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A B S T R A C T

Fluoride and chloride reciprocal salts are potential novel media with suitable working temperature and high
latent heat for next-generation solar power. A back propagation (BP) artificial neural network (ANN) algorithm
was developed based on the known data of salts. The composition and melting point of two unknown binary
fluoride and chloride reciprocal salts were predicted by the trained ANN model. The predicted composition and
melting point of the reciprocal salts were verified by experimental tests. The predicted results of composition are
in good agreement with the experimental values, and the predicted errors of the melting point are less than
1.5%. The melting point and fusion enthalpy of KCl-NaF reciprocal eutectic salt are 648 ± 2 °C and 365 ± 5 J/
g, respectively. The thermal stability of this reciprocal eutectic salt is very good and the weight loss is still less
than 3.0% even up to 800 °C. The good performance of KCl-NaF reciprocal eutectic salt at high temperatures
suggest that it can be a good candidate for thermal energy storage systems with supercritical CO2 cycles. The
ANN is an effective method to prediction composition and properties of molten salts, this method is expected to a
quick method for design and selection of phase change material for the high temperature latent heat energy
storage systems.

1. Introduction

Nitrate salts are commonly applied as thermal energy storage
mediums for large-scale concentrating solar power (CSP) plants at
present due to their low cost and large heat capacity (Reilly and Kolb,
2001; Herrmann and Kearney, 2002). However, their upper tempera-
ture limit of 565 °C (Stern, 1972; Hoshino et al., 1981) make the
economy of CSP still difficult to match with traditional fossil fuel-based
power (Fernández et al., 2019; Mohan et al., 2019). High temperature
phase change materials (PCM) have gained increasing interest for
thermal energy storage (TES) (Kenisarin, 2010; Myers and Goswami,
2016; Lin et al., 2018; Zhou and Wu 2019). High temperature PCM not
only reduce the cost of TES systems but also allow the systems to be
integrated with more efficient power generation systems, such as su-
percritical CO2 (S-CO2) cycles (Jiang et al., 2018).

The development of high-temperature PCM has focused on PCM
composite with nanoparticles (Navarrete et al., 2019; Xiao et al., 2019),
skeleton/supporting materials (Li et al., 2019; Sang et al., 2019) or

encapsulated PCMs encapsulated PCMs (Zou et al., 2019; Zhang et al.,
2019) to overcome the low specific heat and (or) thermal conductivity
of salts. There are rare studies on high temperature molten salt PCMs
itself with high latent heat and suitable temperature. Fluoride and
chloride eutectic salt has the highest latent heat and satisfies the tem-
perature requirement (600–720 °C) for higher efficiency next-genera-
tion CSP (Kenisarin, 2010; Myers and Goswami, 2016; Mohan et al.,
2019; Zhou and Wu 2019). Although some fluoride and chloride re-
ciprocal eutectic salts have been investigated recently, most of these
studies focused on phase behavior (Chartrand and Pelton, 2001; Pelton
et al., 1992; Renaud et al., 2011). Few experimental investigations on
thermal storage behavior are available. Verdiev et al. (2006, 2009)
evaluated fusion enthalpy (ΔH) and melting temperature (Tm) of NaF-
NaCl (33.5–66.5 mol%) and KF-KCl (55.0–45.0 mol%). The Tm of NaF-
NaCl and KF-KCl were 675 °C and 605 °C, respectively. The corre-
sponding ΔH were 572 J/g and 407 J/g, respectively. These results
indicate that the fluoride and chloride reciprocal system is an appro-
priate high latent candidate PCM for TES. Researchers (Cheng and Zhai,
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2018; Elfeky et al., 2019) studied the thermal performance of multi-
layered PCM with different Tm configurations and compared the out-
comes with those of a single-stage PCM configuration. The multilayered
PCM configuration has the better performance and can reduce the
charging time by up to 15.1% relative to those of a single-stage PCM.
Developing more fluoride and chloride reciprocal eutectic salts with
different melting points is necessary for multilayered PCM configura-
tion.

