the lower temperatures that showing an apparent
downward trend with temperature, and is within the error intervals. The present model also
shows improved accuracy over the linear model.
A compositional mapping of the predicted thermal conductivity of the NaNO3-KNO3-CsNO3

in composition at 500 [K] and the corresponding deviation from a linear rule behavior(right)
is shown in Figure B.5. The gradient of the thermal conductivity decreases from the side
of NaNO3-KNO3 to CsNO3, which is caused by the thermal conductivity of CsNO3 being
significantly lower than the other two nitrate salts. The thermal conductivity for pure salts
of this ternary nitrates system is 0.529, 0.462, and 0.280 [W.m−1K−1] for NaNO3, KNO3, and
CsNO3, respectively. As in other systems, the maximum deviation orients in the direction
of the components with the maximum molecular weight differences. The deviation gradient
is not as symmetric as Li-Na-K cation mixtures, since the molecular weight of Cs is much
greater than Na and K. Therefore, the deviation gradient direction orients to KNO3-CsNO3

side. The maximum deviation of NaNO3-KNO3-CsNO3 is approximately -25%.

Li2CO3 − Na2CO3 − K2CO3 The ternary carbonate system of (Li2CO3)0.435-(Na2CO3)0.315-
(K2CO3)0.25 is illustrated in Figure 5.15. The system’s predicted conductivity shows a −35%
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Figure 5.14 Predicted (solid line) thermal conductivity as a function of the temperature of
(NaNO3)0.435-(KNO3)0.315-(CsNO3)0.25 in comparison with the ideal linear calculations and
the only experimental dataset.

deviation from the ideal linear calculation. Three experimental data sets were reported in the
literature. The data sets reported by Otsubo et al. [75] and Zhang et al. [291] both showed
a (∂λ/∂T )P ∼ 0, with a potentially positive trend. The results reported by Araki et al. [65]
agree in magnitude with the present model’s predictions for two data points. However, their
results of the binary carbonates system showed significant positive temperature dependency,
and therefore, the datasets reported by Araki et al. [65] are considered unreliable. The ideal
linear model (red dashed line) predicts a thermal conductivity that is larger than both reli-
able data sets, whereas the present model’s predictions are in between both reliable datasets
and suggested that it is potentially more reliable for this salt mixture.
A compositional mapping of the predicted thermal conductivity of the Li2CO3 - Na2CO3 -
K2CO3 in composition at 800 [K] and the corresponding deviation from a linear rule behav-
ior(right) is shown in Figure B.6. Because of the doubling of the cationic molecular weight,
we observed that the deviation gradient of this ternary carbonates system is not as symmetric
as other Li-Na-K mixtures. The maximum deviation from linearity is found along the binary



104

Li2CO3-K2CO3 of -46 % at the composition of 54/46 %.

(LiNO3)0.3 − (NaNO3)0.16 − (KNO3)0.28 − (CsNO3)0.26 Zhang et al. [269] have evalu-
ated the ternary, quaternary nitrates system as a potential candidate of HTF/TES for solar
energy systems. This quaternary system featured a low melting temperature of 368 [K]. Fig-
ure 5.16 shows the comparison between this experimental data, the ideal linear calculations,
and the predictions of the present model for the quaternary nitrates system of (LiNO3)0.3-
(NaNO3)0.16-(KNO3)0.28-(CsNO3)0.26. We observe that the (∂λ/∂T )P ∼ 0, with a potentially
positive trend, for the experimental data sets. The empirical results are in reasonable agree-
ment with the model’s predictions at higher temperatures. Overall, the deviations are slightly
above the cited error intervals, but still comparable to modern experimental methods. More-
over, once again the ideal linear calculations are significantly large to experimental data and
our predictions.
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Figure 5.15 Predicted (solid line) thermal conductivity as a function of the temperature of
Li2CO3 - Na2CO3 - K2CO3 in comparison with the ideal linear calculations and the reliable
(solid symbol), and unreliable (open symbol) experimental data sets.
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Figure 5.16 Predicted (solid line) thermal conductivity as a function of the temperature of
(LiNO3)0.3-(NaNO3)0.16-(KNO3)0.28-(CsNO3)0.26 in comparison with the ideal linear calcula-
tions and the only experimental data sets.

5.5 Conclusion

One of the most important properties in the design of advanced MS systems is thermal
conductivity since it plays the role of evaluating the efficiency of heat transfer. MS mix-
tures feature many more interesting thermo-physical properties than pure salts for industrial
applications, such as lower melting temperature, higher heat capacity, lower viscosity, etc.
However, it is challenging to determine the thermal conductivity of MSs accurately. In ad-
dition, the often used linear rule behavior does not apply to the thermal conductivity of all
MS mixtures.
A theoretical model derived from the kinetic theory was proposed to predict accurately the
thermal conductivity for any simple, non-reciprocal MS mixture. Because of the limited avail-
ability of the experimental data sets of the thermal conductivity for MS mixtures, numerous
MD simulations were performed for the binary fluoride, chloride, bromide, and iodide salt
families to validate the proposed model’s accuracy in determining compositional dependence.
The predicted results were also compared to the available experimental data sets for binary
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nitrates and carbonates salts. The model was also applied to several higher-order eutectic
mixtures that have existing empirical data, showing reasonable agreement. While additional
empirical data is necessary to fully validate the model. The predicted results were in agreed
with most of the reliable experimental data sets and the MD simulated predictions with the
model’s predicted results were within or near the reported error intervals. Therefore, the
proposed model is expected to have a predictive capability comparable to most experimental
datasets.
Only an accurate knowledge of several thermodynamic properties at their melting tempera-
tures is required for the prediction using this model. These properties include heat capacity,
density, thermal expansion, and sound velocity. Most of these parameters can be obtained
from the MS database; therefore, the computational cost is relatively low. In our previous
work, the thermal conductivity of pure salts was found to have an average deviation of 10%
for over 50 MSs. In such cases, this current model may yield predictions with a similar level
of accuracy for MS mixtures.
We also found several notable trends that are relevant when considering the thermal con-
ductivity of mixtures. First, the deviations show significant deviations from the linear rule
behavior when there is a large difference between the molecular weight and thermal con-
ductivity for pure salt constituents. The magnitude of non-ideality generally decreases with
increasing molecular weight. Considering mixtures with the same cations, an increase in an-
ionic weight correlated with decreases in the deviations from the linear calculation. Likewise,
the same anion salts showed decreasing deviations from ideality with increasing molecular
weight of the cations. Moreover, compositional mappings of the predicted thermal conduc-
tivity of the ternary systems and the corresponding deviation from linear rule calculations
were performed, showing that these trends also persists in the higher-order mixtures.
Lastly, it is expected that the proposed model for predicting the thermal conductivity of MS
mixtures has the capability to predict all kinds of MS mixtures with accuracy comparable to
experimental methods. It is anticipated that the model could be extended to the reciprocal
and complex of MS mixtures, which are of high importance to energy applications. The
current model can be extended to complex MS mixtures, such as KCl-MgCl2, NaF-AlF3 which
forms a complex compound or polymer chains within the mixtures. Therefore, is introduced
a new parameter named "complex rate" to describe the mass fluctuation associated with
the complexity structures. Follow on work will be considered to validate this. This current
work further demonstrates the capability of a theoretical model and database for simple MS
mixture thermal conductivity, in support of advanced energy applications.
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Abstract: Molten salts are among the most promising materials for advanced energy sys-
tems in the renewable energy and nuclear fields, with thermal conductivity being a critical
property that directly impacts the efficiency of heat transfer processes. However, reliable
experimental data on the thermal conductivity for molten salt mixtures is scarce, requiring
the use of atomistic simulations and robust theoretical frameworks to fill this gap. This
study extends a previously developed kinetic theory-based model for common-anion molten
salt mixtures to reciprocal molten salt mixtures (i.e., LiF-KCl). To account for the effects
of first-nearest neighbor short-range ordering between cations and anions, pair fractions in
the Modified Quasi-chemical Model in the Quadruplet Approximation was employed. The
current model fills an important gap in the modeling of thermal conductivity for recipro-
cal molten salt mixtures, since no existing model has accurately characterized their thermal
conductivity. Predicted results were compared with various equilibrium molecular dynamics
simulations performed in this work for solutions involving Li+, Na+, K+ / F−, Cl−, and with
existing experimental measurements. The model also predicted the thermal conductivity of
reciprocal molten salt mixtures proposed in the literature as potential phase change materi-
als. The current model demonstrated excellent predictive capability and accuracy of thermal
conductivity for both monoatomic and polyatomic anion reciprocal molten salt mixtures,
with an estimated error margin up to 20%. This advancement will significantly contribute
to improving the statement of knowledge of reciprocal molten salt thermal conductivity and
provide valuable tools for evaluating the thermal conductivity of molten salt mixtures in
engineering applications.
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6.1 Introduction

The goal of achieving carbon neutrality was established before 2050 for most countries by
the Paris Agreement [25]. Renewable energy and nuclear energy are two primary sources
to decarbonizing the electric power sector. Molten salt reactor is one of the Generation IV
advanced nuclear reactor, in which molten salt serves as the primary nuclear coolant and/or
fuel materials. However, more recently, the wind, photovoltaic and molten salt power tower
multisource renewable energy cogeneration systems have become very popular to combat
CO2 emissions. Molten salts have been extensively used in metal production for over a cen-
tury. For example, the Hall-Héroult process for aluminum production utilizes molten cryolite
(Na3AlF6) as an electrolyte [292]. Similarly, metals such as titanium (Ti), zirconium (Zr),
and magnesium (Mg) are produced using eutectic mixtures of NaCl-KCl as the electrolyte
in their respective electrolysis processes [2]. Despite the wide applications of molten salts in
industry, some of the properties still remains not well understood, in particular the thermal
conductivity.
The thermal conductivity of molten salts plays a critical role in the efficiency of heat transfer
in fluid mechanics. For instance, the Prandtl number, defined as Pr = µCp/λ quantifies
the efficiency of heat transfer within a fluid, while the Nussel number (Nu = hD/λ) offers
key insight into the relative performance of convective versus conductive heat transfer. High
thermal conductivity ensures uniform temperature distribution, preventing hot spots and
overheating. As a results, the system could remain safe and efficient. Over the past several
decades, the thermal conductivity of molten salts has been studied through experimental
techniques, numerical simulations, and modeling. Measuring thermal conductivity through
experiments is difficult and costly. Major challenges arise in accurately estimating heat
losses through convection, conduction, and radiation at high temperatures. Errors caused by
chemical reactions further contribute to the uncertainties [40,60,61]. Therefore, experimental
datasets often appear scattered, inconsistent, and in disagreement regarding temperature
dependence. For instance, the eutectic molten fluoride salt mixture - FLiNaK ((LiF)0.465-
(NaF)0.115-(KF)0.42), which is of important interest for nuclear reactors, the discrepancy in
experimental datasets is as high as 500% at around 900 [K] from individual studies [76].
Moreover, extensive experimental measurements have been carried out to to determine the
thermal conductivity of pure molten salts. However, molten salt mixtures are more of interest
in practical engineering due to the enhanced properties. Experimental datasets for molten
salt mixtures are unfortunately quite limited, particularly for reciprocal molten salt mixtures
that contain more than one cation and more than one anion. For instance, molten LiF-KCl
solutions involve two cations Li+ and K+, and two anions, F− and Cl−.
Molecular dynamics (MD) simulations offer a cost-effective way to estimate the thermal
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conductivity of pure and mixed molten salts. This technique also eliminates hazards linked
to high-temperature measurements. However, several challenges persist, including the need
for the accurate interatomic potentials and the significant computational resources required
for high-order salt mixtures. Additionally, simulations can only be performed for one specific
composition at a specific temperature in each run, making it time-consuming and really
challenging to explore variations in composition and temperature, which are common in
simulations of practical engineering processes. Despite these challenges, MD simulations can
help to understand of the mixing behavior and assist in validating developing models, which
is the case in the present work.
Several studies have reviewed different categories of available models to predict thermal con-
ductivity [39,60,94,194]. Most of these models provide relatively accurate predictions of ther-
mal conductivity for unary molten salt. To date, the most commonly employed to estimate
the thermal conductivity of molten salt mixtures is the ideal mixing rule, λid = ∑N

i=1 Xiλi,
which provided relatively good results for some salts, such as nitrate salt mixtures [39]. This
model is convenient to use, only the mole fraction (Xi) and the thermal conductivity of pure
molten salt (λi) are required of each component (i), but the reliability should be verified due
to the limited availability of thermal conductivity datasets for molten salt mixtures in the
literature. Additionally, it is not based on thermodynamic theory [44]. Smirnov et al. [56]
proposed a model that the thermal conductivity of molten salt mixtures of common anion is
inversely proportional to their molar volume. However, the experimental measurements from
the study are not recommended, as they exhibited a strong positive temperature dependence
on thermal conductivity, likely resulting from the improper design of the apparatus of heat
losses through convection, conduction and radiation [40]. Zhao et al. [194] presented a model
based on theoretical unit cell for binary mixtures, the predicted results have been compared
to some experimental datasets which were not recommended, making it challenging to verify
the reliability. Gheribi and Chartrand [152] developed a theoretical model based on ear-
lier work on classical kinetic theory. The model was validated by Equilibrium MD (EMD)
simulations, which showed good agreement for ternary salt LiF-NaF-KF and LiCl-NaCl-KCl
common-anion mixtures. However, a "universal" constant was assumed to be effective for all
ionic mixtures, which restricted the model’s wide application in different molten salt mix-
tures. This is especially true for molten salt mixture with large differences in the molar mass
of ions and common-ion complex salt mixtures, such as LiF-CsF and LiF-BeF2 respectively.
Most of these models are tailored to a specific salt family and their mixtures. These models
showed to be able to predict some of the salt mixtures with common-anion mixtures, but their
reliability stills need to be questioned for applying to other salt mixtures. To the best of our
knowledge, no existing model can accurately predict the thermal conductivity across a wide
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range of molten salt mixtures. Indeed, there is currently no model of thermal conductivity
available for reciprocal molten salt mixtures.
To better illustrate reciprocal system and reciprocal solutions, Figure 6.1 presents the com-
position of the LiF-LiCl-KF-KCl reciprocal mixture, typically plotted on a square. The pure
salts are found at the four corners of the neutral plane of the four elements (Li-K-F-Cl).
The four sides represent compositions in binary common-cation (LiF-LiCl, KF-KCl) and
common-anion (LiF-KF, LiCl-KCl) mixtures. Within the square, four ions (Li+, K+, F−

and Cl−) all are involved as reciprocal solutions. There is an infinite number of combina-
tions of three or four of the four pure salts that can reproduce a given composition inside
the reciprocal square (except on the sides where there is only one combination that defines
the composition, this renders the previously mentioned ideal mixing rule questionable). To
predict the thermal conductivity of a specific reciprocal mixture, the cationic fractions (XC)
and anionic fractions (XA) should be defined, where C and A denote the cation and anion,
respectively. By accounting the ionic charges, the equivalent site fractions (YC and YA) can
be also determined, as be discussed in the next section. Therefore, the pair fractions (XC/A)
that involve the interactions of the first-nearest-neighbor (FNN) in the solution of Li+, K+,
F− and Cl−, are defined as the ratio of the number of moles of (Li+/F−, Li+/Cl− and K+/F−,
K+/Cl−) pairs to the total number of moles [293].
Let us consider an example of two monovalent reciprocal mixtures with the following nomi-
nal mole fractions: (LiF)0.4-(KF)0.1-(KCl)0.5 and (LiCl)0.4-(KF)0.5-(KCl)0.1. Using the ideal
mixing rule model, thermal conductivity values of these two mixtures at 1300 [K] are cal-
culated to be 0.727 [W.m−1K−1] and 0.538 [W.m−1K−1], respectively, with a deviation of
35.13%. However, both mixtures have the same ionic fractions at point R in Figure 6.1,
specifically YLi+ = 0.4, YK+ = 0.6, and YF − = 0.5, YCl− = 0.5, the exchange reaction
LiClliq + KFliq ⇌ LiFliq + KClliq associated to ∆g0,EX

Li,K/F,Cl should proceed to equilibrium
at constant nLi+ , nK+ , nF − and nCl− , temperature and pressure, providing a unique internal
FNN pair fractions composition from the multitudes of input combinations of the four salts
that give the same sets of nLi+ , nK+ , nF − and nCl− . Consequently, their thermal conductiv-
ity should be only one value at this composition. This discrepancy highlights a fundamental
issue with using nominal mole fractions for reciprocal molten salt mixtures (within the com-
position square) when applying the ideal mixing rule. Multiple combinations of nominal mole
fractions can lead to identical ionic fractions, yet yield different thermal conductivity values.
A same problem arises when directly applying nominal mole fractions to our previous ther-
mal conductivity model for common-anion molten salt mixtures into reciprocal salt mixtures.
Within the composition square, a specific point can represent an infinite number of nominal
mole fraction combinations, resulting in an infinite number of predicted thermal conductiv-
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ity values. In contrast, at the sides of the composition square, only a single composition is
uniquely defined. This indicates that nominal mole fractions are well-suited for describing
common-ion mixtures only, but not for reciprocal molten salt mixtures. For instance, at
point O, the nominal composition of the common-anion mixture is (LiF)0.4-(KF)0.6, with
ionic fractions YLi+ = 0.4, YK+ = 0.6, and YF − = 1. Using Equation 6.4, the pair fractions
are calculated as XLi+/F − = YLi+*YF − = 0.4, and XK+/F − = 0.6. These pair fractions are
identical to the nominal mole fractions of the common-anion salt mixture.
The aim of this study is to address the existing gap by extending our previous work on
thermal conductivity model for common-anion molten salt mixtures to reciprocal molten salt
solutions. In this extension, the use of nominal mole fractions for each component in recipro-
cal molten salt mixtures is no longer feasible. Instead, pair fractions, which account for the
interactions between first nearest neighbors (FNN) of different cations and anions, are consid-
ered. The first approach, the Temkin model, assumes random mixing of cations and anions
within their respective sublattices, providing one set of FNN pair fraction from a unique
set of equivalent ionic fraction. However, results from the EMD simulations in this work
reveal deviations from random mixing, highlighting the effects of FNN short-range ordering
interactions. The second approach is the Modified Quasi-chemical Model in the Quadru-
plet Approximation (MQMQA) [41], in which the Gibbs energy minimization is performed
with the EQUILIB Module of FactSageTM [294], finds the set of FNN pair fractions from a
unique set of equilibrium ionic fractions at a fixed temperature. It evaluates combined FNN
and second nearest neighbor (SNN) short-range orders. In the ideal case where ∆gEX = 0,
the MQMQA approach reduces to the Temkin model when all common-ion interactions are
ideal. Furthermore, in common-anion mixtures, the pair fractions predicted by the MQMQA
approach are identical to the nominal mole fractions. Additionally, the MQMQA approach
has been extensively used to derive model parameters for the thermodynamics and phase
diagrams of various molten salt systems, including both common-ion and reciprocal molten
salts [168,170,177,178]. A detailed discussion of the pair fractions in the Temkin model and
the MQMQA approach is presented in the next section.
The MQMQA model was specifically developed to estimate pair fractions, with numerous
parameters obtained and many molten salt mixtures optimized. Building on these advance-
ments, we aim to modify the previous model for common-anion molten salt mixtures to
account for reciprocal effects. Most parameters in the model will be adjusted to incorporate
compositional variations affecting by the FNN pair fractions. Additionally, as part of this
work and in the context of extending the FTsalt Database of FactSageTM from version 8.3 to
8.4, which already included different excess volume parameters, we have introduced several
new parameters, such as thermal expansion and bulk modulus of pure salts, to enable the
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Figure 6.1 Neutral plane representation of Li, K, F, and Cl, along with the composition
square for the Li+, K+ / F−, Cl− reciprocal solution. Point R illustrates an example of a
reciprocal composition defined by the cationic and anionic fractions. Point O represents a
common-anion mixture of (LiF)0.4-(KF)0.6.

precise calculations of sound velocity for both pure molten salts and molten salt mixtures.

6.2 From nominal fractions to FNN pair fractions in the Temkin model and
MQMQA approach

It is important to clearly define the various types of fractions mentioned in this paper. In
our previous work on common-anion mixtures [295], there is no constraint on the nominal
mole fractions applied in the model, since only one single combination uniquely defines a
composition (representing the sides of the compositional square). However, in the case of
reciprocal molten salt solutions (Li+, K+ / F−, Cl−), where two or more different cations (Li+,
K+) and two and more anions (F−, Cl−) are forming in the melt (inside the compositional
square), understanding the concept of FNN pair fractions becomes essential. Let’s again see
the example mentioned above (LiF)0.4-(KF)0.1-(KCl)0.5.

• Nominal fraction (Xi [mol/mol]): This refers to the initial mole fraction of each compo-
nent in the melt, representing the starting proportions of each ionic species before any
interactions are considered, like input moles in an experiment. In the example mixture
above, XLiF = 0.4, XKF = 0.1, and XKCl = 0.5.

• Cationic and anionic site (or mole) fractions (XC and XA): In the Temkin and quasi-
chemical models, it is assumed that cations and anions reside on the cation sublattice
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and the anion sublattice, respectively. The cationic and anionic site fractions are defined
[296]:

XC1 = nC1

nC1 + nC2

= 1 −XC2 ,

XA1 = nA1

nA1 + nA2

= 1 −XA2 , (6.1)

where ni is the number of moles of ion i in the solution. In the example, we have XLi+

= 0.4/(0.4 + 0.5 + 0.1) = 0.4, XK+ = 0.6, XF − = (0.4 + 0.1)/(0.4 + 0.1 + 0.5) = 0.5,
and XCl− = 0.5.

• Equivalent site fractions (YC and YA): These fractions account for ionic charges (|qi|) to
ensure an equal number of equivalents on each sublattice. For instance, in pure CaCl2,
qCa2+ = 2qCl− The equivalent cationic and anionic fractions are given [215]:

YC1 = qC1 ∗ nC1

qC1 ∗ nC1 + qC2 ∗ nC2

= 1 − YC2 , (6.2)

YA1 = qA1 ∗ nA1

qA1 ∗ nA1 + qA2 ∗ nA2

= 1 − YA2 , (6.3)

this is a monovalent reciprocal mixture, we have |qi| = 1 for all ions. Therefore, YLi+

= 0.4, YK+ = 0.6, YF − = 0.5, and YCl− = 0.5.

• Pair fractions of FNN in the Temkin model (XT emkin
C/A ): The Temkin model assumed

random mixing of cations on cationic sites and anions on anionic sites. Therefore, the
FNN pair fractions can be estimated based on the random mixing between cations and
anions. The following equation gives the probability of the FNN pair in the Temkin
model,

XC/A = YC ∗ YA (6.4)

Consequently, the pair fractions for each component in the Temkin model are given as:
XT emkin

LiF = YLi+ ∗ YF − = 0.4*0.5 = 0.2, XT emkin
LiCl = YLi+ ∗ YCl− = 0.2, and XT emkin

KF =
YK+ ∗ YF − = 0.6*0.5 = 0.3, XT emkin

KCl = YK+ ∗ YCl− = 0.3, these values are independent
of temperature in Temkin model.

• Pair fractions in the MQMQA approach (XMQMQA
C/A ) [41]: The MQMQA uses an internal

composition of quadruplets, formed by two cations and two anions, to reproduce the
Gibbs energy of a multi-component solution. Each quadruplet has a Gibbs energy
function, the equilibrium quadruplet composition is obtained by minimizing the Gibbs
energy at constant temperature and pressure, and moles of ions. From the equilibrium
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quadruplet fractions, FNN pair fractions can be computed. The expression for the pair
fraction in the MQMQA (XMQMQA

C/A ) is shown:

XMQMQA
C/A = XQuad

(C1)2/(A1)2
+ 1

2X
Quad
C1C2/(A1)2

+ 1
2X

Quad
(C1)2/A1A2

+ 1
4X

Quad
C1C2/A1A2

+ ... (6.5)

where XQuad
C1C2/A1A2

are the quadruplet fractions.

For a detailed explanation of "quadruplets", please refer to the works of Pelton et
al. [41, 215,296].

Table 6.1 Calculated equilibrium pair fractions in the MQMQA approach for the nominal
fraction of (LiF)0.4-(KF)0.1-(KCl)0.5 molten salt mixture as a function of temperature, starting
from the liquidus temperature (around 950 [K]), compared to the pair fractions in the Temkin
model.

