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A B S T R A C T

NaNO3-KNO3 (60–40 wt%, Solar salt) has been used as medium for TES and HTF in the CSP system. One of the
key challenges using Solar salt is its high melting temperature, which may freeze and block the pipeline. In this
work, a novel eutectic nitrate molten salt of the LiNO3-NaNO3-KNO3-CsNO3 system with low melting tem-
perature of 368 K is designed using Calphad method. Its thermal physical properties, as well as that of Solar salt,
LiNO3-NaNO3-KNO3, NaNO3-KNO3-CsNO3, NaNO3-KNO3-Ca(NO3)2, and LiNO3-NaNO3-KNO3-CsNO3-Ca(NO3)2
molten salts are comprehensively determined and evaluated for better understanding their thermal storage and
heat transfer performances, such as the melting temperature, thermal stability, specific heat capacity, thermal
diffusivity, density and viscosity. The energy storage capacities and figures of merit of the six molten nitrate salts
are calculated based on their thermophysical properties to evaluate their TES and HTF performances. This work
not only provides the basic engineering data for CSP system, but is useful for choosing media of TES and HTF.

1. Introduction

Solar energy as a clean and sustainable energy has drawn increasing
attention worldwide, but its intermittent energy production has been a
challenge for a long time. Concentrated solar power (CSP) plant cou-
pled with storage tank enables continuous energy production even at
night or during cloudy days, moreover, it is a reliable electrical power
option and carbon free energy production [1]. Medium for thermal
energy storage (TES) and heat transfer fluid (HTF) is one of the key
techniques because it affects not only the energy production efficiency
but also the cost of operation and maintenance of CSP plant [2]. A
potential method is to look for a medium with lower melting point and
appropriate thermophyscial properties, such as viscosity, density,
thermal diffusivity and specific heat capacity [1].

The thermal physical properties of NaNO3-KNO3, LiNO3-NaNO3-
KNO3 (LiNaKNO3), and NaNO3-KNO3-Ca(NO3)2 (NaKCaNO3) systems
have been reported by several researchers, especially for NaNO3-KNO3

system, the mixture of 40 wt% KNO3-60 wt% NaNO3 (Solar salt), was
commercialized as the thermal storage and heat transfer medium in
1937 [3]. Its relatively high melting temperature (~ 493 K) represents
an important risk of local solidification and thus block the pipeline
during absence of sunshine [4]. Moreover, the investment and opera-
tion costs produced by auxiliary facilities of thermal insulation due to
high melting temperature are so high that searching for new medium
with low melting temperature (lower than 373 K) is necessary. Adding

LiNO3, CsNO3, and Ca(NO3)2 to Solar salt is intended to reduce the
melting temperature [5]. A molten salt in the LiNO3-NaNO3-KNO3-
CsNO3-Ca(NO3)2 (LiNaKCsCaNO3) system was reported to melt at
338 K with a thermal stability over 773 K [6]. We studied the LiNO3-
NaNO3-KNO3-CsNO3 (LiNaKCsNO3) system using the Calphad method
and found a novel molten nitrate salt with low melting temperature of
368 K.

Well known, melting temperature is not the only criterion to eval-
uate TES and HTF medium. Thermal physical properties are also im-
portant, such as viscosity, density, specific heat capacity, and thermal
diffusivity, because they are the basic and essential engineering data.
However, the thermal physical properties are not comprehensively
studied in a same work, and the results from different work show dis-
crepancy from each other [7]. For example, the melting temperature of
Solar salt is reported to be from 493 to 500 K [8]. The thermal physical
properties of LiNaKNO3 system were studied by several researchers,
including thermal stability, density, viscosity and specific heat capacity
[9–15]. For the NaKCaNO3 system, its thermal physical properties were
also reported in Refs. [16,17]. The melting point, stability limit, specific
heat capacity, viscosity, density, and thermal conductivity of the nitrate
molten salts were summarized in Refs. [10,18]. Although the thermo-
physical properties of Solar salt, LiNaKNO3 and NaKCaNO3 molten ni-
trate salts were studied by several researchers, the experimental data
are scattered. More important, the thermal diffusivity/conductivity in
the liquid state is sparsely available in literatures.
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In this work, a novel eutectic molten salt of LiNO3-NaNO3-KNO3-
CsNO3 system with the melting temperature of 368 K is found. The
thermophysical properties of Solar salt, LiNaKNO3, NaNO3-KNO3-
CsNO3 (NaKCsNO3), NaKCaNO3, LiNaKCsNO3 and LiNaKCsCaNO3