An artificial neural network (ANN) algorithm is a machine learning
technology that uses samples with known data as the training set to
establish a model and then predict the properties of unknown samples.
The machine learning has been applied in biomedicine and chemical
synthesis (Coley et al., 2019; Zhavoronkov et al., 2019), chemical
substance characterizations (Gadzuric et al., 2006; Liu, et al., 2016;
Isayev, et al. 2017) and phase diagram analysis of an alloy (Zeng et al.,
1997; Zhu et al. 2018). Therefore, ANN method may be applicable to
predict the characteristics of new molten salts without experimental
tests. A back propagation (BP) ANN algorithm was established using the
binary fluoride/chloride reciprocal salts with known composition data
and Tm as the test set from the literature. The compositions and Tm

value of two unknown binary fluoride and chloride reciprocal salts
were predicted by the trained model. The Differential Scanning Ca-
lorimeter (DSC) tests confirmed the accuracy of the predicted results.
The key thermophysical properties of KCl-NaF reciprocal eutectic salt
were achieved by experiments. The suitable phase change temperature,
high latent heat and good thermal stability of KCl-NaF reciprocal eu-
tectic salt make it be a good candidate for next-generation CSP. ANN
method could be further developed for predicting composition and
melting points of multi-component molten salts, and also for ascer-
taining the other properties of molten salts, such as their densities,
conductivities and so on. This ANN method is expected to provide a
quick technique for molten salt design, selection of PCM for latent heat
energy storage systems at high temperature.

2. Materials and methods

2.1. ANN calculation

ANN method is one of the machine learning algorithms that adopt
samples of known data as the training set to establish a prediction
model and then predict the properties of unknown samples. A three-
layer back propagation ANN used in the study contains input layer,
hidden layer, and output layer. The sketch map of ANN was shown in
Fig. 1. The mean square error (MSE) function (1) was employed as the
loss function, and the sigmoid function (2) was applied as activation
function. Learning rate decay and momentum were added into the ANN
to improve the BP neural network algorithm and overcome the pro-
blems of local minimum and slow convergence. The alkali or alkaline
earth fluoride and chloride reciprocal salts with known compositions
and Tm values were applied as the training set. Molecular and atomic
parameters were selected as the descriptors (input). The lowest Tm

value and composition of the eutectic salt were set as the outputs. The
calculation accuracies of the ANN algorithm were verified by the leave-
one-out cross-validation method. Unknown salts that were the subject
to prediction were taken as the test set.
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2.2. Molten salt preparation

Individual salts of KCl, NaF and MgF2 were purchased from
Sinopharm Chemical Regent Co., Ltd and their purities were more than
99.8%. The individual salts were weighed by balance according to the
eutectic composition by prediction or the given comparison composi-
tion. The raw materials were putted into quartz crucibles and then
heated to 680 °C or 800 °C, at which they were maintained for 50 min.
A rod was utilized to stir the salts when kept at 680 °C or 800 °C for
adequately mix the salts. The mixtures were cooled naturally and fi-
nally preserved in glove box for following experiments.

2.3. Characterization

The Tm value and fusion enthalpy were measured by the NETZSCH
DSC (DSC-404 F3). The samples were first ground to powders, and then
approximately 10.0 mg of powders were added into the test pan. The
samples were heated from ambient temperature to 800 °C with the
scanning rate of 5.0 °C·min−1. The experiment was conducted under
argon atmosphere and the flow rate of purge gas is 50.0 ml·min−1. The
heat and cool processes for each sample were repeated three times to
ensure reproducibility of results.

Thermal stability of eutectic salt was evaluated by a thermogravi-
metric analyzer (TGA, Setaram Labsys Evo). TGA test was performed
under argon atmosphere from 300 °C to 900 °C at a heating speed of
10.0 °C·min−1. During measurement, the test corundum crucible was
first heated to 900 °C as the baseline of the result. Approximately 30 mg
of the reciprocal eutectic salt was added into the crucible and heated to
900 °C under the same condition as the baseline test. The baseline was
subtracted from the weight change of experiment result.

3. Results and discussion

3.1. Composition and melting point prediction

The composition and melting temperature can be usually obtained
through Calculation of phase diagram (Calphad) software such as
Factsage, the calculation of Calphad software based on a large number
of experimental phase equilibrium data and thermochemical data. It
can only evaluating ternary molten system from binary molten system

Fig. 1. The sketch map of the ANN model.