XMQMQA
C/A \T [K] 950 1150 1350 1550 XT emkin

C/A (all T)
XMQMQA

LiF 0.2896 0.2742 0.2633 0.2554 0.2
XMQMQA

LiCl 0.1157 0.1312 0.1420 0.1499 0.2
XMQMQA

KF 0.2104 0.2258 0.2367 0.2446 0.3
XMQMQA

KCl 0.3843 0.3688 0.3580 0.3501 0.3

The pair fractions in the MQMQA approach and the Temkin model (temperature indepen-
dent), for (LiF)0.4-(KF)0.1-(KCl)0.5, are presented in Table 6.1 as a function of temperature.
The significant deviation is primarily attributed to the interaction caused by the short-range
ordering in the FNN. Furthermore, as the temperature increases, the solution becomes more
disordered and are more likely to reside in their respective sites in a random manner, ap-
proaching the ideal case of random mixing described by the Temkin model. Please note that
if the nominal composition is (LiCl)0.4-(KF)0.5-(KCl)0.1 (as presented in the previous section),
the ionic fraction of Li+, K+, F−, and Cl− in the melt will be the same with those of the
example composition in the table, resulting in identical pair fractions in the MQMQA.

6.3 Equilibrium molecular dynamics simulations for Li+, Na+, K+ / F−, Cl−

The methodology for determining thermal conductivity using equilibrium molecular dynamics
(EMD) has been extensively described in previous works, along with the force field formalism
used to model inter-ionic interactions. These details will not be repeated here, please refer
to [124, 144, 238, 278, 295] for further information. In brief, we first carried out two series of
simulations in the NPT ensemble at the target temperature of 1300 [K] to generate thermally
equilibrated configurations, with the simulation time of 2 ns. Then, a new series of EMD
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simulations was performed in the NVT based on the thermally equilibrated configurations
obtained in the NPT simulations, with simulation time of 10 ns. In both NPT and NVT
simulations, the temperature was controlled by a Nosé-Hoover thermostat, and the pressure
in the NPT simulations was controlled using an extension of the Martyna barostat [297]. The
relaxation times for both the thermostat and barostat were set to 0.5 ps. All simulations
were performed using periodic boundary conditions and the minimum image convention.
The determination of thermal conductivity is based on the GK approach, where the Onsager
phenomenological coefficients are calculated via EMD (Lnm), and the thermal conductivity is
obtained through the autocorrelation function in thermodynamic equilibrium, defined as [98]:

Lmn(τ) = 1
3kBV

∫ τ

0
⟨Jm(t) · Jn(0)⟩ dt (6.6)

where n, and m are indices that can that the values e and/or zi, corresponding to the energy
current and the mass current of ion i, respectively.
The standard error associated with the thermal conductivity was calculated using a block
averaging method. For a detailed explanation, refer to [298]. The number of blocks, 20, was
chosen in our studies to be proportional to the total simulation time and was determined
following a convergence test.
The thermal conductivity is calculated from the simulated phase trajectory using the Green-
Kubo formalism [299], which enables the interpretation of thermal conductivity based on
energy and charge fluctuations from EMD simulations. The total NVT run was divided into
20 blocks of 0.5 ns, and the transport coefficients were computed independently for each
block. In order to ensure convergence of thermal conductivity, a correlation time (τ) of 5 ps
was chosen. The thermal conductivity of a thermally equilibrated system is determined by
averaging the values of all the blocks, which can be written as follows:

λ(nioni
, T ) = lim

τ→∞
⟨λ (τ, T, nioni

)⟩all blocks (6.7)

To simulate the phase trajectory, the Polarizable Ion Model (PIM) force field was employed,
with parameters for the Li+, Na+, K+ / F−, Cl− systems determined ab initio molecular
dynamics, based on reproducing forces and dipoles obtained through DFT calculations. No-
tably, the PIM force field has demonstrated high accuracy in simulating both salt families,
and numerous studies have utilized it to derive thermal conductivity values with remarkable
precision [122, 133, 144, 152]. Three reciprocal mixtures have been simulated using the PIM
EMD for the fluoride and chloride families. The simulated mixtures include (Li+, Na+) /
(F−, Cl−); (Li+, K+) / (F−, Cl−); and (Na+, K+) / (F−, Cl−). To generate the phase tra-
jectory required for extracting thermal conductivity using the Green-Kubo (GK) method at
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1300 [K], well above the melting point of the pure molten salt. The simulations were per-
formed with compositions varying in increments of 0.25 mole fraction for both cations and
anions. This approach ensures comprehensive coverage of the entire compositional range of
the reciprocal mixtures. In each simulation, a total of 864 ions (432 cations and 432 anions)
were included, with the equilibrium volume determined by a prior simulation in the isobaric-
isothermal statistical ensemble (NPT) at the corresponding temperatures and a pressure of
105 Pa. Two sets of NPT simulations were initially performed at the designed simulating
temperature. These simulations generated thermally equilibrated configurations. Following
this, a new series of EMD simulations were conducted in the canonical statistical ensemble
(NVT) to determine the thermal conductivity of the mixtures, using the configurations ob-
tained from the previous NPT simulations. The volume in the NVT simulations remained
fixed.

6.4 Model of thermal conductivity for common-anion and common-cation molten
salt mixtures with pair fractions (XC/A)

In our previous work [295], we proposed a thermal conductivity model for simple common-
anion molten salt mixtures. The model showed a reduced thermal conductivity, which is
attributed to the specific characteristics of the ions, such as the atomic masses, ionic sizes,
and neighbor coupling forces between host and solute atoms. A mass fluctuation term (Γ) is
included to account for the disorder effect within the short-range quasi-crystalline lattice of
the liquid salt solutions. The formulation is given as follows [295]:

λ(Xi, T ) ≃ λk(Xi, T )

1 −
N∑

i=1

(
λ0

i (T )
λid(T )

)
Xi

(
1 − Mi

M(Xi)

)2

︸ ︷︷ ︸
Mass fluctuation (Γ)

 (6.8)

where Xi, N , λ0
i , λid, Mi and M represent the vector of nominal mole fractions, total number

of components, thermal conductivity of the i component of pure molten salt, ideal thermal
conductivity (based on the ideal mixing rule), molar mass of the i component, and the
molar mass of the mixture, respectively. The thermal conductivity of molten salt mixture
as a function of temperature dependence without considering the mass fluctuation term is
expressed:
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λk(Xi, T ) = K(Xi) kB n
2/3
d liq(Xi,Tm,i) ⟨cs⟩liq(Xi,Tm,i)[

1 − α(Xi,Tm,i)
(
γ(Xi,Tm,i) + 1

3

)
(T − Tm,i)

]
,

(6.9)

where kB, nd liq = (naNA)/V (Tm,i, Xi), na, NA, cs, α, and γ are the Boltzmann constant,
number density of atoms, number of atoms, Avogadro number, speed of sound, thermal
expansivity and the Grüneisen parameter at the melting point (Tm,i). K is an introduced
material constant to characterize the complexity of the chemical nature (local structure) of
unary molten salts, as established in our previous study [264]. It is defined as:

K = 1 + n+
s

n−
s

, (6.10)

n+
s and n−

s the number of species involved in cationic and anionic ions, respectively. For
example, in the case of LiF, K = 1 + 1/1 = 2, and for NaNO3 K = 1 + 1/4 = 1.25. For
the case of polymerizing molten salts such as BeF2, K = 1.
As a result, the model can be expressed in terms of pair fractions (denoted as XC/A), leading
to the following equation for common-anion mixtures:

λ(XC/A, T ) ≃ λk(XC/A, T )

1 −
NC∑

C=1

(
λ0

C/A(T )
λid(T )

)
XC/A

1 −
MC/A

M(XC/A)

2
 (6.11)

Similarly, for the case of common-cation mixtures, replace ∑NC
C=1 with ∑NA

A=1. It is important
to note that in our previous work [295], we validated the predicted thermal conductivity only
for common-anion molten salt mixtures.

6.5 Modeling the temperature and composition dependence of thermal conduc-
tivity of reciprocal molten salt mixtures with the MQMQA

The sound velocity has been firstly evaluated using the pure molten salt model [264] as a
function of temperature, rather than using its value at the melting point. The expression
gives:

cs =
(
βTCp

ρCv

)0.5

, (6.12)

where βT , Cp, and Cv represents the isothermal bulk modulus, the specific heat capacity at
constant pressure, and the specific heat capacity at volume constant. All these values can be
obtained using the EQUILIB Module of FactSageTM, which determines the equilibrium val-
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ues of Cp, Cv, ρ, βT for a salt component at a given temperature and pressure through Gibbs
energy minimization [294], it also calculates all equilibrium quadruplet mole fractions. From
the thermodynamic and volumetric model parameters in the FTsalt Database of FactSageTM,
numerical derivatives can be computed mathematically with at least 6 digital precisions of
these parameters based on the value of Gibbs energy. Figure C.1 (in the Appendix C) il-
lustrates the sound velocity calculated using the latest FTsalt Database [169, 177, 300] of
FactSageTM 8.4. The results show excellent agreement with the experimental measurements
reported by Prissiajnyi et al. [301] as a function of composition at 1100 [K]. The supple-
mentary materials (Appendix D1) demonstrate that we successfully reproduced the sound
velocity of pure salts, common-ion mixtures, and reciprocal mixtures, achieving accuracy
comparable to experimental measurements. Eventually, the λk can be simplified by using
these temperature-dependent parameters, a general formulation can be written as follows:

λk(XC/A, T ) = K(XC/A) kB n
2/3
d liq(XC/A, T ) ⟨cs⟩liq(XC/A, T ) (6.13)

In this general expression, the FNN pair fractions can be estimated using various methods,
including EMD simulations, experimental techniques (for example, spectroscopy), and the-
oretical models (for example, Temkin, quasi-chemical models). The thermal conductivity
values obtained from these methods differ from one another due to differences in FNN pair
fractions. Compared to Equation 6.9, Equation 6.8 no longer requires the melting tempera-
ture of the pure salts.
As previously mentioned, nominal mole fractions can not be directly applied to predict the
thermal conductivity of reciprocal salt mixtures, where more than one cation and more than
one anion are present. Since in a reciprocal salt solution, the FNN short-range ordering
interactions can be very strong between cation-anion, causing considerable deviations in
the FNN pair fractions from the random mixing (Temkin model). These interactions are
notably complex due to the significant impact of both FNN and second-nearest-neighbor
(SNN) short-range ordering [41]. Reciprocal salt solutions of fluoride and chloride mixtures
have been performed in EMD in this work, showing a clear occurrence of FNN short-range
ordering. The extent of the reactions is determined by the exchange reactions of Gibbs energy
(∆g0, EX) [177,296]:

AF +BCl = ACl +BF ∆g0, EX , (6.14)

where A, B represent different cations.
In this paper, we extend the thermal conductivity model for common-ion mixtures to recip-
rocal molten salt mixtures by incorporating the FNN short-range ordering pairs within the
MQMQA approach, in terms of temperature and compositional dependence. The current
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model can be represented using the pair fractions in the MQMQA approach (XMQMQA
C/A (T ))

defined in Equation 6.5 as follows:

λ(XMQMQA
C/A (T ), T ) ≃ λk(XMQMQA

C/A (T ), T )
1 −

NC∑
C=1

NA∑
A=1

 λ0
C/A(T )

λid(XMQMQA
C/A (T ), T )



XMQMQA
C/A (T )

1 −
MC/A

M(XMQMQA
C/A (T ))


2 ,

(6.15)

please note that the pair fractions XMQMQA
C/A are temperature dependent at a same com-

position. The kinetic theory based thermal conductivity of liquid salt mixtures without
considering the mass fluctuation in pair fraction is expressed:

λk(XMQMQA
C/A (T ), T ) = K(XMQMQA

C/A (T )) kB n
2/3
d liq(X

MQMQA
C/A (T ), T )

⟨cs⟩liq(XMQMQA
C/A (T ), T )

(6.16)

where λ0
C/A(T ) represents the thermal conductivity of each pure component, determined

using Equation 6.16. λid(XMQMQA
C/A (T ), T ) is the thermal conductivity calculated from the

pair fractions in the MQMQA approach using the ideal mixing rule with the calculated
equilibrium pair fraction vector of MQMQA. In the case of simple common-ion mixtures,
where there are no interatomic interactions, pairs fractions in the MQMQA model (XMQMQA

C1C2/A )
are identical to those of nominal fractions.

6.6 Results and discussion

Most available experimental works found in the literature are on pure molten salts and some
eutectic compositions of common-ion molten salt mixtures. These experimental datasets are
scarce and show disagreement in their temperature dependence, which is attributed to dif-
ferences in experimental techniques and measurement conditions. Various studies [39,40,60]
emphasize that datasets exhibiting a negative temperature dependence are considered reli-
able. The works reported by Nagasaka et al. [38, 58, 58, 69, 72–75, 94, 236] and Harada et
al. [59, 230] were selected as reliable references in our previous model development. In this
work, since there are few experimental measurements of thermal conductivity for reciprocal
molten salt mixtures, numerous EMD simulations have been performed to validate the de-
veloped model. Very few experimental datasets on the thermal conductivity of reciprocal
molten salt solutions are available in the literature. The same methodology used in our pre-
vious work was applied [295]. Initially, we calibrated the thermal conductivity of pure molten
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salts to match the EMD results for the pure salts of LiF, NaF, KF, LiCl, NaCl, and KCl.
Subsequently, we assessed the thermal conductivity behaviors of reciprocal liquid solutions
along with the compositions. Some common-cation mixtures were simulated meanwhile using
EMD, the model was further evaluated for some common-cation mixtures (available in the
supplementary materials - Appendix D2) in comparison with the common-cation mixtures
simulated by EMD.
The aim of this work is to model the thermal conductivity of reciprocal molten salt mixtures
in considering interatomic interactions of FNN short-range ordering between different cations
and anions within melt. The predictions of the current model showed less than 20% error
compared to EMD simulation results for the three reciprocal mixtures of fluoride and chlo-
ride, which demonstrated higher accuracy than the ideal mixing rule (λid). Moreover, the
predictions are assessed by comparing it to available experimental data in the literature for
the HITEC salt and the mixture of NaF-NaCl-KCl for solar energy application. Finally, the
current model’s predictive capability is further demonstrated by its capability to estimate the
thermal conductivity of reciprocal molten salt PCMs, which were proposed for energy storage
applications, accounting both for temperature and compositional dependence. It is expected
that the current model also validates for the molten mixtures of polyatomic salt mixtures,
such as nitrates, carbonates. Overall, the current model provides significant benefit in the
estimation for the efficient assessment of thermal conductivity. Its potential applications
include serving as a valuable reference for molten salt databases and helping to as a powerful
tool for molten salt materials evaluations across diverse compositions and temperatures in
industrial settings.

6.6.1 Model evaluation and validation using EMD results and experiential data

(Li+, Na+, K+) / (F−, Cl−) reciprocal solutions

EMD simulations for three reciprocal molten salt solutions including (Li+, Na+) / (F−, Cl−),
(Li+, K+) / (F−, Cl−), and Na+, K+) / (F−, Cl−) have been performed with an increment
of 0.25 mole fraction of cation and anion at 1300 [K]. The EMD results have the error
range of ± 15-30%. To provide a clear representation of the data’s accuracy, a 20% error
margin was applied to each EMD result for visualization purposes. The cations (Li+, Na+,
K+) and anions (F−, Cl−) will exchange in between, and forming LiF, LiCl, NaF, NaCl,
KF, and KCl with different pair fractions. The Gibbs energy of exchange, ∆gEX

C1C2/F Cl has
a strong impact on the equilibrium pair fractions. For example, in the case of LiF-KCl,
LiF + KCl ⇌ LiCl + KF , |∆gEX

C1C2/F Cl| = 57.4 [kJ/mol] at 1300 [K], LiF and KCl pairs
predominate in the melt.
a. (Li+, Na+) / (F−, Cl−) reciprocal mixture
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Figure 6.2 presents the predicted thermal conductivities for the LiF-NaCl and NaF-LiCl
mixtures as a function of composition. The red dashed line corresponds to predictions based
on end-member parameters calibrated (λcal) to the EMD results instead of our assessed val-
ues [264]. This calibration approach provides insights into the behaviors of compositional
dependence of reciprocal molten salt solutions. As shown in the sub-figures, the predictions
from the present model exhibit high accuracy, closely matching the compositional trends and
predicted values within a margin of 20%. The black solid line represents the model’s predic-
tions, which align well with reliable experimental datasets for the end members. Although
no experimental data are currently available in the literature for the reciprocal mixture (Li+,
Na+ / F−, Cl−), we are confident with reliability of the model’s predictions (black solid line)
with an accuracy of approximately 20%. At the nominal composition Xnominal = 0.5, the
predicted thermal conductivity is identical for both molten reciprocal LiF-NaCl and NaF-
LiCl mixtures, with λMQMQA

C/A = 0.5501 [W.m−1K−1], since their pair fractions are identical.
In addition, both mixtures exhibit significant deviations from ideal mixing calculations. The
LiF-NaCl mixture, in particular, exceeds the predicted thermal conductivity value by 57%.
These deviations are attributed to the large differences in molar masses and thermal conduc-
tivities between the pure salts, which contribute to the observed discrepancies.
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Figure 6.2 Predicted thermal conductivity values of reciprocal Li+, Na+ / F−, Cl− molten
salt mixtures in comparison to EMD results and to recommended experimental results at
1300 [K] reported by Khlebnikov et al. [89], Golyshev et al. [92,93], Nagasaka et al. [87,94],
Harada et al. [59]. At the nominal composition Xnominal = 0.5, both reciprocal mixtures have
an identical thermal conductivity of λMQMQA

LiNa/F Cl = 0.5501 [W.m−1K−1].

Table 6.2 presents the comparison between the ionic fractions, the pair fractions calculated
by the Temkin model, and those calculated using the MQMQA approach. The results reveal
notable differences between random mixing and the pair fractions in the FNN short-range
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ordering of MQMQA approach. These deviations arise from the contribution of interatomic
exchange of the Gibbs energy (∆gEX). The magnitude of |∆gEX |, determines the extent of
deviation from the random mixing (Temkin model). For instance, at a nominal composition
of (LiF)0.5 – (NaCl)0.5, the random mixing assumption predicts equal contributions of 0.25
[mol/mol] for each pure component. However, with |∆gEX

LiNa/F Cl| = 35.4 [kJ/mol] at 1300
[K] (Calculated by FactSageT M), LiF and NaCl dominate in the melt, XMQMQA

LiF = 0.2889
and XMQMQA

NaCl = 0.2889. It is observed that the fractional difference (y) remains consistent
across the components, reflecting an increase of probability of FNN cation-anion pairs from
random mixing (Temkin model XT emkin

C/A = YC ∗ YA) to non-random mixing (MQMQA). For
instance, as demonstrated in the example above, the relationships are XLiF = YLi+*YF − +
y, XNaCl = YNa+*YCl− + y, XNaF = YNa+*YF − - y, and XLiCl = YLi+*YCl− - y [296, 302],
where the largest difference between two approaches is shown by |y| = 0.0389. Thus, the
MQMQA approach offers a more accurate representation of molten salt behavior compared
to the random mixing assumption by considering the effects of FNN and SNN short-range
ordering interactions and |∆gEX

LiNa/F Cl|.

Table 6.2 Comparison of different ionic fractions of Li+, Na+ / F−, Cl− with their corre-
sponding random mixing fractions and pair fractions estimated by the MQMQA approach
at 1300 [K].

Cationic and anionic fractions Fractions LiF NaF LiCl NaCl

0.75 Li+, 0.25 Na+ / 0.75 F−, 0.25 Cl−
Random mixing (Temkin) 0.5625 0.1875 0.1875 0.0625

FNN per MQMQA 0.5836 0.1664 0.1664 0.0836
Difference (|y|) 0.0211 0.0211 0.0211 0.0211

0.75 Li+, 0.25 Na+ / 0.25 F−, 0.75 Cl−
Random mixing (Temkin) 0.1875 0.5625 0.0625 0.1875

FNN per MQMQA 0.2099 0.5401 0.0401 0.2099
Difference (|y|) 0.0224 0.0224 0.0224 0.0224

0.5 Li+, 0.5 Na+ / 0.5 F−, 0.5 Cl−
Random mixing (Temkin) 0.25 0.25 0.25 0.25

FNN per MQMQA 0.2889 0.2111 0.2111 0.2889
Difference (|y|) 0.0389 0.0389 0.0389 0.0389

0.25 Li+, 0.75 Na+ / 0.75 F−, 0.25 Cl−
Random mixing (Temkin) 0.1875 0.0625 0.5625 0.1875

FNN per MQMQA 0.2086 0.0414 0.5414 0.2086
Difference (|y|) 0.0211 0.0211 0.0211 0.0211

0.25 Li+, 0.75 Na+ / 0.25 F−, 0.75 Cl−
Random mixing (Temkin) 0.0625 0.1875 0.1875 0.5625

FNN per MQMQA 0.0874 0.1626 0.1626 0.5874
Difference (y) 0.0249 0.0249 0.0249 0.0249

b. (Li+, K+) / (F−, Cl−) reciprocal mixture
Figure 6.3 compares the EMD simulation results with the calibrated predictions (red dashed
line) for the reciprocal mixtures LiF-KCl and KF-LiCl, alongside the predictions of the
present model (black solid line). The predictions from the current model align well with
the EMD results, both in terms of compositional trends and thermal conductivity values,
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with deviations within a 20% error margin. At Xnominal = 0.5, both mixtures have a same
thermal conductivity value of 0.3757 [W.m−1K−1]. In the reciprocal mixture of LiF-KCl,
the estimated thermal conductivity value based on the ideal mixing rule is approximately
0.8 [W.m−1K−1], which shows a significant large deviation at Xnominal = 0.5, exceeding
110%. This discrepancy arises from the substantial differences in molar masses and thermal
conductivities of the end members (LiF and KCl), as well as the very important Gibbs energy
of exchange within the solution. For both the LiF-KCl and KF-LiCl mixtures, the model
predictions are slightly smaller than the EMD results. This dependency can be explained by
two factors: 1. The EMD simulations employed the PIM method, which tends to overestimate
thermal conductivity for LiF by about 38% compared to the recommended experimental data,
as the non-polarizable nature of LiF. The small Li+/F− pair fractions in the melt may slightly
increase the EMD results of the reciprocal melts. 2. The exchange of different cations and
anions in the solution forms new salts, which likely helps stabilize the overall solution by
reducing the mass fluctuations. For example, two new salts, LiCl and KF, are formed in the
solution within the LiF-KCl melt. The overestimated LiF contributions in the EMD results
may have influenced these outcomes, as a similar issue was observed in the reciprocal mixture
of (Li+, Na+ / F−, Cl−). These two observations, however, require validation through further
investigations with additional reciprocal mixtures.
Table 6.3 presents a comparison between the ionic fractions of the mixture and the pair
fractions calculated using the MQMQA approach at 1300 [K]. Since the ionic fractions are
identical to those in Table 6.3, the random mixing fractions remain unchanged and are not
repeated here. However, a comparison between the two tables reveals that for the nominal
composition of (LiF)0.5 - (NaCl)0.5, and (LiF)0.5 - (KCl)0.5, the pair fractions of Li+, K+/
F−, Cl− is larger than that of Li+, Na+ / F−, Cl−, which can be attributed to the greater
magnitude of |∆gEX|.

Table 6.3 Comparison of different ionic fractions of Li+, K+ / F−, Cl− with their correspond-
ing random mixing fractions and pair fractions estimated by the MQMQA approach at 1300
[K].

Cationic and anionic fractions Fractions LiF KF LiCl KCl
0.75 Li+, 0.25 K+/0.75 F−, 0.25 Cl− FNN per MQMQA 0.5868 0.1536 0.1536 0.1060
0.75 Li+, 0.25 K+/0.25 F−, 0.75 Cl− FNN per MQMQA 0.2232 0.5208 0.0329 0.2232

0.5 Li+, 0.5 K+ / 0.5 F−, 0.5 Cl−
Random mixing (Temkin) 0.25 0.25 0.25 0.25

FNN per MQMQA 0.3140 0.1860 0.1860 0.3140
Difference (|y|) 0.064 0.064 0.064 0.064

0.25 Li+, 0.75 K+/0.75 F−, 0.25 Cl− FNN per MQMQA 0.2245 0.0313 0.5196 0.2245
0.25 Li+, 0.75 K+/0.25 F−, 0.75 Cl− FNN per MQMQA 0.1122 0.1479 0.1479 0.5920

c. (Na+, K+) / (F−, Cl−) reciprocal mixture
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Figure 6.3 Predicted thermal conductivity values of reciprocal (Li+, K+ / F−, Cl−) molten
salt mixture in comparison to EMD results and to recommended experimental results at 1300
[K] reported by Khlebnikov et al. [89], Golyshev et al. [92, 93], Nagasaka et al. [58, 87, 94],
Harada et al. [59], Robertson et al. [80]. At the nominal composition Xnominal = 0.5, both
reciprocal mixtures have an identical thermal conductivity of λMQMQA

LiK/F Cl = 0.3757 [W.m−1K−1].