molten salt systems are systematically and comprehensively determined
and evaluated, including melting point, thermal stability, density,
specific heat capacity, thermal conductivity, and viscosity. Their
thermal energy capacity and figures of merits to evaluate heat transfer
capacity are subsequently studied. This work is significant for selection
and development of TES and HTF media in the CSP plant.

2. Experimental details

2.1. Sample preparation

The compositions of each molten salts are listed in Table 1. Raw
materials of LiNO3, NaNO3, KNO3 and CsNO3 with purity of 99.9% were
separately dried at 473 K under argon atmosphere for 24 h. The mixture
of Solar salt was kept at573 K, and the mixture of LiNaKNO3,
NaKCsNO3, and LiNaKCsNO3 salt was kept at 473 K for 48 h to make it
homogeneous, and then cool down. For NaKCaNO3 and LiNaKCsCaNO3

molten salts, Ca(NO3)2·4H2O was used, the raw materials were mixed
and transferred in a furnace and heated to 473 K for 48 h, and then
heated to 573 K for 72 h to dehydrated.

2.2. Thermal analysis and specific heat capacity

Melting temperatures and specific heat capacities are carried out
using the differential scanning calorimeter (DSC, NETZSCH DSC 404
F3). The device was calibrated by six certified reference materials, In,
Bi, Sn, Zn, Al, and Au, in the temperature range of 373–1473 K before
nitrate molten salts measurement. The extrapolated onset temperature
is adopted as the melting temperature, and the peak area is regarded as
the melting enthalpy. Both calibration and measurement were finished
in the Ar atmosphere flowing at 50 ml/min at the heating rate of 5 K/
min.

The specific heat capacities of the six molten nitrate salts in the
liquid state were determined using the Ratio method [19]. Two empty
high purity graphite crucibles coupled with Pt lids were measured to
obtain a baseline. The Pt lid was used to reduce the thermal radiation
from furnace. Then, the reference material of monocrystalline sapphire
and sample mixtures were subsequently measured using the same
crucibles under the same conditions. The specific heat capacity was
analyzed by use of Eq. (1), performed automatically using the NETZSCH
Proteus program. The uncertainty of specific heat capacity is estimated
to be 0.08 J/g K [20].
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Where DSC (μV) is DSC signal, m (g) the mass, cp (J/g K) the specific
heat capacity. B, R and S, are the corresponding parameters of baseline,
reference and sample, respectively.

Thermal stability of the molten nitrate salts was determined using
the simultaneous thermal analysis (Setaram Labsys Evo TG-DSC) at
10 K/min with the blanket of argon atmosphere, and the flowing rate is
also 50 ml/min.

2.3. Determination of density

Density measurements of the Solar salt, LiNaKNO3, NaKCsNO3,
NaKCaNO3, LiNaKCsNO3, and LiNaKCsCaNO3 molten salts were rea-
lized by a device constructed based on the Archimedes theory. The
dimensions of the crucible, platinum cylinder and platinum wire are
identified, and the effect of the surface tension on the density has been
elaborately discussed in our previous work [20]. The device was cali-
brated by NaCl and confirmed by LiF-NaF-KF eutectic molten salt [21].
Before measuring the molten nitrate salts density, the volume of a
platinum cylinder was calibrated by distilled water at ambient tem-
perature, expressed as Eq. (2)
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About 200–300 g molten nitrate salt powder or ingot was melted at
target temperature in a furnace with the blanket atmosphere of argon.
The platinum cylinder connected to the electronic balance through a
platinum wire was completely dipped into the molten salt, and the
electronic balance values were recorded at desired temperatures during
cooling down at the rate of 1 K/min. The density is calculated by Eq.
(3). The uncertainty of density is estimated to be 0.0039 g/cm3 [21].
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Where ρ is the density, m0 and V0 (ca. 2.6 cm3 in our experiment) are
the weight and volume of the platinum cylinder in air, respectively; m1

and m2 are the weight of the platinum cylinder in distilled water and
molten salts, respectively; σw and σ are the surface tension of pure water
and molten salts, respectively; ρw is the density of distilled water; D is
the diameter of platinum wire (D = 0.2 mm), g is the gravitational
constant; T (K) is the temperature of molten salts; and β is the linear
expansion coefficient of platinum (β = 9 × 10−6/K).