Y. Wang, et al. Solar Energy 204 (2020) 667–672

668



or optimize binary phase diagram based on experimental data of cor-
responding molten system. The experimental phase equilibrium data
and thermochemical data of the fluoride/chloride reciprocal salt are
incomplete and very difficult to acquire by experiments. Research on
phase behavior of fluoride/chloride reciprocal salt by traditional
method is highly complex and time consuming. In particular, for the
binary salt, the composition and diagram should be obtained totally
based on experimental tests and cannot be calculated only by the phase
diagram thermodynamic method. ANN method can predict the prop-
erties of unknown molten systems based on molten systems with ex-
isting data, it can avoid do experiment test on the unknown molten
system and consider the intermediate compound, especially suited for
high temperature and (or) danger systems.

The eutectic composition and Tm of KCl-NaF reciprocal salt has been
investigated by the ANN method. The KCl-MgF2 reciprocal salt was also
predicted to further verify the reliability of the ANN algorithm. These
two reciprocal salts were taken as the test set. A total of 23 samples of
alkali or alkaline earth chloride/fluoride reciprocal salts with eutectic
compositions and Tm values were obtained from the literature and
served as the training set. The lowest eutectic composition (shown here
as a component of chloride, X(MClx)) and the Tm of these reciprocal
salts are shown in Table 1. Molecular and atomic parameters were
usually chosen as the descriptors (input) in data mining or machine
learning in chemistry (Gadzuric et al., 2006; Liu, et al., 2016; Isayev,
et al. 2017; Zeng et al., 1997). The descriptors selected in the paper
include cation radius (r), electronegativity (E), electronegativity dif-
ference (ΔE), cationic charge (Z), and cationic charge/radius ratio (Z/
r). The Tm of individual salts were also selected as descriptors. Sub-
scripts 1 and 2 are representations of chloride and fluoride, respec-
tively. The parameters of these molten salts were collected from the
references (Songster and Pelton, 1991; Sharma and Johnson, 1969;
Malinovský and Gregorčoková, 1974; Janz et al., 1979; Pelton et al.,
1992; Chartrand and Pelton, 2001; Renaud et al., 2011; Garkushin
et al., 2017). Allred-Rochow electronegativity (You, 1974) was applied
as a descriptor to enlarge the difference in the electronegativity among
different elements. The detailed descriptor parameters and their values
are presented in Table 1. The X(MClx) and Tm of eutectic salts were set
as the outputs. The accuracies of the ANN algorithm were verified by
the leave-one-out cross-validation method because of the dataset is

small. Fig. 2 shows the cross-validation results of the predicted against
the experimental values of eutectic compositions and Tm values, re-
spectively. The prediction errors of most samples were within the±
10% range, and the R2 values of the composition and Tm were 91.10%
and 86.88%, respectively. These results indicated a high precision and
confidence for the predictions.

After cross-validation, the ANN was trained by utilizing the 23
samples of molten salts with known compositions and Tm as the training
set, the selected descriptors as inputs, and X(MClx) or Tm as outputs.
The descriptors of KCl-NaF and KCl-MgF2 reciprocal eutectic salts were
inputted to the trained ANN. Compositions and Tm were predicted by
the established models. The predicted content of KCl for KCl-NaF and
KCl-MgF2 reciprocal eutectic salts were 72.8% and 94.2%, and the Tm

values were 652.6 °C and 776.6 °C, respectively. The reciprocal salts
with the predicted composition were prepared, and their DSC curves
were tested to validate the reliability of calculation. The experimental
results of the KCl-NaF and KCl-MgF2 reciprocal eutectic salts are shown
in Fig. 3. Only one peak was found for each reciprocal salt with the
predicted composition. The Tm values of KCl-NaF and KCl-MgF2 re-
ciprocal eutectic salts by the DSC test were 649.5 °C and 766.2 °C, re-
spectively. The peak locations were in good agreement with the pre-
dicted values, and the predicted errors of Tm values were less than
1.5%. The relationship of predicted against experimental values for
eutectic composition and Tm are also reflected in Fig. 2 by blue stars.