Figure 6.4 presents a comparison between the calibrated predictions (red dashed line) and
the EMD results, demonstrating good agreement for both reciprocal mixtures, NaF-KCl and
KF-NaCl. The black solid line represents the predictions from the present model at 1300
[K]. In the absence of LiF in the solutions, the predicted values are in closer alignment with
the EMD data. In the KF-NaCl mixture, the deviation is relatively small, because of the
insignificant difference in thermal conductivity between the two pure end-members and in
their molar masses. Furthermore, as shown in Table 6.4, the pair fractions in this mixture
exhibit less deviation from random mixing compared to the other two reciprocal mixtures,
indicating a smaller Gibbs energy of exchange interaction, with |∆gEX

NaK/F Cl| = 22 [kJ/mol].
Which reveals that the effect of FNN short-range ordering on thermal conductivity is less
significant in this melt.
In summary, this current model demonstrates strong predictive capability of thermal conduc-
tivity for reciprocal mixtures with high accuracy, in consistence with EMD results. However,
for mixtures containing LiF, the predicted results were somewhat underestimated compared
to the EMD results. This understatement may be due to the overestimated value of pure LiF,
which is non-polarizable. This may also be attributed to interatomic interactions between
different cations and anions, potentially reducing the effects of mass fluctuation. Overall,
predictions for the three reciprocal mixtures show less than 20% error compared to EMD
simulations. Consequently, this model shows promise for predicting thermal conductivity in
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Figure 6.4 Predicted values of reciprocal Na+, K+ / F−, Cl− mixtures in comparison to
MD results and two end member of reliable experimental results at 1300 [K] reported by
Nagasaka et al. [58, 87, 94], Golyshev et al. [92], Harada et al. [59]. At the nominal com-
position Xnominal = 0.5, both reciprocal mixtures have an identical thermal conductivity of
λMQMQA

NaK/F Cl = 0.4103 [W.m−1K−1].

Table 6.4 Comparison of different ionic fractions of Na+, K+ / F−, Cl− with their corre-
sponding random mixing fractions and pair fractions estimated by the MQMQA approach
at 1300 [K].

cationic and anionic fractions Fractions NaF KF NaCl KCl
0.75 Na+, 0.25 K+/0.75 F−, 0.25 Cl− FNN per MQMQA 0.5819 0.1681 0.1681 0.0819
0.75 Na+, 0.25 K+/0.25 F−, 0.75 Cl− FNN per MQMQA 0.2010 0.5490 0.0490 0.2010

0.5 Na+, 0.5 K+/0.5 F−, 0.5 Cl− FNN per MQMQA 0.2759 0.2241 0.2241 0.2759
0.25 Na+, 0.75 K+/0.75 F−, 0.25 Cl− FNN per MQMQA 0.1995 0.0505 0.5505 0.1995
0.25 Na+, 0.75 K+/0.25 F−, 0.75 Cl− FNN per MQMQA 0.0770 0.1730 0.1730 0.5770

other reciprocal molten salt mixtures across temperatures and compositions with an error
of less than 20%. In addition, it is also expected to be applicable to polyatomic salt mix-
tures such as nitrates and carbonates. The additional predicted compositions for these three
reciprocal mixtures align with the EMD results, which are provided in the Appendix C.

Reciprocal salt mixtures in energy applications

Two reciprocal molten salt mixtures relevant to energy applications have been identified in the
literature: HITEC salt ((NaNO3)0.07-(NaNO2)0.53-(KNO3)0.40 weight fraction, or 0.066:0.616:0.318
in mole fraction) and (NaCl)0.48-(KCl)0.36-(NaF)0.16 (mole fraction). In this subsection, we
evaluate the predictions of the current model by comparing them to experimental data from
both mixtures.
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Figure 6.5 Predicted thermal conductivity values of HITEC salt mixture ((NaNO3)0.07-
(NaNO2)0.53-(KNO3)0.40 weight fraction, corresponding to approximately 0.066:0.616:0.318
in mole fraction) in comparison to the recommanded experimental datasets reported by
Turnbull [83], Cooke [66], Odawara et al. [112], Hoshi et al. [303], Omotani et al. [71], Tufeu
et al. [47] and Le Burn et al. [304], as a function of temperature.

HITEC salt is one of the most interesting heat transfer fluids in heat recovery process since
several decades, it was also the HTF in the test concentrating solar power in Themis [305,
306]. Various experimental measurements of thermal conductivity have been performed since
half a century. In Figure 6.5, we can observe that these experimental results showed a
non-positive slope with temperature, which were considered as reliable measurements. The
HITEC salt mixtures consists of Na+, K+, NO−

3 , and NO−
2 , as both the cations and anions

are neighbouring elements, relatively heavy ions. The mass fluctuation term (Γ) is relatively
small. In the MQMQA approach, the pair fractions are 0.2442 for NaNO3, 0.2671 for KNO3,
0.3139 for NaNO2, and 0.1748 for KNO2 at 430 [K]. In comparison, the pair fractions in
Temkin model are 0.285, 0.226, 0.273, 0.216, respectively. The predictions of the current
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model are represented by the black solid line, compared to the solution based on the ideal
mixing rule. As shown in the figure, the predictions of the current model are consistent
with the ideal mixing rule. It is worth noting that the model demonstrates better accuracy,
showing excellent agreement with the experimental results reported by Odawara et al. [112],
Omotani et al. [71], and Le Brun et al. [304]. This is to be understood within the challenging
context of experimentally determining thermal conductivity at high temperatures, where
even recommended datasets can show deviations of up to 31% for the HITEC salt between
investigators for the HITEC salt. Even more so, if the measurements were conducted under
ambient conditions, NaNO2 is unstable in the presence of air (O2) at high temperatures,
leading to the formation of NaNO3 instead of maintaining the initial weight fractions, which
will could further distort the result.
The ternary NaCl-KCl-NaF eutectic salt mixtures was proposed by Wang et al. [307] for
the design of a thermo-economical candidate PCMs for next generation CSP plants with
supercritical CO2 Brayton cycle. The thermal diffusivity (αdif ) of this salt mixture was
experimentally measured using the laser flash analysis technique. The thermal conductivity
was then calculated [307] using the corresponding equation λ = ρ Cp αdif .
A comparison between experimental measurements and the current model’s predictions is
shown in Figure 6.6. The experimental data show a pronounced positive temperature de-
pendence, with values near the melting point approximately 100% higher than our model
predictions. These results may be unreliable, as DiGuilio and Teja [39] noted that datasets
indicating a positive temperature dependence in thermal conductivity are potentially inaccu-
rate. For reference, thermal conductivities for the four pure salts from the work of Nagasaka
et al. [87, 94, 100] and the ideal mixing rule solutions are also included, starting from their
respective melting temperatures. The experiments by Nagasaka and co-workers are widely
regarded as reliable by multiple studies [39,40,60]. Interestingly, all pure salts exhibit a clear
negative temperature dependence, consistent with expected behavior. The pair fractions in
the MQMQA approach of each component in this mixture are 0.1185 for NaF, 0.5215 for
NaCl, 0.0415 for KF, and 0.3185 for KCl at 1000 [K]. In comparison, the pair fractions es-
timated by Temkin model are 0.1024, 0.5376, 0.0576, 0.3024, respectively. The predicted
results exhibit negative temperature dependence. Furthermore, the values for the mixture lie
between those of the pure salts. Based on these findings, we are confident that the current
model provides reliable predictions for the ternary mixture (NaCl)0.48-(KCl)0.36-(NaF)0.16,
which are likely more accurate than the experimental results.
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Figure 6.6 Predicted thermal conductivity values for the ternary salt (NaCl)0.48-(KCl)0.36-
(NaF)0.16 (mole fraction) molten mixture compared with recommended experimental data
four pure salts reported by Nagasaka et al. [87, 94] as a function of temperature.

6.6.2 Thermal conductivity predictions for molten salt PCMs

Thermal energy storage system is one of the most critical systems that makes renewable
energy plants such as PV, wind, and CSP that provide stable and dispatchable power gen-
eration. Nowadays, it has become popular also integrating into conventional power plants
to improve the thermal cycle efficiency. Molten salt thermal energy storage systems using
PCMs feature a high energy density at high temperatures. However, thermal conductivity,
as the key parameter that determines the charging/discharging performance, their knowledge
is still very limited. Opolo et al. [308] and Lin et al. [309] reviewed the different molten salts
that serve as latent heat thermal energy storage medium. Unfortunately, some of thermal
conductivity values are not available, particularly for the reciprocal molten salt mixtures,
such as the thermal conductivity values of the eutectic compositions of LiNO3-NaCl, LiNO3-
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KCl, and Na2CO3-NaCl-KCl, are unavailable either experimentally or as estimates. Here, we
would like to employ the current model to predict the liquid salt as temperature and com-
position dependence. In the reciprocal mixture of LiNO3-NaCl, the solution products are
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Figure 6.7 Predicted thermal conductivity values for reciprocal LiNO3-NaCl molten mixture
as a function of composition at 1100 [K] and temperature dependence for the designed com-
position of 87:13 w.t% or 0.85:0.15 in mole fraction.

LiCl, LiNO3, NaCl, NaNO3 ( other products such as NaNO2, NaClO4, LiNO2, and LiClO4

are listed in the FTsalt Database, but their concentrations appear to be negligible, on the
order of 10−7, therefore, they were neglected in the predictions.). Figure 6.7 presents the
predicted values as a function of composition and temperature. The temperature was set to
1100 [K], slightly above the melting point of NaCl. Composition-dependent behavior closely
follows the ideal mixing rule, as the molecular weights and thermal conductivities of the four
components show no significant differences. A very slight positive deviation may arise from
minor inaccuracies in the input properties. The predicted thermal conductivity of LiNO3-
NaCl (87:13 wt.%) mixture at 496 [K] is to be approximately 0.599 [W.m−1K−1]. At this
temperature, the FNN pair fractions in the MQMQA model are 0.1072 for LiCl, 0.7429 for
LiNO3, 0.0427 for NaCl, and 0.1072 for NaNO3.
Figure 6.8 illustrates a similar reciprocal salt mixture, LiNO3-KCl, showing the predicted
values as a function of composition and temperature. The predicted values align closely with
the behavior described by the ideal mixing rule, because of the close values of the molecular
weights and thermal conductivities. These outcomes further support the statement that
molten mixtures of lithium, sodium, and potassium nitrate salts can be estimated with good
accuracy using the ideal mixing rule, as reported by DiGuilio and Teja [39]. The thermal
conductivity of LiNO3-KCl (58.1:41.9 wt.% or 0.6:0.4 in mole fraction) is approximately
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Figure 6.8 Predicted thermal conductivity values for reciprocal LiNO3-KCl molten mixture
as a function of composition at 1100 [K] and temperature dependence for the designed com-
positionof 58.1:41.9 wt.% or 0.6:0.4 in mole fraction.
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Figure 6.9 Predicted thermal conductivity values for reciprocal Na2CO3-NaCl-KCl
(41.69:33.1:25.21 wt.% or 0.303:0.436:0.261 in mole fraction) molten mixture as a function of
temperature for the designed composition compared to the ideal mixing rule estimations.
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0.564 [W·m−1K−1] at 445 [K]. The FNN pair fractions obtained from the MQMQA model
at this temperature are 0.2180, 0.3819, 0.1821, and 0.2180 for LiCl, LiNO3, KCl, and KNO3,
respectively.
The last reciprocal mixture examined consists of ternary mixtures of Na2CO3-NaCl-KCl with
a composition of 41.69:33.1:25.21 wt.% or 0.303:0.436:0.261 in mole fraction. In the MQMQA
model, the FNN pair fractions at 845 [K] are 0.4070 for NaCl, 0.3036 for Na2CO3, 0.2093
for KCl, and 0.0802 for K2CO3. The thermal conductivity values are approximately 10%
lower than those predicted by the ideal mixing rule, as shown in Figure 6.9, which primarily
results from the significant mass and thermal conductivity difference between carbonate salt
and chloride salt, as well as the FNN pair fractions. The thermal conductivity at 845 [K]
is estimated to be approximately 0.544 [W.m−1K−1]. The predictions of the current model
could be assumed comparable to reliable experimental measurements. Further experimental
work is recommended to support our predictions.

6.7 Comparisons of predictions from the present model and previous model

In our previous models [264, 295] for estimating thermal conductivity, parameters such as
thermal expansivity, bulk modulus, Grüneisen parameter, sound velocity, etc were evaluated
at the melting point rather than at the actual molten salt temperature. In this work, we
consider the actual temperature and estimate these parameters by incorporating additional
models. Which not only simplifies the application but also leads to a more accurate estimation
of thermal conductivity.
To further emphasize the predictive capability and accuracy of the current model, we will
compare the predicted thermal conductivity of randomly selected pure molten salts and
common-anion molten salt mixtures with the values obtained from previous models [264,295].
Figure 6.10 compares the thermal conductivity predictions from the current model (black
solid line) with those from the previous model for pure molten salts (red dashed line). The
comparison is made for four pure unary salts: monovalent LiF, divalent MgCl2, and lithium
carbonate, and sodium nitrate. The analysis of the experimental datasets is not repeated
here, please refer to the previous work [264]. These four sub-figures demonstrate that the
predicted accuracy is consistent with the previous model. However, the predictive capability
of the current model is enhanced, as it does not require the melting temperature, unlike the
previous model. This feature is particularly advantageous for molten salt mixtures, as their
liquidus temperature is typically lower than the melting temperature of pure salts.
The predicted thermal conductivity from the current model (black solid line) is shown in
Figure 6.11 for two commonly studied common-anion molten salt mixtures: Li2CO3-Na2CO3

(composition dependent) and FLiNaK (temperature dependent). The predictions are com-
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Figure 6.10 Predicted thermal conductivity for four pure molten salts of monovalent LiF, di-
valent MgCl2, Li2CO3, and NaNO3 using the present model, compared to previous work [264],
and experimental works reported by Smirnov et al. [56], Sreenivasan [88], Nagasaka et
al. [94, 100], Golyshev et al. [92, 93], Khlebnikove et al. [89], Bystrai et al. [96], Filatov et
al. [99], Green et al. [242], Egorov et al. [54], Shibata et al. [101], Shurygin et al. [97], Otsubo
et al. [75], Gustafsson et al. [103], Bloom et al. [55], White et al. [49], Tada et al. [230], Santini
et al. [64], Odawara et al. [112], Zhang et al. [106], JSME [102], Turnbull [83], McDonald
and Davis [50], Ohta et al. [107], McLaughlin [84], Kato et al. [63], Araki et al. [65], Zhao et
al. [109], Tufeu et al. [47], Omotani et al. [71], Kitade et al. [69], and Asahina et al. [110].

pared with those obtained from the previous model for common-anion molten salt mixtures
(red dashed line) [295]. Both mixtures show results that closely align with previous work.
However, the FLiNaK mixture exhibits a slight deviation at high temperatures (above 1200
[K]), which may be attributed to the assumption of ideal linear variation in the composi-
tion of thermal expansion and isothermal compressibility in the previous model. Indeed, the
current model appears to be more consistent with the recommended experimental data for
FLiNaK. In the Li2CO3-Na2CO3 mixture, it can be observed that the deviations are identical
to the results obtained from the previous model. This, in turn, explains that the pair frac-
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tions in the MQMQA approach used in the current model are equal to the nominal fractions
for common-ion molten salt mixtures. In other words, the current model is identical to the
previous model for common-ion molten salt mixtures. Overall, the present model has shown
enhanced predictive capability and improved accuracy.
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Figure 6.11 Predicted thermal conductivity of common-anion molten salt mixtures of FLiNaK
as a function of temperature, and Li2CO3-Na2CO3 as a function of composition at 1000 [K].
The predictions of the present model (black solid line) are compared with the previous model
(red dashed line) [295], and experimental works reported by Ewing et al. [198], Smirnov et
al. [56], An et al. [76], Khokhlov et al. [267], Roberston et al. [80], Gallagher et al. [61],
Rudenko et al. [86], Merrit et al. [200], Egorov et Revyakina [54], Zhang and Fuji [291],
Wicaksono et al. [271], Araki et al. [65], and Otsubo et al. [75]. The datasets for FLiNaK
reported by Lane et al. [270] and Janz [34] are not included in the figure.

6.8 Conclusion

In this study, we extended our previously developed kinetic-based thermal conductivity
model, initially developed for common-anion mixtures, to include reciprocal molten salt
mixtures. This extension incorporates the effects of FNN short-range ordering interactions
between cation-anion pairs, using the MQMQA approach. This adaptation is crucial because
directly applying nominal mole fractions to reciprocal salt mixtures poses a fundamental chal-
lenge: a specific (equivalent) ionic fraction can correspond to an infinite number of possible
nominal mole fractions in reciprocal salt solutions.
Thermal conductivity is one of the most difficult parameters to determine, both experimen-
tally and through EMD simulations. Only two experimental studies on reciprocal mixtures
were found in the literature, and there is currently no model available that describes the
thermal conductivity of reciprocal molten salt mixtures. Numerous EMD simulations of Li+,
Na+, K+ / F−, Cl− mixtures were conducted to validate the present model. The predicted
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results showed good agreement with EMD results, with a predictive error of up to 20%. The
predictions for HITEC salt align well with reliable experimental measurements, confirming
the model’s suitability for polyatomic reciprocal salt mixtures.
The model requires only a few thermophysical parameters, such as heat capacity, density,
and sound velocity, and exhibits strong predictive capabilities for reciprocal salt mixtures,
also including both common-anion and common-cation mixtures. This was demonstrated
through its predictions of thermal conductivities for reciprocal molten salt PCMs suggested
in the literature as a function of composition and temperature. We expect that the current
model will also be able to predict thermal conductivity in other heavy-ion and complex an-
ionic reciprocal salt mixtures. We believe that this work will make a significant contribution
to the assessment of thermal conductivity in molten salt mixtures for engineering applica-
tions, providing valuable reference data for molten salt databases. Future work will focus on
extending the model to molten salt solid solutions.
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CHAPTER 7 GENERAL DISCUSSIONS

The developed model is based on the kinetic theory of thermal conductivity for molten salts
and aims to provide reliable predictions for various industrial applications, including metal
and materials production, MSR, CSP, TES in advanced energy systems. Accurate knowledge
of the thermal conductivity of molten salt mixtures is essential for optimizing heat transfer
efficiency, ensuring operational safety, and achieving cost-effectiveness.
This model overcomes the limitations associated with determining the thermal conductivity
of molten salts through experimental techniques or numerical estimations. In particular,
it addresses challenges in industrial processes where temperature and composition changes
frequently occur, for instance in metal production and recycling, MSRs, or HTFs in CSP
systems. Furthermore, the model addresses the gaps related to the reliance on empirical
fitting constants specific to a given salt family, which often neglect interatomic interactions.
This research focused on 58 salts commonly used in industry, including halides, divalent
halides, carbonates, nitrates/nitrites, sulfates, and hydroxides, as well as their mixtures.
In this thesis, we focus on developing a theoretical model for the thermal conductivity of
molten salts, while omitting an examination of convective, and radiative heat transfer mech-
anisms. As mentioned earlier in introduction chapter, these two heat transfer mechanisms
depend on extrinsic quantities, which are defined by the external factors of the geometry of
the system, the materials of container, the temperature, and other variables, each of them
have their own degree of importance on the rate of heat transfer.
In the convective heat transfer mode, the heat transfer coefficient (h [W.m−2] ) of the system
depends on the thermal conductivity of the fluid, as seen from the Nusselt relationship
(Nu = hcvL/λ). In industrial applications, forced convection is typically presence, and the
Nusselt number is also directly defined by the Reynolds number, Prandtl number, and an
empirical constant of flow and geometry. Various convection correlations for flow in circular
pipes can be referred to Kuchibhotla et al. [310]. Let’s consider again the molten salt receiver
during the operation, where the molten salt heat exchange tube surface receives as high as
approximately 1.5 [MWth.m−2] of heat flux in certain areas from solar field, it is sensitive
to damage due to the relatively low thermal conductivity of the molten solar salt, with
our estimation around 0.443 [W.m−1K−1] at 500◦C with de developed model. The heat
transfer coefficient is given by h = −λMS(dT/dy)w/(Tw − TMS) (w denotes wall) [311], as
seen to increase the performance of molten salt receiver, either by increasing the temperature
gradient ((dT/dy)w) or increasing the thermal conductivity of the fluid (λMS), since the
maximum input heat flux is limited due to the receiver tube material and the temperature
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of decomposition of solar salt. However, increasing the temperature gradient will obviously
increasing the friction along the pipe, leading to higher pumping power consumption [311].
Let’s make a rough calculation to assess the importance of the thermal conductivity of the
HTF in influencing the molten salt receiver’s performance. In a commercial molten salt power
plant, we assumed that the velocity of the fluid in the tube is 2 [m/s] to ensure turbulent
flow, and the tube diameter of 0.0508 [m], the density, heat capacity and viscosity values
are taken from Zavoico [312]. The Dittus-Boelter equation (Nu = 0.023Re0.8Pr0.4) was
applied to determine the Nusselt number, from which we can determine the heat transfer
coefficient, is approximately h = 4724 [W.m−2K−1]. If the thermal conductivity of the molten
molten is 0.51 [W.m−1K−1] (which is the minimum requirement of new molten salt HTF
development in the US [313]) at 500◦C, heat transfer coefficient is about 5140 [W.m−2K−1].
The thermal conductivity of molten salt is expected to be as high as possible, when λMS

= 1 [W.m−1K−1], the heat transfer coefficient can reach 7700 [W.m−2K−1]. This increased
heat transfer coefficient can be potentially reducing the receiver damage. In addition, the
reported thermal conductivity of solar salt by Zavoico [312] is 0.538 [W.m−1K−1] at 500
◦C, which is approximately 21% larger than our estimation, and has a positive temperature
dependence. These deviations will prevent the receiver from achieving the nominal power
capacity and may potentially put the receiver in unsafe operation, for example overheating.
Please note that the correlation of the Nusselt number depending of the characteristics of
the heat exchanger. Here, it is just a simple demonstration of the important role of the HTF
in the heat transfer engineering application.