The surface tension of nitrate salts is usually in 90–120 mN/m [22].
According to Eq. (3), the error caused by surface tension is just 0.00294
and 0.00293 g/cm3 respectively, when temperature is 473 and 673 K.
The uncertainty caused by surface tension is just 0.000245 g/cm3. The
effects of surface tension on the total error (< 0.2%) and uncertainty
are very small and can be negligible for nitrate salts.

2.4. Determination of thermal diffusivity

The thermal diffusivities of the Solar salt, LiNaKNO3, NaKCsNO3,
NaKCaNO3, LiNaKCsNO3, and LiNaKCsCaNO3 molten salts were mea-
sured using the laser flash analysis (Linseis LFA 1000) in helium at-
mosphere. Sample pretreatment is a key point to determine thermal
diffusivity of liquid molten salt using this method. Appropriate amount
(about 1.5–2.5 g) of nitrate salt powder was pressed into a disc before it
was set in a special designed graphite crucible. The crucible filled with
nitrate was heated and kept at a target temperature in a special vacuum
furnace for at least half an hour, and then cool down. This heating-
cooling under vacuum was repeated 3 times to make the molten salt
free from gas bubbles. Finally, the crucible filled with homogeneous
molten salt is transferred to the sample cell for thermal diffusivity de-
termination. The molten nitrate salt was kept at each desired tem-
perature for at least 40 min to make temperature homogeneous. The
bottom of the crucible was heated by a single laser pulse, and the
temperature of front surface was detected by an infrared detector. The
temperature rise of front surface with a plot of time was recorded for
data analysis, which is finished using the combined model [20,23].
Data analysis was performed automatically using the Evaluation

Table 1
Compositions and cost of the six molten salts.

Composition (wt%) Cost (yuan/kg)

LiNO3 NaNO3 KNO3 CsNO3 Ca(NO3)2

Solar salt 60 40 43.6
LiNaKNO3 30 18 52 144.88
NaKCsNO3 20 24 56 10,771.44
NaKCaNO3 48 36 16 42.8
LiNaKCsNO3 18 12 25 45 8724.58
LiNaKCsCaNO3 8 6 23 44 19 8498.56

Price (yuan/kg) 378 42 46 19,200 38 –
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module in the LFEAuto1061 program. The uncertainty of thermal dif-
fusivity is estimated to be less than 15% [20].

2.5. Determination of viscosity

Viscosities of the molten salts were determined using a rotational
coaxial cylinder viscometer constructed based on the Brookfield DV-
Ⅲ-series measurement head. This device is feasible to the viscosity of
1.6–20 cP at no more than 1273 K. About 50–100 g nitrate molten salt
was put in a graphite crucible with uniform inner diameter of 30 mm
and 220 mm in height. The molten salt melted at target temperature for
1 h to make it homogeneous. Then, a special designed inner cylinder
with diameter of 26 mm and height of 150 mm was completely dipped
into the molten salt in the weight of approximately 100 g. The inner
cylinder rotates at the speed of 30 RPM (Revolutions Per Minute) to
make sure a laminar flow, and the SMC value was calibrated to be 0.51
by standard viscosity oil. The molten nitrate salts were heated to a
target temperature (723 K for Solar salt, and 673 K for other three
molten salts), and kept at this temperature for 1 h. A K-type thermo-
couple is put in the molten salt to measure its temperature accurately.
The inner cylinder was driven by a motor, and the torque was recorded.
The viscosity of the molten nitrate salt is obtained from Eq. (4). Details
are related in our previous work, and the uncertainty of viscosity is
estimated to be less than 2.5% [24].
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the dimension of crucible and rotator, and its value is calibrated by
standard viscosity oil; h and r represent the length and radius of the
rotator; R is the radius of the crucible; c is a constant; SMC calibrated by
standard viscosity oil; Y is the torque expressed by percent; ε is a
constant; N is the rotating speed.