3.2. Composition and melting point validation

The accuracy of the ANN prediction results was further validated by
the DSC test of salts with different compositions. For the KCl-NaF
system, besides the salt at the composition of the predicted eutectic
point, five other salts with KCl contents of 90.0, 80.0, 70.0, 60.0, and
50.0 mol% were analyzed by DSC. The DSC test results of these salts are
provided in Fig. 4. Fig. 4(a) and (b) shows the DSC curves of the heat up
and cool down process, respectively. Two peaks were found in all of
these salt samples, except for the salt with a predicted composition in
Fig. 4. The first peaks were at a constant temperature of approximately
647.3–649.5 °C. This temperature range is the lowest Tm of the KCl-NaF
reciprocal salt. The location of the second peak changed with the
composition, that is, the bigger the gap between the composition of the

Table 1
The composition, melting point and value of descriptors of training set (23 samples) and test set (2 samples).

No. Eutectic Tm X(MClx) T1 T2 r1+ r2+ z1+ z2+ z/r1+ z/r2+ r1+/r2+ E1+ E2+ ΔE Ref.

1 NaCl-CaF2 779 0.955 801 1418 0.95 0.99 1 2 1.0526 2.0202 0.9596 7.21 8.58 −1.37 Malinovský and Gregorčoková (1974)
2 KCl-CaF2 763 0.984 771 1418 1.33 0.99 1 2 0.7519 2.0202 1.3434 4.17 8.58 −4.41 Chartrand and Pelton (2001)
3 NaCl-MgF2 786 0.955 801 1263 0.95 0.65 1 2 1.0526 3.0769 1.4615 7.21 17.80 −10.59 Sharma and Johnson (1969)
4 LiCl-CaF2 495 0.813 605 1418 0.60 0.99 1 2 1.6667 2.0202 0.6061 6.67 8.58 −1.91 Chartrand and Pelton (2001)
5 LiCl-MgF2 597 0.980 605 1263 0.60 0.65 1 2 1.6667 3.0769 0.9231 6.67 17.80 −11.13 Chartrand and Pelton (2001)
6 LiCl-SrF2 492 0.875 605 1477 0.60 1.13 1 2 1.6667 1.7699 0.5310 6.67 7.75 −1.08 Renaud et al. (2011)
7 NaCl-SrF2 757 0.919 801 1477 0.95 1.13 1 2 1.0526 1.7699 0.8407 7.21 7.75 −0.54 Renaud et al. (2011)
8 KCl-SrF2 760 0.985 771 1477 1.33 1.13 1 2 0.7519 1.7699 1.1770 4.17 7.75 −3.58 Renaud et al. (2011)
9 KCl-BaF2 739 0.924 771 1368 1.33 1.35 1 2 0.7519 1.4815 0.9852 4.17 5.43 −1.26 Janz et al. (1979)
10 NaCl-NaF 679 0.665 801 995 0.95 0.95 1 1 1.0526 1.0526 1.0000 7.21 7.21 0.00 Chartrand and Pelton (2001)
11 MgCl2-MgF2 627 0.772 714 1263 0.65 0.65 2 2 3.0769 3.0769 1.0000 17.80 17.80 0.00 Pelton et al. (1992)
12 KCl-KF 605 0.550 771 858 1.33 1.33 1 1 0.7519 0.7519 1.0000 4.17 4.17 0.00 Chartrand and Pelton (2001)
13 CaCl2-CaF2 645 0.819 775 1418 0.99 0.99 2 2 2.0202 2.0202 1.0000 8.58 8.58 0.00 Pelton et al. (1992)
14 LiCl-LiF 485 0.680 605 848 0.60 0.60 1 1 1.6667 1.6667 1.0000 6.67 6.67 0.00 Janz et al. (1979)
15 CaCl2-MgF2 695 0.875 775 1263 0.99 0.65 2 2 2.0202 3.0769 1.5231 8.58 17.80 −9.22 Pelton et al. (1992)
16 NaCl-LiF 681 0.578 801 848 0.95 0.60 1 1 1.0526 1.6667 1.5833 7.21 6.67 0.54 Chartrand and Pelton (2001)
17 KCl-LiF 718 0.780 771 848 1.33 0.60 1 1 0.7519 1.6667 2.2167 4.17 6.67 −2.5 Chartrand and Pelton (2001)
18 RbCl-RbF 540 0.540 718 775 1.48 1.48 1 1 0.6757 0.6757 1.0000 4.07 4.07 0.00 Janz et al. (1979)
19 SrCl2-SrF2 740 0.880 874 1477 1.13 1.13 2 2 1.7699 1.7699 1.0000 7.75 7.75 0.00 Renaud et al. (2011)
20 CsCl-CsF 430 0.500 645 682 1.69 1.69 1 1 0.5917 0.5917 1.0000 3.12 3.12 0.00 Songster and Pelton (1991)
21 BaCl2-BaF2 845 0.827 963 1368 1.35 1.35 2 2 1.4815 1.4815 1.0000 5.43 5.43 0.00 Janz et al. (1979)
22 CsCl-KF 482 0.660 645 858 1.69 1.33 1 1 0.5917 0.7519 1.2707 3.12 4.17 −1.05 Garkushin et al. (2017)
23 CsCl-NaF 583 0.880 645 995 1.69 0.95 1 1 0.5917 1.0526 1.7789 3.12 7.21 −4.09 Garkushin et al. (2017)
Test1 KCl-NaF* 652.6 0.728 771 995 1.33 0.95 1 1 0.7519 1.0526 1.4000 4.17 7.21 −3.04 Test set
Test2 KCl-MgF2* 776.6 0.942 771 1263 1.33 0.65 1 2 0.7519 3.0769 0.9231 4.17 17.80 −13.63 Test set
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comparison salts and the ANN prediction value, the farther away the
second peak is from the first one. Moreover, the second peak areas were
also increase with the bigger of gaps. Only one peak started at ap-
proximately 649 °C for the salt with the predicted composition, and no
other peaks were found at other temperatures (Fig. 4). This composition
is the eutectic composition of KCl-NaF reciprocal salt or very close to it.