7.1 Thermal conductivity model for pure molten salts

The development of the model followed three sub-objectives presented earlier. The first ob-
jective was to establish an accurate model for the thermal conductivity of pure molten salts,
which would serve as a foundation for further developments in the model of molten salt
mixtures. After evaluating various modeling approaches, the lower minimum thermal con-
ductivity model in the classic kinetic theory was selected for this research. A key parameter
(K) was introduced into the model to describe the degree of complexity of chemical nature
of the salt. This parameter (dimensionless) is directly related to the ratio of the number of
atoms of the salt to the number of anionic species, it is not a fitting parameter and varies
between 1 to 2, with K = 2 for monovalent salts, and K = 1 for the polymerized salts.
To validate the model, hundreds of experimental datasets were collected and carefully an-
alyzed. The datasets from Nagasaka and co-workers [38, 58, 72, 87, 94, 100, 236] and Harada
and colleagues [59] were identified as the most suitable for the validating the developed
model. These datasets exhibited a characteristic negative temperature dependence, which
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was recognized as an indicator of reliable experimental measurements [39].
Since the experimental measurements are conducted at high temperatures, the contribution
of conduction, convection, and radiation heat transfer influence the observed thermal conduc-
tivity, often resulting in larger values. Conduction losses primarily arise from the improper
design of the apparatus, where heat escapes through its structural components. Additionally,
the fluid density decreases at high temperatures, resulting in significant heat transfer through
convection. Radiation can also contribute a major portion of heat transfer at high tempera-
tures, which is reflected in a positive temperature dependence of thermal conductivity, with
the slope influenced by the emissivity of the container walls [57,92].
These factors challenge the accurate determination of the rate of heat transfer and become
significant as the measurement temperature increases [40]. To reduce radiative heat transfer,
researchers have applied materials with low emissivity coefficient around 0.02, such as silver
or platinum, and minimized the measurement gap. Despite these precautions, some experi-
mental thermal conductivity values still exhibit a positive temperature dependence in recent
studies [76, 80,307].
In the first study, we applied the Bland-Altman method to evaluate the accuracy of the model
in comparison to experimental datasets for 25 salts reported by Nagasaka et al. and Harada
et al. These salts include monovalent and complex compounds such as fluorides, chlorides,
bromides, iodides, carbonates, and nitrates. The mean relative error of the model was 9.33%
for Nagasaka et al. and 8.04% for Harada et al. with respect to these experimental datasets,
while the experimental measurement error reported by Nagasaka averaged around 15%.
Two salts fell outside the 95% confidence interval: KI, which was 38% higher than the value
reported by Nagasaka et al., but showed only a 3.5% deviation from Harada et al.’s data.
Conversely, RbI matched the Nagasaka dataset with no deviation but exhibited about a -12%
difference from Harada’s data. These discrepancies highlighted the challenges in accurately
determining the thermal conductivity of molten salts experimentally.
In general, the model demonstrated its reliability in predicting the thermal conductivity
of monovalent molten salts, with an estimated error around ±15%. The accuracy of this
model depended on the precision of the following properties: heat capacity, density, thermal
expansivity, and sound velocity. In this study, all of these properties were obtained through
FactSageTM with the FTsalt Database version 8.4.
We extended our evaluation to include thermal conductivity predictions at melting temper-
atures and their temperature dependence by comparing them against experimental datasets
available in the literature. In some cases, predictions slightly overestimated the thermal
conductivity at the melting point, particularly for certain iodide and carbonate compounds,
such as KI and K2CO3. These discrepancies could be attributed to the input parameters
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for thermo-physical properties and/or the intrinsic uncertainties within the experimental
measurements. Importantly, the predictive accuracy of the model was within the range of
experimental uncertainties reported in the literature, thereby assuring its reliability.
Specifically, the temperature dependence of thermal conductivity for carbonate salts (Li2CO3,
Na2CO3, and K2CO3) showed minimal variation according to the reported experimental data,
which were almost independent of temperature (∂λ/∂T )P ≃ 0. However, our predictions ex-
hibited a negative temperature dependency of thermal conductivity for these salts. This
discrepancy may explained by some unpredictable errors during the experimental measure-
ments.
For molten nitrate salts, such as NaNO3 and KNO3, experimental datasets consistently
showed a negative temperature dependence, which aligned with the expected trend and our
predictions. The results established the accuracy and predictive capability of thermal con-
ductivity for pure molten salts, while additional investigations are recommended to clarify
these observed inconsistencies. Since the polyatomic salts (nitrate salts) are less stable than
monoatomic salts (for example, NaCl), nitrate salts can potentially decompose to nitrite
salts (NO2−) at higher temperature, which affects the values obtained in the temperature
dependence.
The model is expected to have similar predictive capabilities for other salt families, and has
been successfully validated across various salt families, including monovalent halides, divalent
halides, carbonates, nitrates, nitrites, sulfates, and hydroxides. The predictions are generally
reliable and comparable to the recommended experimental datasets. However, some thermal
conductivity values may be slightly under or overestimated due to a lack of accurate thermo-
physical property data. For example, BeCl2, MgBr2, MgI2, and CaI2, whose sound velocity
data is unavailable in the literature, had their sound velocity values estimated through linear
extrapolation using other salts in the same family. Therefore, improving the accuracy of
input thermo-physical properties will enhance the precision of the model’s predictions.

7.2 Extending the molten salt thermal conductivity model for pure salt to
common-ion molten salt mixtures

Secondly, we developed a model for simple common-ion molten salt mixtures based on pre-
vious work discussed in Chapter 4. In molten salt mixtures, variations in ion mass, size, and
inter-ionic coupling forces could lead to a reduction in thermal conductivity. This reduction
is largely due to mass fluctuations and the varying thermal conductivities of the pure salt
components within the mixture. Given the scarcity of experimental data for molten salt
mixtures, we performed hundreds of EMD simulations using PIM for various compositions,
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including common-anion mixtures of fluorides, chlorides, bromides, and iodides (chapter 5).
The developed model was validated against both EMD results and available experimental
datasets. The results showed good agreement with EMD simulations and a significant im-
provement over the commonly used ideal linear mixing rule, through comparative analysis
of common-anion mixtures of different salt families, including fluorides, chlorides, bromides,
iodides, nitrates, and carbonates. We found that the primary factors influencing the thermal
conductivity of salt mixtures are the molecular mass and the thermal conductivity of the
end-members. Both factors play an important role in determining the deviation from the
ideal mixing rule.
For instance, for binary fluoride mixtures such as LiF-NaF and NaF-KF, the model generally
predicted a near-linear relationship between composition and thermal conductivity, meaning
that a proportional variation in thermal conductivity with mixture compositions. However,
the LiF-KF mixture demonstrated notable deviations from this trend due to the substantial
difference in mass between lithium and potassium ions. This mass difference resulted in
a less straightforward thermal conductivity trend, reflecting how the molar mass disparity
between constituents affects ideal linear behavior. Moreover, the thermal conductivity of
their end-members also contributed to the deviation.
Interestingly, the binary chloride mixtures exhibited smaller deviations from linearity com-
pared to binary fluoride mixtures with same cationic compositions. This can be attributed
to the lower mass ratio (Mi/M), as the molar mass of chloride anion is heavier than fluorine.
This observation suggests that a heavier anionic molar mass reduces variations in thermal
conductivity along with its compositional dependence, a trend consistent with other salt
families examined in this study. Notably, the model’s predictions showed good agreement
with empirical data from Merritt et al. [200] for the LiCl-KCl mixture, further supporting
the model’s reliability for this chloride mixture. As the anionic mass increases further in the
binary mixtures of bromides (LiBr-NaBr,LiBr-KBr, NaBr-KBr, and RbBr-CsBr) and iodides
(LiI-NaI, LiI-KI, NaI-KI, and RbI-CsI), the deviation from linearity was observed to be much
smaller than in the fluorides.
The model was expected to be applicable to common-anion of polyatomic anions mixtures
such as nitrates, carbonates, and sulfates. As the anionic mass increased, with less variation
in the cationic masses and the thermal conductivity of pure NaNO3 and KNO3, the composi-
tional dependence of their mixtures exhibited a near-linear behavior. This explains why the
ideal mixing rule is feasible for estimating the thermal conductivity of NaNO3-KNO3 mix-
tures that suggested by DiGuilio [39]. However, when considering mixtures between LiNO3

and CsNO3, both the cationic masses and the thermal conductivity of the pure salts have
significant differences, the deviations can reach as much as -100%. On the other hand, ex-
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perimental datasets for carbonate mixtures were very sparse with limited data available. It
was challenging to verify the current model’s reliability for molten carbonate mixtures. The
same issue has occupied in the modeling of pure molten carbonate salts. Nevertheless, we
believe the model can still provide reasonable accuracy for carbonates as well. Additional
experimental work is recommended to validate our predictions for carbonate mixtures.
The analysis of fluoride, chloride, bromide, iodide, and nitrate salt mixtures revealed a general
trend where thermal conductivity of molten salt mixtures varied linearly with composition in
mixtures composed of components with similar molar masses. Deviations from linearity were
predominantly observed in the mixtures where there were significant disparities in molar mass
between the constituents, such as Li-K/X, Li-Rb/X, or Li-Cs/X pairs. This effect was most
pronounced in mixtures with large differences in cationic mass and thermal conductivity of
the end-members.

The study included the validation of the current model for common-cation mixtures. Over
a hundred EMD simulations were performed due to the lack of experimental datasets on
common-cation mixtures. The common-cation binary mixtures included LiF-LiCl, LiF-LiBr,
LiF-LiI, LiCl-LiBr, LiCl-LiI, NaF-NaCl, NaF-NaBr, and KF-KCl. Overall, the model’s pre-
dictions aligned well with the EMD results, as observed in the mixtures of light anions such as
LiF-LiCl, NaF-NaCl, and KF-KCl. This alignment demonstrated the model’s ability to cap-
ture the thermal conductivity behavior across various compositions, highlighting its accuracy
in predicting the common-cation and common-anion mixtures with similar ionic masses.
However, large deviations occupied in mixtures that contains heavier anions like Br− and
I−, where the EMD results displayed greater instability and dispersion. This discrepancy
likely arose from the significant mass differences among the ions, potential inaccuracies in
the force field parameters for Br− and I− ions, or insufficient relaxation time during the EMD
simulations. Thus, the thermal conductivity values for LiF-LiBr and LiF-LiI mixtures were
slightly larger compared to other common-cation mixtures. Nevertheless, it can be observed
that large deviations from ideal mixing rule occupied in both mixtures in their composi-
tional dependence. Which indicated that ion mass plays a significant role in conductivity
predictions, particularly when large mass disparities exist. This tendency was consistent with
trends observed in other studies on common-anion molten salt mixtures, which emphasized
the influence of mass fluctuations on thermal transport properties. Larger mass differences
of the anions led to more significant deviations from linearity, thereby greatly reducing in
thermal conductivity in these mixtures.
The model was validated by using the EMD results of the Polarizable Ion Model (PIM)
framework. Some limitations were observed when applied to non-polarizable salt, LiF. The
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EMD results provided higher thermal conductivity values with greater scatter compared to
the recommended experimental data. The overestimated values indicate the uncertainties
that occurs when using PIM for non-polarizable salt mixtures. Nevertheless, the model’s
predictions perfectly matched the EMD values for the NaF-NaCl, NaF-NaBr, and KF-KCl
mixtures, emphasizing the model’s robustness in common-cation molten salt mixtures of
Na+/F−, Cl− and K+/F−, Cl−. These findings confirmed that the model accurately captures
thermal conductivity behavior within the mixtures where mass differences between ions were
less important, yielding more stable and reliable predictions.
In brief, the current model demonstrated its accuracy in predicting the thermal conduc-
tivity for simple common-ion monovalent and poly-anionic molten salt mixtures, validated
by numerous experimental datasets of common-ion mixtures. The consistent agreement be-
tween the model’s predictions and EMD results further proved its reliability. Given this
feature, the model showed promising potential for predicting thermal conductivity in poly-
atomic common-ion mixtures, such as nitrates and carbonates. These insights established a
solid foundation for further exploration of complex molten salt mixtures (for example, KCl-
MgCl2) and reciprocal molten salt mixtures (for example, LiF-KCl). Thus, the model can be
expanded to a wider ranger of molten salt applications in processes simulations and practical
engineering.

7.3 Thermal conductivity model for reciprocal molten salt mixtures

The final sub-objective is to extend the model for common-ion molten salt mixtures to recip-
rocal molten salt mixtures, which contains more than one cation and more than one anion,
for example molten LiF-KCl mixture. Due to the lack of experimental data on the thermal
conductivity of reciprocal molten salt mixtures, for this study, three reciprocal mixtures were
simulated using EMD: Li+, Na+ / F−, Cl−; Li+, K+ / F−, Cl−; and Na+, K+ / F−, Cl−,
with nine different compositions covering the entire composition range (inside the reciprocal
composition square), each incrementing by 0.25 ionic mole fraction of cations and anions.
EMD offers advantages in determining the thermal conductivity of molten salts. However,
obtaining accurate values across a range of compositions requires extensive computational
effort and time, because each simulation can only simulate a specific composition at a given
temperature per run. Such a limitation restricts the utilization in industrial processes, where
temperature and compositions of molten salts changes rapidly according to system conditions.
Moreover, there is still lacking of accurate knowledge of force field on certain molten salts.
To address these challenges, modeling provides an efficient alternative solution in the variation
of temperature and composition. One of the popular approaches is using the MQMQA,
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which offers several advantages. First, since there is an infinite number of combinations of
three or four of the four pure salts that can reproduce a specific composition, the nominal
mole fraction (Xi) is no longer valid for reciprocal molten salt mixtures. Fortunately, the
MQMQA approach was developed specifically to estimate the pair fractions that consider the
interactions of the FNN and SNN short-range ordering within reciprocal melts. Second, Gibbs
energy minimization performed with the EQUILIB module of FactSageTM, which finds the set
of FNN pair fractions from a unique set of equilibrium ionic fractions at a fixed temperature
and evaluates combined FNN and SNN short-range orders. This provides a more realistic
estimation compared to the random mixing assumption of the Temkim model. Additionally,
the MQMQA approach has been widely applied to predict thermodynamic properties and
phase diagrams for many molten salt mixtures, including both common-ion and reciprocal
molten salt mixtures [169, 178]. Leveraging these strengths, we build on the pair fraction
framework in the MQMQA approach to extend our previous model for reciprocal molten salt
mixtures.
The predicted results of calibrating the thermal conductivity of end members to EMD results
aligned well with the EMD results, with a maximum error of approximately 20% for three
reciprocal molten salt mixtures, Li+, Na+ / F−, Cl−, Li+, K+ / F−, Cl−, and Na+, K+ /
F−, Cl−. The predictions were significantly more accurate compared to the commonly used
ideal mixing rule, with deviations of up to 150% for the Li+, K+ / F−, Cl− mixture near
the equimolar composition. In the Li+, Na+ / F−, Cl− and Li+, K+ / F−, Cl− mixtures,
predictions were slightly underestimated compared to the EMD results. This could be at-
tributed to two main factors: first, the PIM was used in the EMD simulations, since LiF is
not polarizable, which led to EMD result for LiF that were approximately 38% larger than
the recommended dataset reported by Nagasaka et al. [94]. The significant presence of pair
fraction of LiF in the melt (as seen in the tables in Chapter 6) contributed to slightly higher
values in the EMD results. Secondly, mass fluctuation effects may be reduced or compensated
within the melt due to interactions between different cations and anions, as other new pure
components are formed in the solution.
In contrast, for the Na+, K+ / F−, Cl− mixture, predictions were better match the EMD
results, as LiF was absent from the melt. However, further experimental work or additional
EMD simulations were recommended to confirm the impact of mass fluctuations in recip-
rocal molten salts, especially for mixtures with large differences in molar mass and thermal
conductivity. Overall, we were confident in the predictive capability of the present reciprocal
molten salt model.
In addition, we compared the nominal mole fractions of the mixture with the pair fractions
calculated by using the random mixing of Temkin model and by using the MQMQA approach
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for these reciprocal mixtures. The pair fractions of Temkin model remained the same across
all three mixtures, as the nominal molar fractions were unchanged and independent of tem-
perature. In contrast, the pair fractions in the MQMQA approach showed slight deviations
from that of Temkin model, due to the consideration of the FNN and SNN short-range orders
and the Gibbs free energy of exchange, ∆gexchange

AB/F Cl . The mixture of Li+, K+ / F−, Cl− exhib-
ited the most negative value of ∆gexchange

LiK/F Cl = −57 [kJ/mol], indicating that the reactions are
dominated by LiF and KCl, which prevail within the melt. This may also be another factor
contributing to the significant deviation of this reciprocal mixture from the ideal mixing rule.
Moreover, the pair fractions in the MQMQA approach are temperature dependent.
The model demonstrated its predictive capability for monoatomic fluoride and chloride re-
ciprocal mixtures. It was expected to be suitable for predicting the behavior of polyatomic
anion molten salt mixtures with the similar accuracy, such as nitrates, carbonates, and sul-
fates. The predicted results were also compared to a ternary reciprocal mixture of (NaCl)0.48-
(KCl)0.36-(NaF)0.16 (mole fraction), which was proposed for renewable energy applications and
experimentally measured using the Laser Flash technique, as reported by Wang et al. [307].
The reported experimental datasets showed a strong positive temperature dependence, which
may be considered as non-recommended data due to inadequate estimation of heat losses [39].
Additionally, the thermal conductivity of the mixture was approximately 100% larger than
our predictions near the melting point. Unfortunately, only one experimental dataset was
available in the literature.
To better illustrate the reliability of the current model, the recommended experimental
datasets for the four pure components (NaF, NaCl, KF, KCl) were compared. The predic-
tions for the mixtures showed a negative temperature dependence, consistent with the pure
components, and the thermal conductivities were of the same order of magnitude. Another
reciprocal salt mixture available in the literature was HITEC salt ((NaNO3)0.07-(NaNO2)0.53-
(KNO3)0.40 weight fraction), a nitrate/nitrite mixture. As demonstrated by Diguilio and
Teja [39], the ideal mixing rule accurately estimated the thermal conductivity of nitrate salt
mixtures. Therefore, the advantage of the current model could not be effectively demon-
strated for this mixture. However, predictions were closer to the most recent recommended
experimental data than ideal mixing rule. Which once more reinforce the predictive accu-
racy of the current model. In addition, a noticeable discrepancy in the thermal conductivity
reported by different investigators can be observed at high temperatures. This may be due
to the fact that most experimental works were conducted under ambient conditions, where
NaNO2 was exposed to air (O2) and can quickly convert to NaNO3 at high temperatures.
This reaction could influence the final thermal conductivity results of this reciprocal mixtures.
Furthermore, additional reciprocal molten salt phase-change materials (PCMs), for which
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the thermal conductivities in the liquid phase were still unknown or not well-defined, were
investigated. These mixtures included Na2CO3-KCl-NaCl, LiNO3-NaCl, and LiNO3-KCl.
The predictive capability of the extended model were well illustrated by predicting the ther-
mal conductivity of these reciprocal mixtures, with temperature and composition dependen-
cies. Importantly, one of the highlights is modifying the sound velocity to be temperature-
dependent rather than fixed at the melting point in the last work, the model’s applicability
was enhanced. We then used this final reciprocal model to predict the thermal conductivity
of various pure salts, including monovalent, divalent, and complex salts, and common-ion
mixtures. Comparisons with previous models showed nearly identical results, with improved
predictions for some common-ion mixtures. In other words, this final model was applica-
ble for predicting the thermal conductivity of pure salts, common-ion mixtures, reciprocal
mixtures, and complex mixtures (with their local structures precisely represented).
To conclude, we have developed a thermal conductivity model of molten salts based on
kinetic theory. The model has demonstrated its strong predictive capabilities across a wide
range of molten salts, including pure salts, simple common-ion mixtures, complex mixtures,
and reciprocal molten salt mixtures. The model accounts for interatomic structural effects,
particularly for complex and reciprocal molten salt mixtures. Importantly, the model does
not require any empirical fitting constants. The input properties require the heat capacity,
thermal expansivity, and sound velocity, which are readily available in the literature or molten
salt databases. The predicted accuracy is generally within 20%, depending on the precision
of the input parameters. We believe this model will be valuable for the design of new molten
salt materials, and provide a reliable tool for quickly estimating thermal conductivity values
in engineering applications.

7.4 Extended work on thermal conductivity modeling of complex molten salt
solutions

As a part of this project, the model has been extended to the complex molten salt solution.
This supplementary study was included in the Appendix E. My contributions to this work
are particularly significant but not majority. Therefore, it is worth to include a discussion
as a complement of this project, since it’s in the scope of this thesis. In addition, many
industrial processes generally involve complex molten salt solutions.
The same methodology was applied to extend the latter model for complex molten salt mix-
tures. In common-ion molten salt mixtures, short-range ordering is primarily dominated by
first-nearest neighbors (FNN). However, in complex molten salt solutions, the strong FNN
and second-nearest neighbors (SNN) interactions contribute to the formation of intricate co-
ordination complexes and polymer chains. This leads to a reduction in thermal conductivity,
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as the mobility of the complex ions decreases and the mean free path of the phonons shortens.
To account for this effect, a new parameter was introduced into the model to describe the
local structure within molten salt solutions: "complexion rate", which represented the mass
weighted fraction of total mass coordination complexes and polymers in relation to the mass
of the mixture. Given the lack of experimental data available in the literature, numerous
EMD simulations were performed to gain a better understanding of how local structural
behavior behaves and influences the overall thermal conductivity. The commonly used com-
plex molten salt mixtures in the industry of KCl-MgCl2 and NaF-AlF3 were simulated and
analyzed using EMD, and the results were compared with the model predictions.
In the case of the KCl-MgCl2 mixture, the molar masses and thermal conductivities of the
end-members are 74.55 and 95.21 [g/mol], and 0.36 and 0.45 [W.m−1K−1], respectively. As
previously mentioned, the differences in molar mass and thermal conductivity of the end-
members have a significant impact on the deviation of thermal conductivity from linearity.
If the relationship between two compounds of the mixture is validated, λMgCl2/MMgCl2 ≃
λKCl/MKCl, and the thermal conductivity of the melt behavior as a function of composition
would be expected to follow the ideal mixing rule if the local structure of the melt were not
considered, meaning that the melt is assumed to be fully dissociated of K+, Mg2+, and Cl−

ions. However, the EMD simulation results showed that a negative deviation from linearity
of approximately 25% near XMgCl2 = 0.5. The results revealed the presence of the complex
ions within the melt, such as MgCl−3 , MgCl2−

4 , Mg2Cl−5 , Mg2Cl2−
6 ,Mg3Cl−7 , Mg3Cl2−

8 ,Mg4Cl−9 ,
Mg4Cl2−

10 complexes ions, as well as neutral complexes like Mg5Cl10, Mg6Cl12 (which resemble
long polymer chains) [282]. The higher the MgCl2 content in the melt, the greater the
predominance of these neutral complexes. The predicted results showed an improvement
over the case of full dissociated ions, with an error of approximately 10% compared to the
EMD results.
The thermal conductivity in the compositional dependence of the NaF-AlF3 mixture be-
haves differently from that of KCl-MgCl2, primarily due to the significant differences in
end-member’s thermal conductivities and masses, which lead to larger deviations from lin-
earity. The prediction results were compared to two distinct force fields (FF1 and FF2) from
EMD simulations, as well as experimental data from Khokhlov et al. [314].
The EMD estimations, experimental measurements, and the predictions from the modified
model were in good agreement. FF1 was based on NMR experimental technique [315],
may provide more reliable predictions for local structure. However, FF2 covered the entire
composition range, exhibiting a better fit with the data. Despite this, both force fields are
in good agreement with each other up to XMgCl2 = 0.4.
The EMD simulation revealed the behavior of the local structure in the melt. Simulation
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results showed that, as the AlF3 concentration increases, complex fluoroaluminate ions (such
as AlF−

4 , AlF2−
5 , AlF3−

6 ), dimers, trimers, tetramers, and polymers become prevalent. In
terms of theoretical predictions, the models exhibited significant variability in the calculated
excess thermal conductivity, which depends on the force field applied. For instance, using the
local structures obtained by FF1, the modified model predicted a minimum excess thermal
conductivity of approximately -75% near XAlF3 = 0.3, whereas the EMD results showed
deviations from ideality reaching up to -160% around XAlF3 = 0.4. In contrast to the local
structure of FF2, the model predicted a minimum excess of about -170% near XAlF3 = 0.4,
with the EMD simulations yielding excess values closer to -100%. However, the experimental
data revealed a minimum deviation occurring at XAlF3 = 0.5, approximately -120%.
The formation of heavier complex anions contributed to this variability as anticipated by
FF2. This emphasizes the formation of higher coordination states, such as AlF6 and dimers,
rather than lower coordination species like AlF4 and AlF5 at higher AlF3 concentrations.
Consequently, the excess thermal conductivity of complex mixtures is primarily determined
by the force field’s assumptions on local structural configurations. Thus, accurate knowledge
of local structural configuration in complex mixture is crucial for the predictive reliability of
the current model.
According to the findings, the formalism employed in this research could offer robust predic-
tions for thermal transport in the common-ion complex melts, as long as their local structural
configurations are accurately represented. For example, in the NaF-AlF3 mixture, improving
the local structure could enhance the accuracy of predicting thermal transport properties.
The considerable differences in thermal conductivity across the compositional range, along
with variations in structural complexity, highlight the importance of accurate force fields and
their parameters in simulating realistic thermal transport characteristics in ionic melts.
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CHAPTER 8 CONCLUSION

This chapter presents an overview of the research conducted on the modeling of thermal
conductivity in molten salts, highlighting significant contributions made in this area. Key
advancements include the enhancement of predictive capabilities and a deeper understanding
of how local structures within the systems influence thermal conductivity. The model’s
limitations have been carefully evaluated to define its fundamental scope. Additionally,
recommendations for future research are offered enhance the model’s predictive capabilities
and accuracy, including the potential extension of the model to encompass oxide and solid
solutions. These recommendations provide a pathway to improve the reliability of the model
and its potential applications across diverse industrial and research contexts.
To begin with, it is essential to highlight the main contributions of this thesis:

• In this research project, we introduced a theoretically based thermal conductivity model
of molten salts that does not rely on any empirical fitting parameters or any knowledge
of the same salt family. This is the first available model that accurately predicts
thermal conductivity values comparable to reliable experimental measurements for both
pure molten salts and common-ion molten salt mixtures, in terms of temperature and
composition dependence.