3. Results and discussion

3.1. Results

For testing the melting temperatures of Solar salt, LiNaKNO3,
NaKCsNO3, NaKCaNO3, LiNaKCsNO3, and LiNaKCsCaNO3 molten salts,
about 10 mg nitrate salt sample was put in a graphite crucible. The
molten salts were heated from room temperature to 523 K for Solar salt,
and 473 K for the other five nitrate salts at 5 K/min under the argon
atmosphere. The DSC curves of the six nitrate salts are shown in Fig. 1,
and the melting peaks are marked as A, B, C, D, E, and F, respectively.
For Solar salt, it melts at 495 K, and the melting enthalpy is 87.6 J/g.
The melting temperatures of LiNaKNO3, NaKCsNO3, NaKCaNO3,

LiNaKCsNO3, and LiNaKCsCaNO3 molten salts are 401, 418, 405, 368,
and 351 K, respectively. Obviously, the melting temperature of Solar
salt molten salt is lowered by addition of LiNO3, CsNO3, and Ca(NO3)2,
especially the LiNaKCsNO3 and LiNaKCsCaNO3 multi-component
molten salts, approximately result in a considerable reduction of 403
and 413 K, respectively. The melting enthalpies are 138.3, 86.0, 5.6,
84.2, and 20.3 J/g, denoting that the enthalpy of molten salt containing
Ca(NO3)2 is too small. The above results tell us that developing multi-
component molten salt is an effective method to search novel molten
salt with lower melting temperatures.

Actually, two peaks are detected in the DSC curves of Solar salt,
LiNaKNO3, and NaKCsNO3, seeing Fig. 1. The small peaks (marked as
G–I) are caused by solid transformation, as reported by Olivares et al.
[13]. The solid transformation peak will disappear after several re-
cycles, which shows satisfied agreement with the results reported in
Ref. [25]. In fact, only some mixtures could undergo solid transition,
and the transition temperature is also different. These transitions could
be observed obviously in DSC curve for the salts whose heat of solid
transition is bigger enough, such as Solar salt, LiNaKNO3 and
NaKCsNO3. For NaKCaNO3, it's difficult to observe the heat changes
caused by solid transition in DSC curve, because that the heat of solid
transition is too small. For LiNaKCsNO3 and LiNaKCsCaNO3 with a
lower melting point, the salt are melting and the phase become liquid
before the solid transition occurs, so it couldn't observe endothermic
peak cause by solid transition in DSC curve.

Thermal stabilities of Solar salt, LiNaKNO3, NaKCsNO3, NaKCaNO3,
LiNaKCsNO3, and LiNaKCsCaNO3 molten salts are evaluated using
thermogravimetric analysis, presented in Fig. 2. The thermal stability
limit is defined depended on heating rate, generally, the temperature
where the weight loss is 3% at 10 K/min is regarded as the temperature
limit [26]. In the present work, the heating rate is 10 K/min, so the
temperature when weight loss is 3% (denoted by a black dot line in
Fig. 2) is regarded as decomposition temperature. It is 885, 816, 846,
828, 827 and 836 K for Solar salt, LiNaKNO3, NaKCsNO3, NaKCaNO3,
LiNaKCsNO3, and LiNaKCsCaNO3 molten salts, respectively. Obviously,
the Solar salt is the most stable as temperature increases, and the
thermal stability of the multi-component molten salt is lowered. The
salt could be used as heat transfer and sensible heat storage material
during from melting point to decomposition temperature, and the ΔT
(decomposition temperature minus melting point) for the six molten
nitrate salts is 390, 415, 428, 423, 459, and 485 K, respectively. This
result suggests that Solar salt has the smallest working temperature
range although it is the most stable molten salt at high temperature, and
the multi-component molten salt with lower melting temperature has a
larger working temperature range.