• This model has been extended to the thermal conductivity predictions for reciprocal
and complex molten salt solutions by several considerations, particularly the sound
velocity of the pure salt has been modified to be temperature-dependent, and the pair
fractions in the MQMQA have been employed to model the FNN and SNN structure of
reciprocal salts from their thermodynamic properties. This updated model represents
the first to consider the effects of local structures in molten salt thermal conductivity
predictions in the literature. The capability of predicting the thermal conductivity of
complex molten salt solutions has been demonstrated in Appendix E, and accurate
information on the formed complex ions and polymer chains is required for the model.
Notably, this extended model can predict the thermal conductivity of pure molten salts
and common-ion molten salt mixtures with slightly improved accuracy.

The developed model has been validated against available experimental data and EMD sim-
ulations for common-ion, reciprocal and complex molten salt solutions, confirming its predic-
tive accuracy and robustness. This advancement greatly enhances the ability to predict the
thermal conductivity of molten salts and their mixtures. We believe it will yield substantial
benefits for simulations and practical engineering applications in advanced energy systems
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and industrial processes.

8.1 Summary of works

This thesis aimed to develop a thermal conductivity model for molten salts based on kinetic
theory, specifically targeting advanced energy applications. This developed model exhibits
predictive capabilities for a broad range of pure and mixed molten salts, including monova-
lent halides, divalent halides, nitrate/nitrite, carbonates, sulfates, and hydroxides, without
requiring empirical fitting parameters. The model successfully predicts thermal conductivity
as a function of temperature and composition with an error margin less than 20%, which
is comparable to the most recommended experimental studies. Furthermore, it integrates
characteristics and interatomic interactions within the melt, a first in this area of research.
Initially, a foundational model was developed for pure molten salts. This model, based on
kinetic theory, predicts thermal conductivity as a function of temperature (from the melting
point upward) while avoiding reliance on empirical fitting parameters. A key theoretical
parameter was introduced into the concept of minimum thermal conductivity, defined by
the number of cations and anions. This parameter effectively captures the structural char-
acteristics of pure salts, providing a basis for extending the model to predict the thermal
conductivity of molten salt mixtures.
The accuracy of this pure molten salt model was validated against 25 and 9 reliable exper-
imental datasets reported by Nagasaka et al. and Harada et al., respectively. The Bland-
Altman method was employed to assess the reliability of the model in predicting thermal
conductivity both at the melting point and its temperature dependence. The comparison
results showed an average deviation of approximately less than 10%. The model’s predic-
tions aligned well with the recommended experimental datasets across various salt families,
including fluorides, chlorides, bromides, iodides, nitrates/nitrites, carbonates, sulfates, and
hydroxides. This predictive accuracy is largely attributed to the input parameters of heat
capacity, density, thermal expansivity, and sound velocity.
Despite minor discrepancies with some salts, the agreement with recommended experimental
datasets demonstrates that its accuracy is comparable to that of established reliable experi-
mental techniques. Consequently, this pure molten salt model provides a strong foundation
for extending thermal conductivity predictions to molten salt mixtures, making it a valu-
able tool for predicting and optimizing thermal conductivity in diverse molten salt systems
important for high-temperature energy applications.
Building on the previous model for pure molten salts, a composition-dependent model was
developed for simple molten salt mixtures, which includes a mass fluctuation term within the
disorder scattering parameter. Molten salt mixtures demonstrate enhanced thermophysical
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properties compared to pure salts, making them highly valuable for industrial applications.
Given the limited experimental data available for molten salt mixtures, extensive EMD sim-
ulations were performed, focusing on binary mixtures with common anions and common
cations to validate the model.
The model’s predictions closely matched both reliable experimental data and EMD simu-
lation results within acceptable error margins, illustrating predictive accuracy comparable
to reliable experimental outcomes. This model represents a significant improvement over
the commonly used ideal mixing rule, with deviations from ideality being highly sensitive
to the molecular weights and thermal conductivities of the constituent salts. An important
achievement is that the model successfully predicts properties of common-cation mixtures,
for which no prior data was available.
Lastly, the interatomic interactions associated with FNN and SNN short-range ordering were
incorporated into the model for reciprocal molten salt mixtures. While EMD simulations can
accurately capture local structures within these melts, they are computationally intensive,
especially for high-order and complex molten salt mixtures. Moreover, EMD simulations
are constrained to analyzing only one specific molten salt composition at a fixed temper-
ature during each run, making it impractical to simulate an industrial process where both
parameters vary over time.
As a viable alternative, the MQMQA approach offers a realistic solution by efficiently ac-
counting for interatomic interactions. In this approach, pair fractions determined by the
MQMQA model are governed by the Gibbs energy of exchange and the FNN short-range or-
dering, which in turn governs the pair fractions of each constituent. The model was validated
through extensive EMD results across three reciprocal molten salt mixtures: Li+, Na+ / F−,
Cl−; Li+, K+ / F−, Cl−; and Na+, K+ / F−, Cl−. The model demonstrated strong alignment
with the simulation results, with prediction errors within 20%. This work notably establishes
the first theoretical model for thermal conductivity in reciprocal molten salt mixtures that
incorporates FNN short-range ordering effects, as estimated through the MQMQA approach.

Additionally, the same methodology was extended to complex molten salt mixtures where
ions and polymer chains form within the melt (i.e. LiF-BeF2, NaF-AlF3). These complex
ions further reduce transport properties, so a "complex rate" parameter describing the local
structures in the melt was introduced. The results revealed that the variations in local
structural significantly influence thermal conductivity (see the supplementary work in the
Appendix E). This is the first instance in which local structure effects have been incorporated
into the model, providing an advantage over atomistic simulation methods by enabling more
efficient predictions of temperature and compositional dependencies.
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8.2 Limitations

This thesis presents a thermal conductivity model that extends from pure molten salts to
complex and reciprocal molten salt mixtures. However, certain limitations arose through
these extensions and modifications. The key limitations are summarized below:

• Sound velocity data for pure molten salts: The model analyzed only 58 molten salts
starting from their melting temperatures. A significant limitation lies in the availability
of accurate sound velocity data for other salts. For some salts, sound velocity was
obtained through extrapolation due to a lack of reliable data, raising concerns about
its accuracy. Additionally, sound velocity in the liquid phase remains unknown for
certain salts, such as AlF3. To expand the model’s applicability, a comprehensive and
reliable database of sound velocities for a broader range of salts is essential.

• Phase transitions in salt mixtures: The model for molten mixtures (simple, complex,
and reciprocal mixtures) does not account for phase transitions. To simplify the analy-
sis, the sound velocity of pure molten salt was modified to be temperature-dependent,
based on thermal conductivity over a range from 300 [K] below to 600 [K] above its
melting point. However, liquidus transitions in salt mixtures are not considered. Con-
sequently, the predictive accuracy may be limited when a phase transition occurs at
the temperature of interest for the salt mixtures.

• Limitations in reciprocal molten salt solutions: The model is not yet feasible for all
complex reciprocal molten salt systems due to the unavailability of certain thermody-
namic models. Unfortunately, many of them have not yet been developed or optimized,
which constrains the application in such cases. Currently, the need of coordination data
should be obtained through atomistic simulations, experimental techniques, or specific
models for particular salt mixtures.

• Local structure in complex molten salt solutions: The local structural configurations
within the melt are crucial for providing accurate predictions in complex molten salt
mixtures. A limitation of the current model is its reliance on reliable coordination data,
which can vary significantly depending on the method used, for example experimental
techniques (NMR spectroscopy), EMD, and various models. As shown in the appendix
E (supplementary work), the local structural configurations were determined by the
force fields from EMD simulations. For reliable predictions, it is important to have
high-quality coordination data for complex mixtures.

These limitations indicate areas where further research and data collection would be valuable
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for enhancing the model’s robustness and extending its applicability across more molten salt
systems.

8.3 Future research

Building on the identified limitations, the thermal conductivity model developed in this
thesis has significant potential for further enhancement and can be expanded in several
promising directions. One of the most impactful directions would be to extend the model
to solid salt solutions. Solid salts play an important role in many applications where phase
transitions and high thermal conductivity values are essential, such as in thermal energy
storage systems and electrochemical devices (batteries). Developing a reliable model for
solid-state salt thermal conductivity would greatly contribute to the current research on
molten salts, thereby bridging the gap between the liquid and solid phases for practical
engineering applications.
Secondly, we only consider the conductive heat transfer mechanism in this project. As seen in
last chapter, the convective and radiative heat transfer mechanisms will also be present under
the same conduction, and influence significantly the heat transfer at high temperatures. The
integration of both heat transfer modes will be another focus, in particular, the radiative heat
transfer mechanism becomes more significant at high temperatures, which will substantially
increase the heat transfer.
Thirdly, molten salts are corrosive, and held in alloy material containers, and chemical reac-
tions in between will occur upon contact. Some products will be released through reactions,
and some potential impurities in the salt, both of them will influence our predictions. There-
fore, another future direction is to consider the possible effects of both chemical reactions
and impurities on the thermal conductivity of the melt.
Furthermore, establishing a reliable database of sound velocity across a broader range of salts
would be vital for future work. Currently, our database includes sound velocity data for only
58 salts, some of which were derived through extrapolation from other salts within the same
family. Indeed, many salts still lack reliable experimental datasets for their sound velocity,
which limits the broader applicability of the model. Enhancing the accuracy of sound velocity
would significantly improve the model’s predictive reliability.
Finally, to address phase transitions in molten salt mixtures, the next step involves integrat-
ing the current thermal conductivity model into FactSageTM. By leveraging FactSageTM’s
extensive phase transition database, this integration would enhance the model’s accuracy in
capturing thermal conductivity variations across the entire range of composition and temper-
ature. This modeling process is efficient, producing thermal conductivity mappings in a short
time while being user-friendly. This technique would facilitate predictions for multi-phase
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molten salt systems, particularly during solid-liquid transitions, making the model more
robust against compositional and temperature variations and more accessible for practical
applications within the FactSageTM environment.
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Figure A.1 Predicted (solid line) thermal conductivity has a function of temperature of
monovalent fluorides and chlorides in comparison with various reliable (solid symbols), non
reliable (open symbols) experimental data sets, and Gheribi et al. semi-empirical model (red
dashed line).
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Figure A.2 Predicted (solid line) thermal conductivity has a function of temperature of
monovalent bromides and iodides in comparison with various reliable (solid symbols), non
reliable (open symbols) experimental data sets, and Gheribi et al. semi-empirical model (red
dashed line).
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Figure A.3 Predicted (solid line) thermal conductivity has a function of the temperature
of divalent fluorides and chlorides in comparison with various reliable (solid symbols), non
reliable (open symbols) experimental data sets, and Gheribi et al. semi-empirical model (red
dashed line).
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Figure A.4 Predicted (solid line) thermal conductivity has a function of temperature of
carbonates and nitrates in comparison with various reliable (solid symbols), non reliable
(open symbols) experimental data sets, and Gheribi et al. semi-empirical model (red dashed
line).
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Figure A.6 Predicted (solid line) thermal conductivity has a function of temperature of
hydroxides in comparison with various non reliable (open symbols) experimental data sets,
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polymerizing salt, the coefficient K = 1 instead of Ktheory = 1.5 (blue dashed line)
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APPENDIX B SUPPORTING INFORMATION FOR ARTICLE 2

B.1 Numerical simulations

Equilibrium molecular dynamics (EMD) simulations were conducted on simple binary sys-
tems within four salt families: fluoride (LiF-NaF, LiF-KF, NaF-KF), chloride (LiCl-NaCl,
LiCl-KCl, NaCl-KCl), bromide (LiBr-NaBr, LiBr-KBr, NaBr-KBr, RbBr-CsBr), and iodide
(LiI-NaI, LiI-KI, NaI-KI, RbI-CsI). Simulations were performed at a temperature slightly
higher than the melting temperature of pure compounds, covering the entire range of com-
positions in increments of 0.125 mole fraction.
In each simulation, a total of 864 ions (432 cations and 432 anions) were included, with
the simulation volume determined by a prior simulation in the isobaric-isothermal statistical
ensemble (NPT) at the corresponding temperatures and a pressure of 105 Pa. Two sets of
NPT simulations were initially performed at the designed simulating temperature. These
simulations generated thermally equilibrated configurations. Following this, a new series of
EMD simulations were conducted in the canonical statistical ensemble (NVT) to determine
the thermal conductivity of the mixtures, using the configurations obtained from the previous
NPT simulations. The volume in the NVT simulations remained fixed.
For both NPT and NVT simulations, temperature control was maintained using a Nosé-
Hoover thermostat [316], and pressure control was achieved through an extension of the
Martyna barostat [297] for NPT simulations. The relaxation times for both the thermostat
and barostat were set to 0.5 ps. Equations of motion were integrated using the velocity Verlet
algorithm [317], with time steps of 0.5 fs for NPT simulations and 1 fs for NVT simulations.
The total simulation time was 0.5 ns for NPT and 5 ns for NVT. All simulations employed
periodic boundary conditions and followed the minimum image convention.
The Dipole polarizable Ion model (DPIM) potential was used for describing ionic interac-
tions, which includes charge-charge, charge-dipole, dipole-charge, dipole-dipole, a repulsion
contribution, and two dispersion interaction terms [122].

Vij(rij) = qiqj

rij

+ qirijµj

r3
ij

f ij
4 (rij) − µirijqj

r3
ij

f ij
4 (rij)

+ µiµj

r3
ij

− 3(rijµi)(rijµj)
r5

ij

+Bije
−αijrij − Cij

6 f
ij
6

r6
ij

− Cij
8 f

ij
8

r8
ij

. (B.1)

where qi and µi are respectively the charge and the dipole moment of the particle i. The
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Born-Mayer-Huggins short range potential term, Bije
−αiri , is used to describe the short-

distance overlap repulsion of electronic clouds. Cij
6 and Cij

8 are the dispersion coefficients.
The dispersion damping function, f ij

n , for short-range correction of interactions between
charge and dipole and dispersion interactions is expressed as follows [126]:

f ij
n = 1 − cij

n e
−bij

n rij

n∑
i=0

(bij
n rij)k

k! (B.2)

The long-range electrostatic interactions,V Coul = 1
2

N∑
i̸=j

qiqj

rij
, are considered by employing

a three-dimension Ewald summation method [127]. The DPIM potential of the fluorides,
chlorides, bromides and iodides of interests are reported in the literature [128, 138]. The
Bij, αij, C

ij
6 , C

ij
8 , b

ij
n , c

ij
n parameter set of the DPIM formalism is used to describing the total

pairwise potentials between ionic pairs. The parameters were calculated by Ishii et al. [128]
via a procedure of determining potential parameters of Madden [122] which is based solely on
electronic structure calculations, employing Density Functional Theory (DFT). After that,
by matching the dipoles and forces on the ions calculated from DFT on condensed phase
ionic configurations, the potential parameters are deduced with an objective minimization
procedure. As no experimental information has been considered in the parameterization
procedure, the generated potentials are ab initio.
According to the Green-Kubo (GK) formalism [299], thermal conductivity, a non-equilibrium
property, can be calculated from EMD. GK formalism is based on the fluctuation-dissipation
theorem reported by Weber [131], therefore, it permits the interpretation of the thermal
conductivity from the energy and charge fluctuations obtained from EMD. The entropy of a
molten mixture can be calculated by non-convective fluxes of heat, mass, and charge [132].
Similar to our previous work, in the present study, the macroscopic energy flux is calculated
as a summation of heat and enthalpic contributions [133], it can be expressed as:

JE = JQ +
N∑

i=1
(hi + ziφ))JM ,i , (B.3)

where JE, JQ, and JM,i represent the energy, heat and mass fluxes, respectively; hi and
zi are the partial enthalpy and charge of the component i. Obeying the GK method, the
thermal conductivity induced by lattice vibrations for a given molten mixture of a given
composition X, at a given temperature T , is evaluated from the simulations as a function of
the correlation time, τ :

λ(T, τ,X) = 1
T 2

(
Lee −B−1

2∑
i=0

Lezi
Azizjzk

)
(B.4)
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Where both A and B are the matrix determinants calculated for the MS mixtures as follows:

Aαβγ =

∣∣∣∣∣∣∣∣∣∣∣∣

Leα Lβα Lγα · · ·
Leβ Lββ Lγβ · · ·
Leγ Lβγ Lγγ · · ·

... ... ... . . .

∣∣∣∣∣∣∣∣∣∣∣∣
, B =

∣∣∣∣∣∣∣∣∣∣∣∣

Lz0z0 Lz1z0 Lz2z0 · · ·
Lz0z1 Lz1z1 Lz2z1 · · ·
Lz0z2 Lz1z2 Lz2z2 · · ·

... ... ... . . .

∣∣∣∣∣∣∣∣∣∣∣∣
. (B.5)

Equation B.5 shows the matrix for any compound of MS mixtures. Where αβ and γ is a

ternary mixture. It can be reduced to Aαβ =

∣∣∣∣∣∣Leα Lβα

Leβ Lββ

∣∣∣∣∣∣ , B =

∣∣∣∣∣∣Lz0z0 Lz1z0

Lz0z1 Lz1z1

∣∣∣∣∣∣ for a binary

mixture, and A = Lez0 , B = Lz0z0 for the pure MS.
The transport coefficients L in the above equations are determined through the Green-Kubo
formulation [98]:

Lαβ = 1
V kB

∫ ∞

0
Cαβ(t)dt (B.6)

Cαβ(t) = 1
3⟨jα(t)jβ(0)⟩ (α, β = e, z) (B.7)

Where α and β can be e or zi ; kB and V are Boltzmann constant and equilibrium volume of
the system, respectively; je and jz are correspondingly the energy (e) and charge(z) flux of
the i ion. Notice that in Equation B.4, the first term Lee/T

2 is responsible for the thermal
conductivity of an electrically neutral fluid. The second term of Equation B.4 describes the
thermo-electrical effect on thermal conductivity.
The potential energy for every charged particle must incorporate a self-energy term, which
is expressed as [147]:

Φself
i = − α√

π
q2

i (B.8)

where α is the Ewald parameter. And the charge current is defined as:

jz1(t) =
∑
i∈I

(qI − qF )vi(t) (B.9)

In the first cation, where I = 0, and in the second cation, where I = 1 (with qF = −1 repre-
senting the formal charge of the anion). The energy current je can be derived by considering
the self-energy, various forces arising from repulsion, real-space forces, and reciprocal-space
energy currents. For more details, please refer to [138,147].
In practice, the total NVT run was divided into 20 blocks of 0.5ns, and the transport coeffi-
cients L were calculated independently in each block. The correlation time, τ , is set to 5ps
which is large enough to ensure convergence of the thermal conductivity. Lastly, an average
value over all the different blocks is considered as the thermal conductivity of a perfectly
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thermally equilibrated system:

λ(X,T ) = lim
τ→∞

⟨λ (τ, T,X)⟩all blocks (B.10)

B.2 Predicted results of binary systems in comparison to the unreliable exper-
imental dataset
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Figure B.1 Predicted (solid line) thermal conductivity of binary fluoride systems as a function
of the composition in comparison with the reliable (solid symbol), and unreliable (open
symbol) experimental data sets.
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B.3 Compositional mapping of ternary systems
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Figure B.2 Predicted thermal conductivity as a function of composition in the LiF-NaF-KF
system at 1300 [K] (left), and the corresponding deviation between the theoretical prediction
of thermal conductivity from a linear rule behavior (right).
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Figure B.3 Predicted thermal conductivity as a function of composition in the NaF-KF-MgF2
system at 1000 [K] (left), and the corresponding deviation between the theoretical prediction
of thermal conductivity from a linear rule behavior (right).
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Figure B.4 Predicted thermal conductivity as a function of composition in the LiNO3-NaNO3-
KNO3 system at 500 [K] (left), and the corresponding deviation between the theoretical
prediction of thermal conductivity from a linear rule behavior (right).
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Figure B.5 Predicted thermal conductivity as a function of composition in the NaNO3-KNO3-
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Figure B.6 Predicted thermal conductivity as a function of composition in the Li2CO3-
Na2CO3-K2CO3 system at 800 [K] (left), and the corresponding deviation between the the-
oretical prediction of thermal conductivity from a linear rule behavior (right).

B.4 Energy flux vs thermo-electrical flux for NaCl-KCl binary system
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Figure B.7 Comparison of the predicted results with the energy current and charge current
obtained from the MD simulation of NaCl-KCl at 1300 [K]
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APPENDIX C SUPPORTING INFORMATION FOR ARTICLE 3

Using Equation 6.12, the sound velocity values for the reciprocal molten salt mixture LiCl-
KBr were calculated based on the FTsalt Database of FactSageTM 8.4, and compared with
the experimental data reported by Prissiajnyi et al. [301] at 1100 [K]. The predictions closely
follow the trend of composition variation observed in the experimental work. In particular,
at Xnominal = 0.5, our prediction is nearly identical to the experimental results. However,
there is a slight deviation for pure molten LiCl. Additionally, sound velocity calculations
for various pure molten salts and mixtures have been compared with available experimental
datasets, which are provided in the Supplementary Materials.
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Figure C.1 Calculated sound velocity from the FTsalt Database of FactSageTM 8.4 for LiCl-
KBr as a function of composition at 1100 [K], compared to the experimental data of Prissi-
ajnyi et al. [301].

The following figures (Figure C.2, Figure C.3, Figure C.4) offer additional comparisons be-
tween EMD results and the predictions of the present model, further demonstrating its pre-
dictive capability. In each figure, the end members correspond to common-anion mixtures.
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Notably, these figures do not include calibration of the thermal conductivity values for the
end members (previously indicated by red dashed lines). Instead, only the predictions from
the current model (black solid line) are directly compared with the EMD results, demon-
strating a strong agreement in trends between the two datasets. This further reinforces the
accuracy and reliability of the present model.

0.0 0.2 0.4 0.6 0.8 1.0
Xnominal

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

[W
.m

1 K
1 ]

±20%

T = 1300 [K]

Li0.75Na0.25Fx Li0.75Na0.25Cl1 x

Li0.75Na0.25FLi0.75Na0.25Cl

This work : EMD

This work : (XMQMQA
C/A )

0.0 0.2 0.4 0.6 0.8 1.0
Xnominal

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

[W
.m

1 K
1 ]

±20%

T = 1300 [K]

Li0.5Na0.5Fx Li0.5Na0.5Cl1 x

Li0.5Na0.5FLi0.5Na0.5Cl

This work : EMD

This work : (XMQMQA
C/A )

0.0 0.2 0.4 0.6 0.8 1.0
Xnominal

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

[W
.m

1 K
1 ]

±20%

T = 1300 [K]

Li0.25Na0.75Fx Li0.25Na0.75Cl1 x

Li0.25Na0.75FLi0.25Na0.75Cl

This work : EMD

This work : (XMQMQA
C/A )

Figure C.2 Predicted thermal conductivity values of reciprocal Li+, Na+ / F−, Cl− molten
mixture in comparison to EMD results by this work at 1300 [K].
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Figure C.3 Predicted thermal conductivity values of reciprocal Li+, K+ / F−, Cl− molten
mixture in comparison to EMD results by this work at 1300 [K].
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Figure C.4 Predicted thermal conductivity values of reciprocal Na+, K+ / F−, Cl− molten
mixture in comparison to EMD results by this work at 1300 [K].
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APPENDIX D SUPPLEMENTARY MATERIALS FOR ARTICLE 3

D.1 Sound velocity

In a previous study [264], the thermal conductivity of pure molten salt was estimated based
on sound velocity at its melting temperature. In this work, we modified the sound velocity
as a temperature dependent parameter based on the thermal conductivity of each molten
salts. The analysis was conducted over a temperature range from 300 [K] below the melting
point to 600 [K] above it. The FTsalt Database of FactsageTM 8.4 was used to estimate
the temperature-dependent sound velocity. To validate the accuracy of the predicted sound
velocity, comparisons were made with available experimental datasets for both pure molten
salts and molten salt mixtures (including common-anion mixture and reciprocal mixtures),
as shown in the following figures. The predicted sound velocities exhibit excellent agreement
with experimental data for most salts, accurately capturing the trends with composition.
This is true when compared with the most recent works reported by Stepanov [318, 319].
The only notable discrepancies are a 10% error for CsI and three binary mixtures, LiBr-LiCl,
NaF-NaBr and NaF-NaI.
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Figure D.1 Comparison of the predicted sound velocities for pure molten salts with available
experimental data [318,320].
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Figure D.2 Comparison of the predicted sound velocities for pure molten salts with available
experimental data [318,320].
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Figure D.3 Comparison of the predicted sound velocities for reciprocal and common-ion
molten salt mixtures as a function of composition with the experimental data reported by
Prissiajnyi et al. [301] at 1100 [K]. The composition at (LiBr)0.493-(LiCl)0.507 exhibited a
significant deviation from the predicted values, as well as from the trend observed in the
experimental data. The reported value of cs0 = 2905[m/s] appears to be a manuscript error
for this composition, with the likely correct value being cs0 = 2105[m/s]. Accordingly, the
corrected data point is highlighted in blue.
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Figure D.4 Comparison of the predicted sound velocities for reciprocal and common-ion
molten salt mixtures with the experimental data reported by Stepanov [318] at 1100 [K].
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Figure D.5 Comparison of the predicted sound velocities for common-anion molten salt mix-
tures with the experimental data reported by Smirnov et al. [320] at 1100 [K]
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Figure D.6 Comparison of the predicted sound velocities for common-anion molten salt mix-
tures with the experimental data reported by Stepanov [319] at 1100 [K]

D.2 Modeling the thermal conductivity of common-cation molten salt mixtures

In our previous work [295], we validated a thermal conductivity model only for simple
common-anion molten salt mixtures. In this study, we have simulated numerous common-
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cation mixtures using equilibrium molecular dynamics (EMD) to verify the predictivity of
the present model for common-cation molten salt mixtures, specifically LiF-LiCl, LiF-LiBr,
LiF-LiI, LiCl-LiBr, LiCl-LiI, NaF-NaCl, NaF-NaBr, and KF-KCl at 1300 [K]. Unfortunately,
no experimental data sets can be found related for the common-cation molten salt mixtures
in the literature.
Figure D.7 shows the thermal conductivity predictions (red dashed line) of the common-
cation binary mixtures as a function of composition in comparison to the EMD results,
which the end members were calibrated to the EMD results. Meanwhile, the predicted
values (black solid line) are compared to the experimental datasets. It can be observed that
the predictions of the current model are well in agreement with the EMD results for most
common-cation mixtures (LiF-LiCl, NaF-NaCl and KF-KCl). However, the heavier anions
Br− and I− of EMD results displayed less stable and discretely, which could be attributed
to the significant mass difference between the ions and the errors in the potentials within
the Br− / I− solutions. Therefore, the obtained values showed slightly larger, for instance
the binary mixture of LiF-LiBr and LiF-LiI. On the other hand, we applied the framework
of the polariable ion model (PIM) for the EMD simulation, since LiF is no polarizable, the
value obtained of LiF is larger than experimental works, with more scatterings. However,
the results of EMD for Na+ and K+ binary common-cation mixtures displayed a perfect
tendency. The current model predicted in perfect agreement with the EMD results for NaF-
NaCl, NaF-NaBr and KF-KCl. Similarly to the common-anion solutions, the reduction of
the thermal conductivity regarding to the mass fluctuation played an important role. The
larger difference in mass of anions and thermal conductivity of the pure compound, the larger
deviation from the linearity presents.
A comparison of the end-member of pure molten salt between reliable experimental works
and the current model were shown in the same figure. It can be observed that the predictions
of this current model are in good agreement with reliable works. Since the EMD simulation
were performed at 1300 [K], the experimental works are mostly done close to the melting
points. Thus, some of these works shown slightly difference to the predictions as the values
were obtained by the extrapolation to the same temperature.
In summary, these common-cation mixtures demonstrated that the present model is capable
of predicting the thermal conductivity of simple monovalent reciprocal molten salt mixtures
with reliable accuracy. Furthermore, we are confident that it can also predict the behavior
of common-cation with polyatomic anion mixtures, such as nitrates, carbonates, and others.



210

0.0 0.2 0.4 0.6 0.8 1.0
X[mol]

0.00

0.25

0.50

0.75

1.00

1.25

1.50

1.75

2.00

[W
.m

1 K
1 ]

±20%

LiCl LiF

LiF LiCl

T = 1300[K]

This work : EMD

Khlebnikov et al. (1981)
Golyshev et al. (1983)
Golyshev et al. (1992)
Nagasaka et al. (1993)
Nagasaka et al. (1992)
Robertson et al. (2021)

This work : EMD
cal

This work: 

0.0 0.2 0.4 0.6 0.8 1.0
X[mol]

0.00

0.25

0.50

0.75

1.00

1.25

1.50

1.75

2.00

[W
.m

1 K
1 ]

±20%

LiBr LiF

LiF LiBr

T = 1300[K]
This work : EMD

Khlebnikov et al. (1981)
Golyshev et al. (1983)

Golyshev et al. (1992)
Nagasaka et al. (1993)
Nagasaka et al. (1992)

This work : EMD
cal

This work: 

0.0 0.2 0.4 0.6 0.8 1.0
X[mol]

0.00

0.25

0.50

0.75

1.00

1.25

1.50

1.75

2.00

[W
.m

1 K
1 ]

±20%

LiI LiF

LiF LiI

T = 1300[K]

This work : EMD

Khlebnikov et al. (1981)
Golyshev et al. (1983)
Golyshev et al. (1992)
Nagasaka et al. (1993)
Nagasaka et al. (1992)

This work : EMD
cal

This work: 

0.0 0.2 0.4 0.6 0.8 1.0
X[mol]

0.00

0.25

0.50

0.75

1.00

1.25

1.50

1.75

2.00

[W
.m

1 K
1 ]

±20%

LiBr LiCl

LiCl LiBr

T = 1300[K]

This work : EMD

Nagasaka et al. (1992)
Nagasaka et al. (1992)
Robertson et al. (2021)

This work : EMD
cal

This work: 

0.0 0.2 0.4 0.6 0.8 1.0
X[mol]

0.00

0.25

0.50

0.75

1.00

1.25

1.50

1.75

2.00

[W
.m

1 K
1 ]

±20%

LiI LiCl

LiCl LiI

T = 1300[K]

This work : EMD

Nagasaka et al. (1992)
Nagasaka et al. (1992)
Robertson et al. (2021)

This work : EMD
cal

This work: 

0.0 0.2 0.4 0.6 0.8 1.0
X[mol]

0.00

0.25

0.50

0.75

1.00

1.25

1.50

1.75

2.00

[W
.m

1 K
1 ]

±20%

NaCl NaF

NaF NaCl

T = 1300[K]
This work : EMD

Golyshev et al. (1983)
Harada et al. (1992)
Nagasaka et al. (1992)
Nagasaka et al. (1993)

This work : EMD
cal

This work: k

0.0 0.2 0.4 0.6 0.8 1.0
X[mol]

0.00

0.25

0.50

0.75

1.00

1.25

1.50

1.75

2.00

[W
.m

1 K
1 ]

±20%

NaBr NaF

NaF NaBr

T = 1300[K]

This work : EMD

Nagasaka et al. (1993)
Nakazawa et al. (1992)
Harada et al. (1992)

This work : EMD
cal

This work: 

0.0 0.2 0.4 0.6 0.8 1.0
X[mol]

0.00

0.25

0.50

0.75

1.00

1.25

1.50

1.75

2.00

[W
.m

1 K
1 ]

±20%

KCl KF

KF KCl

T = 1300[K]

This work : EMD

Nagasaka et al. (1993)
Harada et al. (1992)
Nagasaka et al. (1988)
Nagasaka et al. (1992)

This work : EMD
cal

This work: 

Figure D.7 Predicted thermal conductivity values of common-cation of binary molten salt
mixtures in comparison to EMD results of this work and to recommended experimental values
at 1300 [K].
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APPENDIX E SUPPLEMENTARY WORK: THE ROLE OF THE LOCAL
STRUCTURE ON THE THERMAL TRANSPORT WITHIN DISSOCIATED

AND COMPLEXED MOLTEN SALT MIXTURES

As part of supplementary work contributing to this thesis, the study by Gheribi et al. [278]
investigated the effect of local structures in complex molten salt mixtures on thermal con-
ductivity and has been adapted here to fit the scope of this thesis. This supplementary study
extends the work presented in Article 2, focusing on complex molten salt mixtures where
strong short–range ordering contributes to the formation of intricate coordination complexes
and polymer chains, thereby reducing thermal conductivity within the solutions, for example
KCl-MgCl2 and LiF-BeF2. This behavior can be explained by local perturbations of kinetic
energy through mass fluctuations, weighted by a function dependent on the thermal conduc-
tivity of an uncorrelated system and the local structure. The local structure is characterized
by the concentration of free and complexed ions, determined either experimentally using
nuclear magnetic resonance (NMR) or via equilibrium atomistic simulations.
The framework was applied to several complex molten salt mixtures, KCl-MgCl2, NaCl-
KCl-MgCl2, and NaF-AlF3, that demonstrates its capability to predict thermal transport
properties across different compositions. Furthermore, the study provides a molecular level
perspective of thermal conduction in complex molten salts, highlighting the influence of lo-
cal ion arrangements and complexation on thermal transport property. These findings offer
valuable insights that complement the sub-objectives of this thesis by enhancing the under-
standing of the mechanisms governing thermal transport in common-ion complex molten salt
mixtures, with implications for both fundamental research and industrial applications.

Due to pressing environmental issues, the research on molten salts has drastically increased
over the last two decades. Indeed, two of the most promising alternatives to fossil fuels are
based on molten salts. Concentrating solar-thermal power (CSP) technology incorporates
molten salt thermal energy storage either in the form of sensible or latent heat, mainly
using molten salts as fuel, while molten salt fast reactors (MSRs) use molten salts as a
coolant and nuclear fuel. CSP technology uses molten salt mixtures at specific eutectic
compositions (i.e. where a direct liquid-solid transition is observed), and depending on the
technology and working temperature, chlorides, carbonates or nitrates can be used as the
working fluid. In their liquid state, these salt mixtures can be considered simple, because
they are almost fully dissociated, even if they are formed of heavy anion such as CO2−

3 .
Thermal spectrum MSRs consider thorium, uranium, and plutonium fluoride salts dissolved
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in a LiF-BeF2 (FLiBe) mixture as both fuel and primary coolant, e.g. LiF-BeF2-ThF4-UF4.
Similarly, most fast spectrum reactors consider actinide chloride salts dissolved in chloride
molten salts. In general, these mixtures tend to form coordination complexes for which the
size increases with the concentration of Be, Th, Pu, or U until polymer chains are formed.
Molten salts are also involved in several other important industrial processes. For instance,
the Hall-Héroult process for primary aluminium production uses cryolitic melts (NaF-AlF3-
Al2O3-CaF2) to dissolve and electrolyse alumina. Similar to the fuels employed in MSR,
cryolitic melts form heavy coordination complexes (fluoroaluminate and oxofluoroaluminate),
to the extent that the current within cryolitic melts is carried almost entirely through free
Na+ cations. The design and optimization of industrial or energy related processes require
material performance optimization. Maximizing and/or minimizing properties such as heat
capacity, thermal expansion, thermal diffusivity, thermal conductivity, diffusion coefficients,
electrical conductivity, etc. could influence factors like safety margins, efficiency, and operable
conditions.
Among all the molten salts properties, the thermal conductivity (diffusivity) is the least
known from both experimental and theoretical perspectives. Yet, this property is critical in
characterizing and optimizing industrial processes. In the case of thermal energy storage,
maximizing the thermal conductivity is desirable for reducing the heat charging and dis-
charging times, as it is in general very low for molten salts (≲ 1 W.m−1.K−1). However, from
an experimental standpoint, quantifying the thermal transport properties within molten salt
mixtures poses significant challenges. All experimental techniques developed to determine
the thermal conductivity or diffusivity within liquids suffer from uncertainties and errors
associated with the convective, conductive, and radiative thermal losses of the apparatus.
These errors generally lead to an overestimation of the thermal diffusivity, particularly at
high temperatures. Although the majority of experimental techniques nowadays account for
most of the thermal losses, other factors such as chemical reactions between the molten salt
and crucible can still significantly bias the measurement of thermal diffusivity, especially
with corrosive salts (e.g., fluorides and chlorides) at high temperatures. The presence of
bubbles also hinders heat transfer, leading to erroneous measurements. Additionally, due to
the electrical conductivity of molten salts, any leakage current from the heating sources into
the molten salt will cause an increase in electric power consumption. As demonstrated by
DiGuilio and Teja [39], and later by Gheribi et al. [60], these uncontrollable factors often re-
sult in an overestimation of the experimental thermal conductivity and a significant increase
in the thermal conductivity with temperature.
The most recent experimental studies [40, 47, 70, 100] have demonstrated the decoupling of
parasitic contributions from the intrinsic thermal diffusivity. These studies have revealed
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that the thermal diffusivity of a wide range of molten salts remains largely unaffected by
changes in temperature. In other words, the thermal conductivity of molten salt mixtures
decreases with increasing temperature, similarly to thermal expansion. While reliable exper-
imental data can be found for the thermal diffusivity of various pure molten salt compounds,
reliable data for mixtures is more scarce. Only a limited amount of reliable experimental
data is available for both simple and complex mixtures. Unlike solid-state materials, the
understanding of the microscopic mechanisms dictating thermal transport within molten salt
mixtures is currently lacking, compounded by the absence of reliable experimental data. This
lack of understanding hampers the development of a comprehensive theoretical framework
for the field. The intricate nature of molten salts, characterized by their complex composition
and dynamic behavior, poses challenges in understanding the intricate processes underlying
thermal transport. Consequently, the absence of a clear picture regarding these microscopic
mechanisms hinders the ability to accurately predict and model thermal conductivity in
molten salt mixtures. Addressing this knowledge gap through further experimental inves-
tigations and theoretical advancements is crucial for advancing our understanding of heat
transfer in these systems and facilitating their broader applications in various industries.
Equilibrium molecular dynamics (EMD) simulations offer an alternative approach to un-
derstanding the local structures of complex and polymer molten salt solutions, providing
accurate results of thermal conductivity in our previous studies [133, 151, 152, 321]. Numer-
ous EMD simulations have been conducted for pure KCl and Al2O3, binary, and ternary
systems comprising fluorides (LiF, NaF, KF, AlF3) and chlorides (NaCl, KCl, MgCl2) at
temperatures slightly higher than their liquidus temperature. The liquidus temperature of
the compositions was estimated via Factsage [294]. The simulations were initially performed
in the isobaric-isothermal statistical ensemble (NPT) at corresponding temperatures and
pressures of 105 Pa for two series to generate thermally equilibrated configurations. This was
followed by a new series of EMD simulations carried out in the canonical statistical ensemble
(NVT), starting from the thermally equilibrated configurations generated by the previous
NPT simulations. The relaxation times for both thermostat and barostat were set to 0.5
ps. The equations of motion were integrated using the velocity Verlet algorithm with a time
step of 0.5 fs for NPT simulations and 1 fs for NVT simulations. The total simulation time
for NPT was 0.5 ns, and for NVT it was 5 ns. Lastly, all simulations were performed using
periodic boundary conditions and the minimum image convention.
Numerous models have been attempted to predict the thermal conductivity of molten salt
mixtures, and are summarized elsewhere [39]. Early models include those based on the
Bridgman model assumes a relationship between sonic velocity and thermal conductance with
the liquid structured as a quasi-lattice. This is an assumption still applied in more recent
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models [181, 322, 323]. In linear or ideal models, the thermal conductivity is represented as
a molar-fraction weighted sum of pure salt’s conductivity. However many works have shown
that the excess conductivity tends to be negative [50, 55, 182]. Other methods include the
rough hard sphere model, the unit cell model, and semi-empirical models [39, 56, 193, 324].
Recently, we presented a model derived from classical kinetic theory and demonstrated its
reliability for pure molten salt compounds and mixtures [264,295]. The current work extends
the capability to account for structural influences, such as complexing.
The present study aims at comprehensively explore the underlying microscopic mechanisms
responsible for thermal transport in both simple and complex molten salt mixtures. By
considering the microscopic origin of heat transfer, we seek to resolve the intricate processes
and interactions that govern thermal conductivity in these systems. Through an in-depth
investigation of the fundamental factors influencing thermal transport, including molecular
structure, interparticle interactions, and energy propagation mechanisms, we wish to shed
light on the precise mechanisms influencing the thermal conductivity of molten salts. By
bridging the knowledge gap surrounding the microscopic origin of thermal transport, this
research contributes to a deeper understanding of heat conduction in molten salt mixtures,
with potential implications for a wide range of applications. A series of molecular dynamic
simulations using the Polarizable Ion Model (PIM) force field has been conducted to inves-
tigate the thermal transport and local structure of complex molten salts. To describe the
temperature and composition dependence of thermal conductivity in molten salt mixtures,
a theoretical framework based on the kinetic theory has been established. This formalism
extends from simple molten salt mixtures, where ions are assumed to be fully dissociated,
to complex mixtures involving coordination complexes and polymerization. In order to ap-
ply the proposed theoretical model, only a few essential thermophysical data are required,
such as the velocity of sound in single molten salt compounds and the mass fraction of ions
and complexes present in the mixture. As case studies, the thermal transport in the molten
KCl, Al2O3, LiF-KF, LiF-NaF-KF (FLiNaK), KCl-MgCl2, NaCl-KCl-MgCl2, and NaF-AlF3

systems has been thoroughly examined. Some of these systems have been previously eval-
uated with similar kinetic theory frameworks [238, 264, 295], the present work re-evaluates
them with the current improved framework. The model demonstrates a high level of predic-
tive capability, yielding satisfactory results for all studied systems. A direct correlation has
been established between the local structure and thermal transport within complex molten
salts, elucidated through the analysis of local fluctuations in kinetic energy. Additionally, the
proposed model presents the opportunity to develop a reliable large-scale thermal transport
database for various industrial and energy applications, which would greatly alleviate the
severe lack of experimental data in this field.
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The theoretical framework employed in this study is based on the phonon gas model for solids,
which draws an analogy to the kinetic theory of gases. In this model, phonons (collective
vibrations) in crystals are treated as classical massive particles rather than quasi-particles.
The thermal conductivity within a crystal is expressed using the kinetic theory as [325,326]:

λ = 1
3

3∑
n=1

∫ ∞

0
CV (ω) νg (ω) lmfp (ω) dω (E.1)

Here, CV , νg, and lmfp represent the volumetric heat capacity at constant volume, the phonon
group velocity, and the phonon mean free path, respectively. ω is the average frequency over
all the vibrational modes within the crystal. However, in amorphous solids, the lack of long-
range ordering leads to a different heat transport mechanism. Instead of well-defined phonons,
heat is carried through harmonic couplings between non-correlated and delocalized atomic
vibrations referred to as "diffusons". To describe the thermal conductivity in amorphous
materials, a "random walk" propagation model is employed, where the minimum mean free
path is considered to be half the wavelength. Cahill et al. [234,327] have shown that, within
the framework of the Debye approximation, where the velocity of diffusons is identical to the
low-frequency speed of sound, the minimum thermal conductivity in the canonical statistical
ensemble (NVT) can be expressed as:

λNV T
min (T ) =

(
π

6

)1/3
kBn

2/3
3∑

i=1
ci

(
T

Θi
D

)3 ∫ Θi
D/T

0

x3ex

(e− 1)dx (E.2)

Here, n and kB represent the number density per atom and the Boltzmann constant respec-
tively, while Θi and ci denote the velocity of sound and the Debye temperature for the three
acoustic modes (two transversals and one longitudinal). It should be noted that Θi and ci are
not independent but are related through the equation Θi = ci (ℏ/kB) (6π2n)1/3, where ℏ is
Planck’s constant. This minimum conductivity model accurately describes the temperature-
dependent thermal conductivities of various non-metallic amorphous materials, especially
at low temperatures. At high temperatures, beyond the average Debye temperature, the
minimum thermal conductivity reaches a plateau, which can be approximated as:

λNV T
min (T ≳ ΘD) ⋍

(9π
16

)1/3
kBn

2/3⟨cS⟩ (E.3)

where ⟨cS⟩ represents the average sound velocity over the transversal and longitudinal modes.
The minimum thermal conductivity has proven to be a reliable description of thermal trans-
port in a wide range of electrically insulating amorphous materials, particularly at low tem-
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peratures. According to Equation D3, thermal conductivity remains temperature-independent
under constant volume conditions, denoted as (∂λ/∂T )V = 0. In our previous work [60], we
introduced this assumption based on empirical observations derived from both equilibrium
and non-equilibrium molecular dynamic simulation results. In the current study, we pro-
vide a rigorous theoretical validation for this assumption as a direct consequence of kinetic
theory. At high temperatures, the expansion of the lattice can have a pronounced effect on
the temperature dependence of thermal conductivity in amorphous solids, i.e., in the NPT
(isobaric-isothermal) statistical ensemble (∂λ/∂T )P ̸= 0. The temperature dependence of
thermal conductivity in the NPT ensemble can be described by employing a Legendre trans-
formation, leading to the differential equation (∂λ/∂T )V = 0. This transformation, λNV T

min

→ λNP T
min , was originally introduced by Gheribi et al. [60] and subsequently expanded upon

by Robertson et al. [80] to encompass nonlinear temperature effects. However, it has been
demonstrated by Robertson et al. that these nonlinear effects on thermal conductivity are
insignificant over a broad temperature range, notably when the temperature is only a few
hundred degrees Kelvin above the liquidus temperature. From an experimental standpoint,
the linear behavior of thermal conductivity with temperature matches the observations from
reliable experiments [39, 60, 264]. The linearised solution for the λNV T

min → λNP T
min Legendre

transformation can be succinctly expressed in terms of thermodynamic parameters as fol-
lows [60,80]:

λNP T
min (T ) = λNV T

min ·
[
1 − α0

(
γ0 + 1

3

)
(T − T0)

]
(E.4)

Here, α0 and γ0 represent the thermal expansion coefficient and the Grüneisen parameter, re-
spectively, at a standard temperature T0. Considering the properties of the most stable phase
at standard temperature and pressure, the thermal conductivity of molten salt compounds
has been predicted at their melting temperature using Equation E.4 and are presented in
Figure E.1 alongside critically assessed experimental values. It is evident that the predicted
minimum thermal conductivity for a hypothetical amorphous salt is of the same order as
that of molten salts. Although the thermal conductivity of molten salt compounds can be
predicted with reasonable accuracy, the approach based on solid phase properties is more
qualitative than quantitative. In several compounds, a discrepancy of up to 50% can be
observed between the predicted and experimental values. It is also important to note that
there are significant deviations between different experimental datasets, often exceeding 20%.
The limited accuracy of the minimum thermal conductivity approach is primarily due to the
parametrization of the model, which considers the properties of the solid rather than the
liquid phase. In a recent study [264], we have extended the minimum thermal conductivity
approach for amorphous solids to molten salts by introducing a modification to Equation
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Figure E.1 Experimental vs calculated thermal conductivity of diverse molten salt compounds
at their melting temperatures. The thermal conductivity is determined in the NPT statistical
ensemble, taking into account the thermophysical properties of the solid compound (thermal
expansion, heat capacity, density, bulk modulus, and shear modulus) at a temperature of
298.15 [K], as described by Equation E.4. The experimental thermal conductivity is derived
through a rigorous analysis that encompasses a comprehensive evaluation of all available
reliable experimental data on thermal diffusivity and thermal conductivity found in the lit-
erature [264].

(E.4):
λmsc (T ) = ψ∗kBn

2/3
liq.⟨cS⟩liq.

[
1 − αm

(
γm + 1

3

)
(T − Tm)

]
(E.5)

Here, ψ∗ is a material constant, and Tm represents the melting temperature. The density,
velocity of sound, thermal expansion coefficient (αm), and Grüneisen parameter in Equation
E.5 are those of the liquid phase at the melting temperature. The Grüneisen parameter is
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dependent on various thermophysical properties that describe λNV T , namely αm, ⟨cS⟩liq., Mw,
and CP . Specifically, it can be expressed as γm = αm⟨cS⟩2

liq.Mw/CP . The concept of ψ∗ was
introduced by analogy to the theoretical description of thermal conductivity in crystals, as
proposed by Slack and Klemens [276,328]. In their theory, they incorporated the number of
atoms per primitive crystallographic cell to account for the complex structure of the crystal,
which directly affects thermal conductivity. Our previous study [264] focused on exploring
the predictive capacity of Equation E.5 by utilizing a specific approximation for ψ∗ across a
wide variety of molten salt compounds. Through this analysis, we revealed a consistent and
robust predictive capability of Equation E.5, regardless of the chemical nature of the molten
salts.
Following this, we established that:

K = 1 + n+
s

n−
s

(E.6)

Here, n+
s and n−

s respectively represent the number of species involved in cationic and anionic
complexes, with n = 1 corresponding to free species. NaCl, LiF, and KBr exhibit a value
of K equal to 2, whereas alkali carbonates such as Li2CO3 and Na2CO3 have a value of K

equal to 1.5. In the case of LiNO3 or CaCO3, the value of K is 1.25. The extension of the
minimum thermal conductivity concept to explain the thermal conductivity of molten salts is
based on the assumption that a direct correlation exists between the thermal conductivity of
amorphous materials and the liquid phase. This assumption comes from the concept that a
direct relationship exists between the thermophysical properties of these two phases, which,
at the melting temperature, can be represented as follows:

⟨cS⟩liq

⟨cS⟩sol.