In Fig. 2, the molten nitrate salts gradually decomposed with tem-
perature increasing. Therefore, the thermal properties of the molten
nitrate salt in the liquid state were measured below 673 K, since the

Fig. 1. The DSC curves of the six molten nitrate salts studied in this work. Fig. 2. The TGA curves of the six molten nitrate salts.
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thermal properties at high temperature are rather similar for different
alkali nitrate salt mixtures [27].

The specific heat capacities of the molten salts were determined
from Ratio method using DSC. The determination of each molten salt
was repeated for three times, and the average values of the last two
measurements are adopted, shown in Fig. 3. There is slight change of
the specific heat capacities with temperature increasing, so it is rea-
sonable to regard them as a constant, their values are 1.62, 1.65, 1.18,
1.57, 1.32, and 1.20 J/g K corresponding to Solar salt, LiNaKNO3,
NaKCsNO3, NaKCaNO3, LiNaKCsNO3, and LiNaKCsCaNO3 molten salts,
respectively. The specific heat capacities of Solar salt is obviously de-
creased by adding CsNO3 and Ca(NO3)2.

Densities of the molten nitrate salts were determined based on
buoyancy of completely immersing a platinum sinker. The buoyancy
force can be represented by the weight change read from an electronic
balance. A K-type thermocouple was inserted in the molten salt to as-
sure an accurate temperature. The density of the nitrates in the liquid
state can be calculated on the basis of the Archimedean principle, and
densities of the six nitrate molten salts at different temperatures are
shown in Fig. 4. Generally, the temperature dependence of density
follows a linear equation, Eq. (5). Therefore, the densities of the molten
nitrate salts are regression analyzed, and the parameters in expressions
are listed in Table 2. The r2 of the linear regression equations for the six
molten salts are larger than 0.99, indicating an excellent agreement
between experimental data and calculated results.

= +ρ a bT (5)

Where a and b are coefficients calculated based on experimental data.
In Fig. 4, the NaKCsNO3 presents a largest density, the Li-

NaKCsCaNO3 is secondary, the density of NaKCaNO3 is similar to that

of LiNaKCsNO3, which is larger than that of Solar salt, and the density
of LiNaKNO3 is smallest. Obviously, the density can be easily increased
by adding CsNO3 and Ca(NO3)2. Actually, the density of the mixture
can be calculated by the additive rule [28], so it is related to each single
component of the mixture. As we know, the density of CsNO3 and Ca
(NO3)2 is larger than LiNO3, NaNO3 and KNO3, so the molten salt that
contains CsNO3 and Ca(NO3)2 presents larger density.

Thermal diffusivities of the six molten salts were determined using
the laser flash technique verified by H2O, KNO3, and LiF-NaF-KF eu-
tectic molten salt, and details were elaborately described in our pre-
vious work [20]. The thermal diffusivity of Solar salt is measured from
523 to 673 K with an interval of 50 K. For the LiNaKNO3, NaKCsNO3,
NaKCaNO3 and LiNaKCsNO3 molten salts, their thermal diffusivities are
determined at the temperature of 473, 523, 573, 623, and 673 K, re-
spectively. Thermal diffusivity of LiNaKCsCaNO3 is measured at 473,
523, 573, and 623 K. At each temperature, the samples are tested for 5
times, and the average value is adopted as the final results, shown in
Fig. 5. The thermal diffusivities of the molten nitrate salts slightly in-
crease with temperature increasing below 623 K, however, the thermal
diffusivities increase abruptly at 673 K. The phenomenon maybe caused
by the structure or volatilization the molten nitrate salts, which is under
study and may be clear in the near future. Moreover, we can see that the
thermal diffusivity of Solar salt is decreased by addition of LiNO3,
CsNO3, and Ca(NO3)2.

Viscosities of the Solar salt, LiNaKNO3, NaKCsNO3, NaKCaNO3,
LiNaKCsNO3, and LiNaKCsCaNO3 molten salts are measured using a
self-constructed rotating viscometer. The reliability of the device is
confirmed by standard viscosity oil (Cannon S6 oil). The relative de-
viation from the standard value of Cannon S6 oil was less than 2%,
indicating the reliability of the viscometer [24].

The viscosities at different temperatures are presented in Fig. 6.
Generally, the temperature dependence of viscosity is described by
Arrhenius equation, Eq. (6), and it is adopted in this work. Both the
experimental data and the calculated results are shown in Fig. 6. Re-
gression analysis of the viscosity data with Eq. (6) is performed. The
calculated parameters, such as A0, Evis, and r2, are listed in Table 2,

Fig. 3. The specific heat capacities of the six molten nitrate salts the calculated lines.

Fig. 4. The densities of the six molten nitrate salts and.

Table 2
Coefficients for density and viscosity fitted from experimental data.

Density Viscosity

a b (× 10−4) A0 Evis (kJ/mol) r2

Solar salt 2.346 − 7.650 0.1286 15.23 0.986
LiNaKNO3 2.295 − 7.604 0.03337 21.69 0.992
NaKCsNO3 2.861 − 9.713 0.04342 21.21 0.978
NaKCaNO3 2.385 − 7.092 0.05394 21.80 0.998
LiNaKCsNO3 2.438 − 7.906 0.04732 20.57 0.985
LiNaKCsCaNO3 2.788 − 8.723 0.05840 21.64 0.989

Fig. 5. The diffusivities of the six molten nitrate salts.
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which tells us that the least squares correlation coefficients, r2, are
0.986, 0.992, 0.978, 0.998, 0.985, and 0.989 for Solar salt, LiNaKNO3,
NaKCsNO3, NaKCaNO3, LiNaKCsNO3 and LiNaKCsCaNO3 molten salts,
respectively. This result indicates that the viscosity of the six molten
salts can be well depicted by Arrhenius equation. The calculated acti-
vation energy of Solar salt is smallest, 15.23 kJ/mol, and the activation
energy of other three molten salts are close to each other, about 21 kJ/
mol.

=η A E
RT

exp( )vis
0 (6)

Where A0 is a constant, Evis is the activation energy, R is the universal
gas law constant.

Seeing Fig. 6, viscosities of NaKCaNO3 and LiNaKCsCaNO3 molten
salts are much larger other four molten salts, this may be caused the
addition of Ca(NO3)2. Ca(NO3)2 presents divalent and is ready to form
coordination and increases the viscosity [23]. LiNaKNO3 molten salt
shows the smallest viscosity, which may be attributed to the small ra-
dius of Li+, and it is difficult to combine with other ions and decreases
the viscosity.

3.2. Discussion

Energy storage density is treated as the most important parameter in
the energy storage application because it determines the capacity and
efficiency in the heat transfer process. Energy storage density per vo-
lume can be calculated by multiplying density, heat capacity and
working temperature range. As we know, density is a linear function of
temperature, so the energy storage density should be an integral ex-
pression, as Eq. (7)

∫= ⋅E c ρ T dT( )p T

T

m

lim

(7)

where E is energy storage capacity, Tm is the melting temperature, Tlim
is the upper limit of working temperature, which is defined as 3%
weight loss in the present work.

The parameters in Eq. (7) are adopted from the present work, listed
in Table 3, and the energy storage capacities are calculated to be
1148.61, 1256.38, 1133.82, 1232.19, 1190.55, and 1333.23 J/cm3 for
Solar salt, LiNaKNO3, NaKCsNO3, NaKCaNO3, LiNaKCsNO3, and Li-
NaKCsCaNO3 molten salts, respectively. Obviously, the LiNaKCsCaNO3

molten salt has the largest energy storage capacity, LiNaKNO3 is sec-
ondary, NaKCsNO3 is third, and the energy storage capacity of
NaKCsNO3 molten salt is smallest. Actually, many factors have an in-
fluence on the energy storage density in practical application.

Figure of merit (FOM), provided by Bonilla [29], is useful to com-
pare the heat-transfer performance of HTF media [27]. FOM for natural
and forced convection confirms the superior heat transfer metrics. For
forced convection, the FOM is as Eq. (8), while Eqs. (9) and (10) are for
natural convection.