= ϵ

K

nsol.

nliq.

(E.7)

The expression for ϵ is approximately given by ϵ ≃ 1.21 [1 − α0 (γ + 1/3)Tm]. In general, ϵ is
close to 1 for most salt compounds, indicating a strong correlation between the variation in
the velocity of sound and the density at the melting temperature. One theoretical justifica-
tion of Equation E.7 and, therefore, the transposition of the minimum thermal conductivity
concept for amorphous materials to molten salts, can be found in the relationship between
the velocity of sound (isothermal compressibility) and the density proposed in the literature.
Marcus [329] introduced a semi-empirical approach that establishes a connection between the
velocity of sound in molten salts and the ratio between their cohesive energy and density,
which demonstrated consistent accuracy across a diverse array of molten salts. This aligns
with Equation E.7, as the bulk modulus, and consequently, the velocity of sound of the solid,
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is directly correlated to its cohesive energy. Generalizing the model to incorporate complex
molten salt compounds, and to some extent, complex ionically bonded molten compounds,
requires extending the generalization of K to accurately represent the presence of coordi-
nation complexes. Given that a complex molten salt compound is characterized by a local
structure comprising a coordination complex where the cations are surrounded by anions,
the K term for simple (dissociated) compounds can be extrapolated as follows:

ψ∗
comp. = 1 +

∑
i,j
i̸=j

(
faci

Zcat
aci

ncat
aci

+ fccj

Zan.
ccj

nan.
ccj

)
(E.8)

In this context, Zcat
aci denotes the coordination number of the cation within the anionic complex

aci, while Zan.
ccj

refers to the coordination number of the anion within the cationic complex ccj.
These coordination numbers represent the average count of anions (or cations) surrounding a
given cation (or anion) within their respective coordination complexes. ncat

aci and nan.
ccj denote

the respective numbers of cations and anions involved in the anionic and cationic coordination
complexes. Additionally, faci

and fccj
represent the molar fractions of the ith anionic complex

and jth cationic complex.
We now outline the theoretical framework for describing the compositional dependence of
thermal conductivity in molten salt mixtures. In our previous work [277], we introduced
a theoretical framework that effectively captures the composition dependence of thermal
conductivity in ionically bonded solid solutions. This proposed approach is highly predictive,
as it focuses exclusively on a few essential thermo-physical properties of the end-members
(unrelated to thermal transport). It is rooted in the simplified solution of the Boltzmann
Thermal Equation (BTE) originally presented by Abeles [275] for disordered solid solutions.
In the formalism presented by Abeles, the degradation of thermal conductivity induced by the
process of dissolution is attributed to two contributing factors: mass fluctuations and elastic
strain fluctuations. The contribution of mass fluctuation reflects the localized variation in
kinetic energy caused by the difference in mass between the host and solute atoms, while
the contribution of elastic fluctuation describes the local variation in elastic potential energy
resulting from ion substitution. In the NPT statistical ensemble, a molten mixture can be
considered fully relaxed, without inducing significant elastic deformation by the solute atom,
as the system reaches a stable, fluid-like state where interatomic forces have equilibrated.
Without compromising generality, the thermal conductivity of a fully relaxed solution, in-
cluding molten salt mixtures, can be expressed as a function of temperature and composition,
as follows [133,152,238]:

λmsm (x, T ) = λk (x, T )
[
1 − δλ

M (x, T )
]

(E.9)
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where x = (x1, x2, ...xn) represents the composition vector. The functional δλ
M describes

the local fluctuation of kinetic energy effect upon the thermal transport. The term λk,
referred to as the “kinetic thermal conductivity”, represents the thermal conductivity of
the mixture assuming no local fluctuation of kinetic energy induced by the mass difference
between the host and solute ions. The calculation of λk involves applying the kinetic theory-
based approach used for single compounds (Equation E.5), taking into consideration model
parameters such as density, velocity of sound, heat capacity, and thermal expansion, which
vary with composition. Specifically, at a given temperature T0, the thermal conductivity
derived from kinetic considerations can be expressed as follows:

λk (T ) = ψ∗ (x) kBn
2/3
liq. (x, T0) ⟨cS⟩liq. (x, T0)

[
1 − α (x, T0)

(
γ (x, T0) + 1

3

)
(T − T0)

]
(E.10)

In the case of simple molten salt mixtures, the composition-dependent variations in veloc-
ity of sound, density, heat capacity, and thermal expansion can be readily obtained from
thermophysical property databases, referenced literature sources, or accurately estimated by
leveraging the linear relationship between Gibbs energy, its pressure-temperature dependence,
and composition (a homogeneous first-degree function of composition). The assumption of
an ideal linear behavior of the Gibbs energy and its temperature-pressure derivatives with
composition allows for the following approximations: i) a linear variation of the molar vol-
ume (Vm = M/ρ) with composition, ii) a linear variation of the thermal expansion with
volume fraction (ϕi = xiVi/

∑
i xiVi) and iii) a linear variation of the isothermal compressibil-

ity (χ = 1/(c2
sρ)). These approximations have been found to be accurate for simple molten

salt mixtures. However, for complex mixtures, significant deviations from the "ideal" behav-
ior of thermophysical properties may be observed [330]. Additionally, it is assumed that the
parameter K varies linearly with composition. In our previous research [133,152,238], which
also builds upon the kinetic theory, we have formulated the functional δλ

M specifically for
simple molten salt mixtures as:

δλ
M (x, T ) = hdiff. (x, T ) gmass (x) (E.11)

The function gmass is independent from the temperature and describes the local fluctuation
of the kinetic energy with composition through the mass fluctuation only. It is defined in the
same way as disordered solid solutions or amorphous mixtures [275]:

gmass (x) =
N∑

i=1
xi

[
1 − Mwi

M (x)

]2

(E.12)
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whereM = ∑
xiMwi

is the average molecular weight of the molten salt mixture. The damping
factor of diffusons, denoted as hdiff., quantifies the attenuation of the local kinetic energy
fluctuation effects on the mean free path of diffusons, consequently affecting lattice thermal
transport. The amplitude of local kinetic energy fluctuations induced by dissolution decreases
with temperature due to the homogenization of thermal excitation. In a prior work [133],
also based on kinetic theory, we have derived the following expression for hdiff.:

hdiff. (x, T ) = µ
λσ (x, T )

kB ⟨cS⟩liq (x, T )n2/3
liq (x, T )

(E.13)

where µ is an adjustable parameter, typically close to 1/2, and λσ represents the effective
thermal conductivity of the mixtures, where the mean free path of the diffusons is equivalent
to the average inter-ionic distance (re). In our original formulation [133], we established the
relationship that hdiff. is proportional to the ratio between the diffuson mean free path and
the average interionic distance. However, in order to prevent the diffuson mean free path
from being treated as an adjustable parameter, we have expressed hdiff. as a ratio of ther-
mal conductivity, as outlined in Equation E.13. This allows us to incorporate hdiff. as the
description of the degradation of the thermal conductivity with composition, without explic-
itly considering the diffuson mean free path as a variable that can be adjusted within the
model. However, it is crucial to acknowledge that the expression of hdiff. mentioned above
poses challenges when it comes to its implementation, especially when considering the com-
positional dependence of the thermophysical properties that must be predicted, particularly
in larger systems like ternary and higher-order systems. Furthermore, since hdiff is defined
as a ratio of thermal conductivities, estimated based on the thermophysical properties of
molten salt mixtures, the accuracy of the predicted value of hdiff can be limited in various
situations. In the case of simple molten salt mixtures such as LiF-KF or NaCl-KCl, where
K = 2, assuming µ = 1/2 allows us to demonstrate that hdiff. closely approximates the
ratio ∑

λi/λ
id. Here, λid represents the ideal thermal conductivity of the mixture defined

as the sum of xiλi for each component i. Subsequently, by neglecting the quadratic terms
(xixj), the thermal conductivity of a simple molten salt mixture with N components can be
expressed as a function of composition and temperature in the following manner:

λ (x, T ) = λk (x, T )
1 −

N∑
i=1

(
λi

λid

)
xi

[
1 − Mwi

M (x)

]2
 (E.14)

In complex molten salt mixtures, the strong short-range ordering contributes to the formation
of intricate coordination complexes and polymer chains accentuating the degradation of the
thermal conductivity. The thermal conductivity of a fully polymerized system is assumed
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to be close to that of an amorphous solid and like for compounds it should be close to the
minimum value predicted by the kinetic theory. If we make the assumption that the increase
in hdiff. is linearly correlated with the complexion rate (τ), then the thermal conductivity of
the molten salt mixture containing complexes can be expressed as follows:

λ (x, T ) = λk (x, T )
(

1 − τ (x, T )
N∑

i=0

(
λi

λid

)
xi

[
1 − Mwi

M

]2)
(E.15)

Here, the term "complexion rate (τ)" represents the measure of complex and polymer forma-
tion within a mixture of molten salts. It quantifies the mass-based evolution of these com-
plexes and polymers as they dampen a function describing the local kinetic energy through
fluctuations in mass. The total mass coordination complexes and polymers are related to the
mass of the system. The expression for the complexion rate can be then written as follows:

τ (x, T ) =
M∗

free +M∗
comp. (x, T )

M (x)
(E.16)

Where M∗
free denotes the mass of the free ion species, and M∗

comp. represents the mass of the
complexes formed within the molten salt mixture defined as:

M∗
comp. =

∑
i,j
i̸=j

(
faci

Maci
+ fccj

Mccj

)
(E.17)

This proposed theoretical formalism builds upon the principles of kinetic theory and extends
the understanding of thermal transport from amorphous solids to molten state mixtures,
explicitly accounting for local ordering. This new model predictive capabilities eliminates
the need for experimental data specifically related to thermal transport for the parame-
terization. Instead, it relies on a limited set of experimental data on key thermophysical
properties (such as density, heat capacity, thermal expansion, and velocity of sound) for pure
compounds. The thermal conductivity (or thermal diffusivity) of a mixture is described by
the composition dependence through mass fluctuation, which, within the framework of ki-
netic theory, represents the local kinetic energy fluctuation upon dissolution. The explicit
consideration of local ordering is achieved by introducing damping functions that act on the
function describing the local fluctuation of kinetic energy. In our model, the local structure
is represented by the masses and the molar fraction of coordination complexes and polymers
evolving within the molten salt mixtures. For complex molten salt mixtures, accurate knowl-
edge of the amount of complexes/polymers as a function of composition and temperature
becomes crucial for parameterizing the model. This information can be obtained from vari-
ous sources, such as experiments, particularly through Nuclear Magnetic Resonance (NMR)
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techniques, estimated through phase equilibria data using a CALPHAD (Calculation of Phase
Diagrams) approach, or directly simulated using molecular dynamics simulations. By incor-
porating these elements, our theoretical formalism provides a comprehensive framework for
understanding and predicting thermal transport in complex molten salt mixtures, facilitating
advancements in various fields, including materials science and engineering.

The central focus of our current study is to comprehend the role of local structural arrange-
ments in influencing thermal transport within complex molten salt configurations. To address
this, we have developed a theoretical framework rooted in kinetic theory. Importantly, this
framework explicitly considers the local structural attributes that characterize molten salt
mixtures. Our discussion is constructed upon two primary components. Firstly, we present
our theoretical approach, which forms the foundation of our investigation. Secondly, we utilize
EMD simulations to calculate thermal conductivity and quantify local structural character-
istics. This dual approach enables us to provide an analysis of the relationship between local
structure and thermal transport in complex molten salt systems.
First, we discuss the case of molten KCl and alumina to explore and validate theoretical
models within chemistry. While KCl serves as an illustration of a fully dissociated simple salt,
the alumina behavior offers valuable insights, showcasing that the model can be extended
to oxides with specific ordering. The thermal conductivity profiles of the KCl and Al2O3

compounds have been calculated with respect to temperature using a two-fold methodology.
Initially, we employed the fundamental “raw” kinetic model approach, as outlined in Equation
D4. Subsequently, we utilized the modified kinetic model provided by Equation D5 to account
for the additional effects of local ordering within molten salts. This modified model establishes
a bridge between the thermophysical attributes of the molten and crystalline phases, aligning
with a corresponding state description. This enhancement improves the model capacity to
depict the intricate thermal dynamics of these materials. Figure E.2 presents a comparison
of the calculated thermal conductivity with both experimental data and EMD simulations.
The kinetic model parameters rely on thermophysical data obtained from the current EMD
simulations. The supplementary materials of this paper comprehensively outline how the
velocity of sound, density, thermal expansion, and heat capacity are derived from these
EMD simulations. In both studied systems, the accuracy of the modified kinetic theory
approach is higher than that of the conventional raw kinetic theory approach. This improved
predictive capability is true regardless of whether the parameterization is based on solid or
liquid thermophysical properties. The predicted thermal conductivity of KCl aligns with
various reliable datasets and EMD simulations. This agreement is also observed for the
temperature dependence of the thermal conductivity, which further substantiates the initial
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Figure E.2 Comparison of the thermal conductivity of molten KCl and Al2O3 with experi-
mental data and EMD Simulation results. The calculated thermal conductivities are plotted
as functions of temperature and contrasted with experimental data and EMD simulation out-
comes. Here, λl represents the thermal conductivity determined using the proposed model
(Equation E.5), while λa,s and λa,l denote the thermal conductivities calculated using the
’raw’ kinetic model (Equation E.4), considering the thermophysical properties of the solid
and liquid phases, respectively. The significant uncertainty in the velocity of sound within
molten Al2O3 is factored into the thermal conductivity calculation by incorporating upper
(max C0) and lower (min C0) values of the velocity of sound in the model parameterization.
These values correspond to a variation of ±15%. Tm indicates the melting temperature. The
simulations conducted by Zhou et al. are referenced as: [331].

assumption (∂λ/∂T )V = 0. The predictive capacity of our proposed model for numerous
simple molten salt compounds has already been thoroughly examined and expounded upon in
our recent publication [264]. Notably, our prior work details the methodology for identifying
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dependable and less reliable experimental datasets. Furthermore, the thermal conductivity
predicted by the "raw" kinetic theory model also retains it reasonable accuracy whether the
parameterization is based on the thermophysical properties of the solid or the liquid phase.
However, the parameterization derived from solid-state properties does exhibit a tendency to
overestimate the sensitivity of the thermal conductivity to temperature. This overestimation
can be attributed to an amplified thermal expansion effect, which is more evident in the
crystalline phase compared to the molten state.
Beyond the comprehension of the thermal transport mechanisms in complex, ionically bonded
systems, this study offers a pathway for predicting the thermal conductivity of diverse molten
materials with varying chemical compositions and bonding natures. The thermal conductiv-
ity of molten oxides, particularly in the context of slags, remains a largely uncharted territory,
with almost no reported experimental data in the literature. The kinetic model, detailed in
this work, may provide a reliable alternative to address the scarcity of experimental data
on the thermal conductivity of molten oxides, a critical factor in numerous industrial and
practical applications. In our theoretical predictions, we have incorporated the calculated av-
erage coordination number obtained through the current EMD simulations (Z = 4.9) and the
experimentally determined value by Landron et al. [332] (Z = 4.5). However, Landron et al.’s
reported average coordination number comes with a significant uncertainty of approximately
±0.3. Similarly to the approach used for molten KCl, we have employed a raw kinetic model,
considering both liquid and solid properties for the parametrization, to predict the thermal
conductivity within molten Al2O3. Lastly, we have examined the influence of the simulation
duration by comparing simulations conducted over 1 ns and 2.5 ns. The velocity of sound
within molten Al2O3, which was utilized to parameterize the theoretical model, is derived
from the calculated equation of state, also obtained through EMD simulations. However, it
is important to note that this value comes with a significant uncertainty of approximately
±15%. This uncertainty is duly considered in the calculations, resulting in a range that
represents the upper and lower limits of the theoretical thermal conductivity.
The predicted thermal conductivity with the proposed model aligns with the results from
EMD simulations when considering two distinct force fields, FF1 and FF2. In principle, FF2
is anticipated to offer greater precision, as it differs from FF1 by incorporating many-body
effects into the short-range repulsion between Al and O ions, as outlined in the ’Numerical
Methods’ section. Simulations with the FF2 force field lead to thermal conductivity predic-
tions closer to the lower theoretical conductivity limit, while those via the FF1 force field
closer to the upper limit. Overall, both force fields lead to predictions within the margin of
error of each other force field. The temperature dependence of the thermal conductivity, as
simulated through EMD, aligns well with the theoretical model, demonstrating the consis-
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tency of the assumption (∂λ/∂T )V = 0 for molten oxides as well. It is also shown that the
kinetic model has improved accuracy over the “raw” model, relative to the EMD predictions,
demonstrating that coordination has a significant influence on the thermal conductivity of
molten alumina. The thermal conductivity simulations of molten alumina conducted by
Zhou et al. [331] reveal a temperature dependence of zero in the NVT ensemble. This further
corroborates that (∂λ/∂T )V = 0 holds true in molten oxides. Furthermore, the thermal con-
ductivity predictions of Zhou et al. are consistent with the theoretical formulation based on
the raw kinetic model. However, these predictions still fall within the margin of error when
compared to simulations using the FF2 force field, especially at higher temperatures. The
disparity of approximately 1 [W.m−1.K−1] between our EMD prediction and that by Zhou
et al. primarily comes from a significant contrast in the force fields used to model ion-ion
interactions. Notably, Zhou et al. did not consider the polarization of oxygen in the force
field. Furthermore, Zhou et al. conducted shorter simulations, lasting less than 1 ns. In our
simulations we observed that shorter simulation times can result in an underestimation of
the thermal conductivity, particularly near the melting temperature.
The ability of the model to capture microscopic phenomena underlying thermal transport
within pure molten salt/oxide compounds is demonstrated through our current theoretical
approach. In the case of KCl, the influence of the local structural arrangement on thermal
transport appears to be limited. This is expected considering that KCl should behave as a
fully dissociated ionic liquid. As such, for other pure simple salt compounds, the kinetic model
should accurately predict the temperature-dependent thermal conductivity, consistently with
our the kinetic model of our prior work [264], when parameterized using thermophysical
properties in the liquid phase. In contrast, accurately predicting the thermal conductivity of
alumina, and potentially other oxide melts, also requires considering the average coordination
number and, consequently, an assessment of the local ordering. We show that the kinetic
model provides reasonable agreement with EMD, proving its capability of handling molten
alumina and that the derivation of the model parameters that consider the coordination effect
on thermal conductivity is appropriate.
We now move on to discussing the chemical effects on thermal transport within molten salt
mixtures. Our recent work evaluated the predictive capacity of the current model on various
simple molten salt systems, including fluorides, chlorides, bromides, iodides, carbonates, and
nitrates [295]. In Figure E.3 the thermal conductivity of LiF-KF is calculated at 1300 [K] as
a function of composition and compared with EMD simulations considering both FF1 and
FF2 force fields. A key observation is that the thermal conductivity composition dependence
deviates significantly from ideal behavior (λid = ∑

i Xiλi), with discrepancies reaching up to
80% at the equimolar composition. The substantial deviation observed can be attributed
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Figure E.3 Comparison of thermal conductivity in the LiF-KF molten system at 1300 K with
EMD Simulations using two ionic interaction Force Fields (FF1 and FF2). Theoretical mod-
eling parameterizes the results, incorporating thermal conductivity values obtained via FF1
(solid line) and FF2 (dashed line) for the pure end members. The bottom figure represents
the calculated deviation of the thermal conductivity from the linear behavior (λid = ∑

i Xiλi).

to two key factors. First, there exists a relatively significant mass difference between the
two cations, with lithium (Li) having a molar mass of 6.94 [g/mol] and potassium (K) a
molar mass of 39.1 g/mol. This discrepancy results in substantial fluctuations in kinetic
energy when a Li atom replaces a K atom and vice versa. Second, there is a marked contrast
in the thermal conductivity between LiF (1.8 [W.m−1.K−1]) and KF (0.45 [W.m−1.K−1]).
This divergence increases the influence of kinetic energy fluctuations on the compositional
dependence of the mixture thermal conductivity. As it was shown in our prior work, the mass
difference and conductivity differences primarily cause deviations from the ideal behavior. In
general, the model will be reliable in predicting the thermal conductivity of various simple
molten salt mixtures in both composition and temperature, consistently with our prior study.
In order to showcase the versatility of our formalism in addressing multicomponent molten
salt mixtures, we have calculated the thermal conductivity of FLiNaK, a widely recognized
eutectic blend composed of LiF0.465-NaF0.115-KF0.420, across a range of temperatures. Our
calculations have been rigorously compared with both credible experimental data and simu-
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Figure E.4 Calculated thermal conductivity of FLiNaK (LiF-NaF-KF eutectic) as a function
of temperature in comparison with reliable data (filled symbols), non-reliable data (open
Symbols), and EMD simulations. The thermal conductivity has been calculated under three
different conditions: assuming an ideal mixing rule (i.e., λid = ∑

i xiλi), considering no mass
fluctuation (i.e., λ ≡ λK), and incorporating the model defined by Equation E14 in this
study. Experimental data are referenced as: Ewing et al. [198], Lane et al. [270], Smirnov et
al. [56], An et al. [76], Janz et al. [34], Kholkhov et al. [314], Robertson et al. [80], Gallagher
et al. [61]and Merrit et al. [68].

lation results obtained through the EMD method, including data of varying reliability. The
distinction between reliable and unreliable experimental data has been extensively discussed
in prior works [60,264]. Notably, unreliable experiments often report an increase in thermal
conductivity with rising temperature. Experimental data for FLiNaK is frequently deemed
unreliable, sometimes even reaching values as high as 5 [W.m−1.K−1]. The elevated thermal
conductivity reported in these unreliable experiments can be attributed to radiative and con-
vective effects. Overall, in the case of FLiNaK, the predictive capability of EMD is deemed
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satisfactory, falling within the margin of error typically associated with reliable experimental
datasets reported in the literature. Nevertheless, EMD simulation tends to overestimate the
thermal conductivity of FLiNaK, particularly at lower temperatures near its melting point.
This overestimation can be attributed to two key factors: the substantial presence of lithium
(Li) within the FLiNaK mixture and the inherent limitations of the force field formalism
employed to describe the interactions between Li and F ions, as elaborated upon in the Ap-
pendix. This challenge arises from the difficulty in accurately predicting thermal transport
when lightweight cations such as Li are actively participating in the system, as thoroughly
discussed in prior works (Smith et al. [160], Gallagher et al. [61]). Theoretical thermal conduc-
tivity calculations were based on the thermophysical properties of single molten compounds
such as LiF, NaF, and KF, as previously reported in our study [264]. These calculations
have shown a significant concordance with the latest and reliable experimental datasets. The
determined thermal conductivity, as well as the experimental counterpart, exhibits a reduc-
tion of approximately 35% compared to the ideal thermal conductivity (assuming a linear
relationship with composition). Moreover, it is found to be 15% lower than the predicted
value represented by λk, which assumes zero mass fluctuation and, consequently, zero local
kinetic energy fluctuation. In other words, the influence of local kinetic energy on thermal
transport in FLiNaK is not as significant as 35%, but rather approximately 15%.
The connection between the local structural features and thermal transport properties in
complex molten salts is explored through the examination of two significant examples: the
KCl-MgCl2 and NaF-AlF3 systems. Figure E.5 illustrates the thermal conductivity of KCl-
MgCl2 in conjunction with coordination complex parameters and the τ ratio, highlighting
the correlation between the local structure and the composition-dependent thermal conduc-
tivity. The impact of local ordering on thermal transport in the molten KCl-MgCl2 system
is evidenced through the comparison with: (i) excess thermal conductivity, which quantifies
deviations from the linear behavior with composition (ideality), ii) the kinetic contribution
to the thermal conductivity (λk), which explores thermal conductivity under the assumption
of no local fluctuations in kinetic energy and (iii) assuming a fully dissociated mixture (i.e.,
τ=0), which allows us to examine the scenario where the presence of coordination complexes
has no effect on thermal transport.
Theoretical predictions and EMD simulations of KCl-MgCl2 thermal conductivity are in
reasonable agreement, with a deviation from ideal behavior of approximately 25% at the
equimolar composition. Furthermore, both the kinetic thermal conductivity and the cal-
culation assuming τ = 0 show almost negligible excess thermal conductivity. The near
agreement between the thermal conductivity of the hypothetically dissociated system and its
ideal behavior arises from a compensation between thermal conductivity and mass for the
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Figure E.5 Correlating calculated local structure with (a) τ , which measures the impact of
local kinetic energy fluctuations on thermal transport in the presence of coordination com-
plexes, is reported alongside their quantity and (b) the thermal conductivity and excess
thermal conductivity in the Molten MgCl2-KCl system. For comparison, the thermal con-
ductivity was calculated using three different methods: (i) employing an ideal mixing rule
(∑i xiλi), (ii) assuming zero local kinetic energy fluctuation (ΓM = 0), and (iii) considering
a simple mixture with τ = 0.

two end-members of the molten mixture: λMgCl2/MMgCl2 ≈ λKCl/MKCl. In summary, the
difference in thermal conductivity compensates for the local fluctuations in kinetic energy.
The local structural ordering within the molten KCl-MgCl2 mixture has been calculated
using the methodology detailed in [156, 315, 333]. This calculation emphasizes the presence
of MgnCl(m−2)−

m complexes (with m ≥ 2n) and MgsCl2s neutral complexes (s1 = 5 or 6). The
simulation highlights that as MgCl2 content increases, there is a decrease in the amount of
MgnCl(m−2)−

m complexes, with MgsCl2s complexes becoming more prominent. For values of n
up to 3, the abundance of MgnCl(m−2)−

m complexes follows a consistent trend: an increase from
the KCl composition to reach a peak around XMgCl2 = 0.3, followed by a sharp decrease up to
approximatelyXMgCl2 = 0.5. Subsequently, there is a gradual decrease, approaching near-null
levels beyondXMgCl2 = 0.8. The amount of Mg4Cl−9 and Mg4Cl2−

10 anions remains significantly
low, even though a substantial peak, reaching approximately 5%, is observed within the range
of 0.3 ≲ XMgCl2 ≲ 0.5. The noticeable increase in neutral complexes, particularly Mg5Cl10

and Mg6Cl12, at the expense of anionic complexes, is linked with the polymerization process.
This phenomenon becomes significant when the predominance of the MgsCl2s polymer chain
is achieved, typically beyond approximately XMgCl2 = 0.5. At this point, it stabilizes at an
asymptotic value, and the influence of the local order on thermal transport becomes nearly
invariant with changes in composition, as τ exhibits reduced sensitivity to compositional
variations.
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The theoretical model accurately predicts the thermal conductivity’s dependence on com-
position within the range XMgCl2 ≲ 0.5. However, it tends to slightly overestimate the
thermal conductivity beyond this composition range, relative to EMD. The overestimation
of thermal conductivity by the theoretical model is evident through the underestimation
of excess thermal conductivity. This discrepancy becomes increasingly pronounced as the
composition approaches pure MgCl2. The underestimation of the thermal conductivity in
our theoretical approach, resulting in an overestimation of the excess thermal conductivity,
is directly linked to the underestimated value of the parameter τ . τ that has been calcu-
lated assuming that polymer chains contain only Mg5Cl10 and Mg6Cl12. It is quite likely
that longer polymer chains are formed in the MgCl2 rich region, but their identification
is challenging due to the limitations of the technique used to accurately characterize these
extended polymer structures. Overall, based on this example, it becomes evident that the
synergy between EMD simulations using polarizable potentials and the Green-Kubo method
consistently emphasizes the importance of local ordering and thermal transport in complex
molten salt mixtures. Despite its limitations, the model shows significant improvement over
the case where simple dissociation is assumed and EMD results are within 10%.
Extensive research has been conducted in recent years to investigate the thermal conduc-
tivity of the NaCl-KCl-MgCl2 eutectic composition, specifically the (NaCl)0.205-(KCl)0.413-
(MgCl2)0.382 mixture [238,334,335]. This keen interest is due to its potential use in thermal
energy storage within concentrated solar power systems. The NaCl-KCl-MgCl2 system closely
resembles the KCl-MgCl2 system, and it is reasonable to assume that KCl and NaCl have
a similar impact on local ordering in the presence of MgCl2. Therefore, we can assume
that τ (XMgCl2) is the same as for KCl-MgCl2. Based on this assumption, we calculated
the thermal conductivity of NaCl-KCl-MgCl2 from 700 [K] (i.e., 40 [K] above the liquidus
temperature [294]) up to 1100 [K] and presented it in Figure E.6, comparing it with avail-
able experimental data and EMD simulation results. Similarly to the KCl-MgCl2 system, at
XMgCl2 = 0.382, the calculated thermal conductivity is approximately 15% lower than that of
the mixture assumed to consist of dissociated ions, i.e., not complexed. Overall, EMD simu-
lations show good agreement with experimental data, despite both exhibiting some scattering
and being reported with a significant experimental error. Because of the significant uncertain-
ties in both experimental data and EMD simulations, reaching a clear conclusion about the
temperature-dependent behavior of thermal conductivity in NaCl-KCl-MgCl2 is challenging.
However, the experimental data presented by Wang et al. [334] exhibits a temperature de-
pendence that closely aligns with the predictions of the theoretical framework. This suggests
that, like molten oxides, the initial idea that (∂λ/∂T )V = 0 holds true for complex molten
salts mixtures. Chung et al. [335] provided two sets of experimental data: one acquired using
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Figure E.6 Calculated thermal conductivity as a function of temperature for the (NaCl)0.205-
(KCl)0.413 - (MgCl2)0.382 eutectic, compared with EMD simulations and recent experimental
data reported by Wang et al. [334] and Chung et al. [335].

the modulated photothermal radiometry (MPR) technique and the other employing a laser
flash apparatus (LFA). The thermal conductivity data obtained via the MPR technique indi-
cates a (∂λ/∂T )P value that is roughly double that of the theoretical predictions, whereas a
linear regression applied to the dataset obtained through LFA yields better agreement with
the theory.
At first glance, the EMD results suggest a thermal conductivity with a relatively low sensi-
tivity to temperature variations. The substantial uncertainty observed in the EMD results is
not attributed to the choice of the force field utilized to describe interionic interactions but
rather comes from the application of the Green-Kubo formalism to derive thermal conduc-
tivity from the simulated phase trajectories (see Appendix D-1). In the Green-Kubo (GK)
expression for the thermal conductivity of a system featuring four different ions, there are
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nine evolving Onsager phenomenological coefficients. These coefficients play a pivotal role,
particularly in the ratio describing the influence of charge transport on thermal transport.
Second-order polynomials involving Onsager’s phenomenological coefficients appear in both
the numerator and denominator, contributing to significant uncertainties and inherent errors.
The combination of EMD with the GK method reveals significant limitations in accurately
predicting the thermal conductivity of multicomponent molten salt mixtures. In this context,
our theoretical approach emerges as a viable alternative that effectively addresses the chal-
lenges associated with the scarcity of experimental data and the inherent constraints of EMD
when it comes to accurately predicting temperature-dependent thermal transport properties
within complex multicomponent molten salt mixtures.
The NaF-AlF3 system is of particular interest because it involves the formation of coor-
dination complexes and polymers when AlF3 starts to dissolve in NaF. The coordination
complexes are AlFn(n−3)− fluoroaluminates, and when the concentration of AlF3 is greater
than 0.5, dimers, trimers, and polymers are also formed. The local structural characteristics
of NaF-AlF3 melts were determined through simulations utilizing two distinct force fields:
one designed for compositions up to approximately equimolar (FF1), and the other applicable
across the entire compositional spectrum (FF2). The discrepancy between these two force
fields is discussed in the appendix. Figure E.7 displays the calculated local structure for FF1
and FF2, respectively.
The distinctions in quantified complex anions and higher-order structures (dimers, trimers,
and polymers) are visually depicted in Figure E.8, alongside the resultant τ parameters for
both FF1 and FF2. We do not intend to assess the accuracy of EMD simulations in predicting
local structures within NaF-AlF3 melts here. Machado et al. [315] have extensively discussed
this by comparing simulations based on FF1 with NMR experiments. Compared to FF1, FF2
predicts an exaggerated formation of AlF6

3− anionic coordination complexes at the detriment
of AlF5

2− . Additionally, FF1 indicates a negligible presence of dimers above XAlF3 = 0.3 ,
while FF2, under the same range of composition, suggests a substantial presence of dimers,
trimers, and polymeric chains. The significant disparities between these two parameters
result in an inconsistency when considering the parameter τ near XAlF3 = 0.2. As the
quantity of AlF3 increases, this deviation becomes more pronounced, and near the equimolar
composition, the value of τ predicted by FF1 is half of what is projected by FF2.
The EMD simulations for the thermal conductivity of NaF-AlF3 systems at 1343 [K], along
with their deviations from ideal behavior at the same temperature, are presented in Figure E.9
and E.10, corresponding to the use of FF1 and FF2, respectively. Both sets of simulation
data are compared to the singular experimental dataset provided by Khokhlov et al. [314] in
the range 1100 - 1373 [K]. Theoretical predictions of the thermal conductivity, considering
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Figure E.7 Calculated local structure of NaF-AlF3 melts as a function of composition at 1343
K, obtained using two different force fields, FF1 (a) and FF2 (b). Note that FF2 remains
valid throughout the entire composition range, whereas FF1 is applicable only up to the
equimolar composition.

the influence of the damping factor (τ) induced by local structural effects on kinetic energy
fluctuations, are compared to two scenarios: one assuming a dissociated mixture (τ = 1)
and the other considering only kinetic contributions (τ). To better represent the impact of
local structure on thermal transport, we also assessed deviations from a linear composition-
dependent behavior (ideality). This assessment involved EMD simulations, Khokhlov et al.’s
experiments, and three theoretical calculations, each with different τ values (τ , τ = 1, and
τ = 0). Note that the thermal conductivity of AlF3 could not be simulated using FF1.
Therefore, in our theoretical calculations, we assumed the thermal conductivity of AlF3 to
be identical between FF1 and FF2.
Our EMD simulations closely align with Khokhlov et al.’s experimental data [314], regard-
less of the force field. However, simulations employing the FF2 force field exhibit a better
fit with the data, but both force fields are in good agreement. The apparent underesti-
mation of the thermal conductivity by FF1 can be attributed to a similar underestimation
of the thermal conductivity of NaF as a standalone compound when compared to Kolkhov
et al.’s experiments and FF2. The discrepancy between the calculated thermal conduc-
tivity of NaF using FF1 and the values calculated by FF2 and the experimental data is
approximately 0.2 [W.K−1.m−1], and this difference remains relatively constant across all
compositions. Note that the experimental thermal conductivity of molten NaF is approxi-
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Figure E.8 Differences in terms of complex anions, dimers, trimers, and polymer chains at
1343 [K] (a) and the resulting difference in τ (b) as a function of composition obtained from
simulations employing the two different force fields FF1 and FF2.

mately 0.85 [W.K−1.m−1] [264]. Therefore, the predictive capability of FF1, in fact, surpasses
that of FF2. The substantial overestimation of the thermal conductivity of molten NaF by
Khokhlov et al. is likely caused by neglecting significant radiative and convective effects, as
discussed in [39, 60, 264]. Both sets of simulation data are compared to the singular exper-
imental dataset provided by Khokhlov et al. [314] in the range 1100 - 1373 [K]. Note that
the data from Khoklov has been reviewed elsewhere and could be biased by parasitic heat
losses [39,60,264], but the data may be more reliable at lower temperatures where the magni-
tude of heat losses are less significant, as illustrated in Figure E4, and could be a reasonable
reference for comparison of compositional trends.
The impact of kinetic contributions and mass differences relativity is significant for this
mixture, demonstrated by the deviation from linearity for the two cases τ = 0 and τ =
1. When considering the kinetic contribution alone (τ = 0), the results using both force
fields show a calculated deviation from linear behavior of approximately 10%. However, this
deviation increases to about 25% when we assume a simple dissociated mixture, excluding
coordination complexes and polymer chains (τ = 1). Notably, this significant deviation from
ideality in NaF-AlF3 melts at τ = 0 and τ = 1 contrasts with the observations made in the
case of the KCl-MgCl2 mixture. This disparity can be attributed to the marked differences
in thermal conductivity and molecular mass between the two end members. In the NaF-AlF3

system, the thermal conductivity difference (∆λ) is approximately 75%, while in the KCl-
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Figure E.9 EMD simulations (filled symbols) of thermal conductivity in NaF-AlF3 melts at
1343 [K] using the FF1 force field to model interionic interactions, alongside the experimental
dataset reported by Khokhlov et al. in the range 1100 - 1373 [K] [314] (open symbols).
Theoretical predictions consider τ for damping local fluctuations of kinetic energy f (solid
line), a dissociated mixture (τ = 1, dashed line), and the kinetic contribution only (τ =
0, dot-dash line). The bottom figure represents the corresponding deviation from a linear
behavior with composition. In the theoretical calculations, the thermal conductivity of AlF3
which is not accessible in FF1, was assumed based on FF2 calculations.

MgCl2 system, it is only around 20%. Similarly, the molecular mass difference (∆M) between
the two end-members is about 50% for NaF-AlF3 and approximately 20% for KCl-MgCl2,
further influencing the deviation from the ideal conductivity.
The effect of the local structure on thermal transport within NaF-AlF3 melts can be observed
by comparing the results of EMD simulations utilizing FF1 and FF2 with the correspond-
ing theoretical calculations based on the computed local structure parameters derived from
these force field models. While the simulation based on FF1 may underestimate the ther-
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Figure E.10 EMD simulations (filled symbols) of thermal conductivity in NaF-AlF3 melts at
1343 K using the FF2 force field to model interionic interactions, alongside the experimental
dataset reported by Khokhlov et al. in the range 1100 - 1373 [K] [314] (open symbols).
Theoretical predictions consider τ for damping local fluctuations of kinetic energy f (solid
line), a dissociated mixture (τ = 1, dashed line), and the kinetic contribution only (τ =
0, dot-dash line). The bottom figure represents the corresponding deviation from a linear
behavior with composition.

mal conductivity, the corresponding theoretical model provided accurate predictions for the
composition-dependent behavior of thermal conductivity. In contrast, the simulation based
on FF2 accurately predicts thermal conductivity, while the corresponding theoretical model
underestimates it. This discrepancy is evident in the calculated excess thermal conductivity.
In the theoretical model using FF1, excess conductivity reaches a minimum of approximately
75% when XAlF3 is around 0.3. On the other hand, raw simulation data show a deviation
from ideality as low as 160% near XAlF3 = 0.4. The theoretical model using FF2 shows a
minimum excess thermal conductivity of around 170% near XAlF3 = 0.4, while the minimum
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excess thermal conductivity obtained from EMD simulations still occurs near XAlF3 = 0.4,
but with a deviation around 100%.
The difference between theoretical excess thermal conductivity derived from FF1 and FF2
is directly related to the local structure. FF2 anticipates the formation of heavier complex
anions compared to FF1, illustrated by the production of AlF6 rather than AlF5 at lower
AlF3 concentrations, XAlF3 ≤ 0.2, and the generation of dimers, trimers, and polymers as op-
posed to AlF4 at higher concentrations, XAlF3 ≥ 0.2 (see Figure E.7 and E.8). The divergence
between the two parameters, τ for FF1 and FF2, becomes pronounced beyond approximately
XAlF 3 = 0.2, highlighting the distinction between them in terms of excess thermal conductiv-
ity. Considering the insights provided by Machado et al. [315], which underscore the superior
accuracy of FF1 over FF2 in predicting the local structure within NaF-AlF3 melts, we can
assume that the excess thermal conductivity estimated through FF1 is the most reliable.
However, the substantial peak in the excess thermal conductivity is likely overstated due to
inherent limitations of the force field. In this example, it is crucial to emphasize the predic-
tive potential of the proposed formalism, particularly when the local structure is known with
a considerable degree of accuracy.

In this present study, we presented and investigated a formalism focused on incorporating
the influence of structure on the thermal conductivity of molten salt mixtures, into a kinetic
theory-based model. The model was used to predict several molten salt systems, yielding
accurate predictive capability on simple and complex ionic-bonded systems, supported by
EMD simulations and compared to hypothetical cases of the model isolating the key phe-
nomena contributing to thermal transport (i.e. the raw model, τ = 0 and τ = 1). The
proposed model holds substantial potential for streamlining the analysis of temperature and
composition-dependent thermal transport in larger-scale ionic-bonded systems. The ability
to rapidly and accurately predict simple or complex polymer chains represents a significant
advantage from the limitations and inaccuracies in both experimental approaches and atom-
istic simulation methods. Lastly, this model improves to the fundamental understanding of
thermal transport in molten salts and can aid in understanding the interplay between local
structural arrangements and thermal transport properties, an area that still requires more
development.
Our findings reveal that the thermal conductivity is dependent on local structural attributes
which the model accurately captured in several case studies. Notably, the simple salts KCl,
LiF-NaF, and LiF-NaF-KF, that had been discussed previously were revisited and compared
to a "raw" kinetic model or model with no mass fluctuation, demonstrating that the accu-
racy of the modified kinetic model still holds and captures key features such as mass and
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thermal conductivity differences between mixture constituents. Mixtures with coordination
considerations (NaF-AlF3 and MgCl2 systems) were also demonstrated with the modified
kinetic model, factoring in the effects of local ordering, demonstrated superior accuracy over
the models without structural components (τ = 0 and τ = 1) when compared to the EMD
simulations. The key limitation introduced by the modified model is the need for reliable
data on the coordination, which we show can have a substantial effect on the accuracy, for
example when different MD force fields were used to estimate the structure of NaF-AlF3.
Lastly, we also demonstrated that the model can provide reasonable predictions on pure
melts with local ordering, like Al2O3, opening up the possibility of applying it to the largely
unstudied oxide melts.
Applying the proposed model offers key advantages over the conventional experimental, the-
oretical, and atomistic approaches. Experimental methods have high risk for error if not
carefully designed and operated. Furthermore, the collection of data is time-consuming as
numerous trials are be required to fully characterize a multi-component salt system. To
our knowledge, there is no model with theoretical foundations (excluding atomistic simula-
tions) providing comparable predictive capability and scope. As described in our prior works,
this model has been widely applied to reliable data for pure compounds and salt mixtures
and now has been shown to capture the effects of local structure, suggesting that it can
be widely applied to molten salt mixtures. Lastly, this model could offer improvements to
prediction, when compared to atomistic simulation methods. For example, in scenarios with
a higher number of ions—typically exceeding 4 in ternary systems—conventional methods
relying on the Green-Kubo analysis of phase trajectories yield a substantial number of On-
sager coefficient components. This, in turn, leads to notable errors in estimating the thermal
conductivity. We anticipate that the introduced formalism has the potential to significantly
enhance the predictive capabilities of the thermal transport in critical energy systems.
In conclusion, our study not only elucidates the fundamental aspects of thermal transport
in molten salts but also provides a reliable predictive framework applicable to a wide range
of mixtures. This is particularly pertinent to advanced energy applications like MSRs and
CSP systems. Moreover, the proposed model could provide a basis for the development of an
engineering database of molten salt thermal conductivity that would support these energy
technologies. As demonstrated with molten alumina, the proposed theoretical approach is
fundamentally adaptable to molten oxides (slags), representing a significant advancement for
various metallurgical applications where slags play a crucial role. Overall, our work provides
a robust theoretical foundation to help future explorations into the thermal properties of
complex ionic systems, which will have significant implications for both fundamental research
and applied industrial research and development.


	DEDICATION
	ACKNOWLEDGEMENTS
	RÉSUMÉ
	ABSTRACT
	TABLE OF CONTENTS
	LIST OF TABLES
	LIST OF FIGURES
	LIST OF SYMBOLS AND ACRONYMS
	LIST OF APPENDICES
	1 INTRODUCTION
	2 LITERATURE REVIEW
	2.1 Experimental techniques
	2.1.1 Steady-state methods
	Coaxial-cylinders techniques
	Parallel-plate techniques
	Variable gap techniques

	2.1.2 Transient methods
	Transient hot-wire techniques
	Laser flash technique
	Forced Rayleigh scattering techniques
	Other experimental techniques


	2.2 Current status of thermal conductivity measurements of molten salts using experimental techniques
	2.3 Numerical simulations
	2.3.1 Classical MD
	2.3.2 Ab initio MD
	2.3.3 Derivation of thermal conductivity from EMD simulations

	2.4 Thermodynamic modeling: modified quasi-chemical model in the quadruplet approximation
	2.5 Molten salt thermal conductivity models
	2.5.1 Models for pure molten salt
	Bridgman-type models
	Mechanistic-type models
	Corresponding states principle models
	Rough hard-sphere models
	Kinetic theory models
	Free volume models

	2.5.2 Models for molten salt mixtures
	Ideal mixing rule
	Kinetic theory models
	Unit cell models

	2.5.3 Empirical models
	2.5.4 Chapter conclusion


	3 OBJECTIVE AND THESIS STRUCTURE
	3.1 Research objective
	3.2 Organization of the thesis

	4 ARTICLE 1: DEVELOPMENT OF A MOLTEN SALT THERMAL CONDUCTIVITY MODEL AND DATABASE FOR ADVANCED ENERGY SYSTEMS
	4.1 Introduction
	4.2 Experimental thermal conductivity: reliable and unreliable data sets
	4.3 Reliable representation of the temperature dependent thermal conductivity of simple and complex molten salts
	4.4 Analysis Methodology
	4.5 Results and discussion
	4.5.1 Broad assessment of the model
	4.5.2 Monovalent halides
	4.5.3 Divalent molten salts
	4.5.4 Complex molten salts

	4.6 Conclusion
	4.7 Acknowledgements

	5 ARTICLE 2: A PREDICTIVE APPROACH FOR THE COMPOSITIONAL AND TEMPERATURE REPRESENTATION OF THERMAL CONDUCTIVITY IN MULTICOMPONENT MOLTEN SALTS SYSTEMS FOR ADVANCED ENERGY APPLICATIONS
	5.1 Introduction
	5.2 Kinetic theory modeling for the molten salt mixture as a function of temperature and composition
	5.3 Model evaluation methodology
	5.4 Results and discussion
	5.4.1 Prediction of thermal conductivity
	Compositional dependence of binary salt mixtures
	Thermal conductivity deviation from ideal linear mixing

	5.4.2 Predictions of thermal conductivity for eutectic salt mixtures
	Eutectic binary systems
	Ternary and high order systems


	5.5 Conclusion
	5.6 Acknowledgments

	6 ARTICLE 3: EXTENDING THE KINETIC THEORY–BASED THERMAL CONDUCTIVITY MODEL TO RECIPROCAL MOLTEN SALT MIXTURES WITH SHORT–RANGE ORDERING VIA THE MODIFIED QUASI–CHEMICAL MODEL IN THE QUADRUPLET APPROXIMATION
	6.1 Introduction
	6.2 From nominal fractions to FNN pair fractions in the Temkin model and MQMQA approach
	6.3 Equilibrium molecular dynamics simulations for Li+, Na+, K+ / F-, Cl-
	6.4 Model of thermal conductivity for common-anion and common-cation molten salt mixtures with pair fractions (XC/A)
	6.5 Modeling the temperature and composition dependence of thermal conductivity of reciprocal molten salt mixtures with the MQMQA
	6.6 Results and discussion
	6.6.1 Model evaluation and validation using EMD results and experiential data
	(Li+, Na+, K+) / (F-, Cl-) reciprocal solutions
	Reciprocal salt mixtures in energy applications

	6.6.2 Thermal conductivity predictions for molten salt PCMs

	6.7 Comparisons of predictions from the present model and previous model
	6.8 Conclusion
	6.9 Acknowledgments

	7 GENERAL DISCUSSIONS
	7.1 Thermal conductivity model for pure molten salts
	7.2 Extending the molten salt thermal conductivity model for pure salt to common-ion molten salt mixtures
	7.3 Thermal conductivity model for reciprocal molten salt mixtures
	7.4 Extended work on thermal conductivity modeling of complex molten salt solutions

	8 CONCLUSION
	8.1 Summary of works
	8.2 Limitations
	8.3 Future research

	REFERENCES
	APPENDICES
	B.1 Numerical simulations
	B.2 Predicted results of binary systems in comparison to the unreliable experimental dataset
	B.3 Compositional mapping of ternary systems
	B.4 Energy flux vs thermo-electrical flux for NaCl-KCl binary system
	D.1 Sound velocity
	D.2 Modeling the thermal conductivity of common-cation molten salt mixtures