= η ρ cFOM(forced convection, turbulent) /( )p
0.2 2 2.8 (8)

= η βρ cFOM(natural convection, turbulent) /( )p
0.2 2 1.8 0.36 (9)

= η βρ cFOM(natural convection, laminar) /( )p
2 0.5 (10)

Where β is the volume expansivity.
FOM is only used for comparison within a group type (salts, metals,

or other). Low value of FOM represents better performance. The FOMs
of the six molten nitrate salts at 623 K are listed in Table 4, and Solar
salt has the smallest FOM values under the natural convection and
forced convection, indicating that Solar salt is the best medium as HTF
among the six molten salts in this view of point.

Cost is another important point in the commercial application to be
considered, so we calculate the cost of the six molten nitrate salts based
on price available Sinopharm Chemical Reagent Co. Ltd. in China, listed
in Table 1. The cost of NaKCaNO3 is smallest, and Solar salt is sec-
ondary, both of which is less than 50 yuan/kg. The molten salts that
contain CsNO3 are too much expensive although they have larger
working temperature range and larger thermal energy storage capacity.

The melting point is largely decreased by the multi-component
molten salt, and it is beneficial to reduce the risk of molten salt freeze
and pipe block, as well as the cost of some auxiliary facilities; the large
working temperatures of the multi-component molten salt are good for

Fig. 6. The viscosities of the six molten nitrate salts and the calculated curves using
Arrhenius equation.

Table 3
The properties and thermal energy storage capacity.

ρ (g/cm3) Tm (K) Tlim (K) E (J/cm3)

Solar salt ρ = 2.346 − 0.0007650T 495 885 1148.61
LiNaKNO3 ρ = 2.295 − 0.0007604T 401 816 1256.38
NaKCsNO3 ρ = 2.861 − 0.0009713T 418 846 1133.82
NaKCaNO3 ρ = 2.385 − 0.0007092T 405 828 1232.19
LiNaKCsNO3 ρ = 2.438 − 0.0007906T 368 827 1190.55
LiNaKCsCaNO3 ρ = 2.788 − 0.0008723T 351 836 1333.23

Table 4
The properties and FOMs at 623 K.

η (cP) ρ (g/cm3) cp (J/g K) β (1/K) FOM* FOM# FOM@

Solar salt 2.39 1.869 1.62 4.09 × 10−4 8.83 × 10−2 8.23 32.14
LiNaKNO3 2.51 1.822 1.65 4.17 × 10−4 8.91 × 10−2 8.26 33.15
NaKCsNO3 2.85 2.257 1.18 4.30 × 10−4 15.2 × 10−2 8.78 33.17
NaKCaNO3 3.51 1.943 1.57 3.65 × 10−4 9.63 × 10−2 8.75 40.28
LiNaKCsNO3 2.29 1.941 1.32 4.16 × 10−4 14.4 × 10−2 9.07 33.29
LiNaKCsCaNO3 3.94 2.245 1.20 3.89 × 10−4 15.7 × 10−2 9.26 40.95

FOM* represents the forced convection, turbulent; FOM# is natural convection, turbulent; FOM@ is natural
convection, laminar.
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improving the thermoelectric conversion efficiency. However, the cost
of the multi-component molten salts is too much higher. In the practical
application, the cost of molten salt should be balanced with the thermal
storage capacity and heat transfer, which greatly depend on thermal
physical properties.

4. Conclusion

In this work, a novel quaternary molten nitrate salt with the melting
temperature of 368 K is found using Calphad method. Its thermal
physical properties, such as melting temperature, specific heat capacity,
thermal diffusivity, density, and viscosity, together with those of Solar
salt, LiNaKNO3, NaKCsNO3, NaKCaNO3, and LiNaKCsCaNO3 molten
salts are comprehensively studied in this work. The thermophysical
properties are the basic input data to calculate thermal energy storage
and heat transfer ability, which are evaluated based on the present
results. Our results show that the multi-component nitrate molten salt
has much lower melting temperature and larger working temperature
range, which is benefit to improve the thermal energy storage capacity,
but their costs are too much higher. In view of heat transfer perfor-
mance, Solar salt shows the best among the six molten salts for forced
and natural convection.
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