KCl-MgF2 reciprocal salts with different compositions were also
subjected to DSC tests for further validation (Fig. 5). The KCl-MgF2
reciprocal salt with predicted composition had only one peak. Two
peaks occurred in the DSC curves of the comparison salt whose com-
position deviated from the predicted value. The comparison salt is not a
eutectic salt. These results indicate that the ANN prediction eutectic

Fig. 2. Cross-validation of the predicted values of alkali or alkaline earth chloride or fluoride molten salts using the leave-one-out method: (a) composition of chloride
(X(MClx)) and (b) melting point (Tm).

Fig. 3. DSC curves of reciprocal eutectic salt in test set: (a) KCl-NaF, (b) KCl-MgF2.

Fig. 4. The DSC curves of KCl-NaF reciprocal eutectic with different composition: (a) Heat up, (b) Cool down.
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point is the lowest one, and the calculation of the melting points is
accurate. Thus, the ANN prediction is not only limited to one sample
but is applicable to similar samples.

3.3. Key thermophysical properties

The Tm and enthalpy of fusion of the KCl-NaF reciprocal eutectic
salts were measured by DSC (Fig. 6). The onset temperature of the peak
in the DSC curve was taken as the Tm of this eutectic salt, which was
648 ± 2 °C. Enthalpy of fusion is a key parameter for latent heat
storage which was calculated by the integration of the peak area in the
DSC curve. The fusion enthalpy of the KCl-NaF reciprocal eutectic salt
was 365 ± 5 J/g. The KCl-NaF reciprocal eutectic salt with suitable
melting point and high latent heat may be a good candidate medium for
next-generation solar power technology.

The TGA spectra of KCl-NaF reciprocal eutectic salt was shown in
Fig. 7. The TGA of KCl-NaF reciprocal eutectic salt was conducted with
the heating speed of 5.0 °C·min−1 under argon atmosphere. There is not
weight change from 300 °C to 700 °C for the KCl-NaF reciprocal eutectic
salt (Fig. 7). The weight loss between 700 °C and 750 °C is slowly and
less than 1.5 wt%. The weight loss is still less than 3.0 wt% even up to
800 °C. A weight loss of 3.0 wt% is usually regarded as the thermal
decomposition (degradation) temperature (Fernández et al., 2019).
Therefore, KCl-NaF reciprocal eutectic salt has good thermal stability,

which determined the upper limit of the working temperature. The
good thermal stability of KCl-NaF eutectic salt at high temperatures
indicated that it can fulfill the temperature requirement for the TES
systems with S-CO2 power-generation cycles.

4. Conclusions

An ANN algorithm was developed based on molecular and atomic
parameters of known eutectic salts. Eutectic compositions and melting
point of binary fluoride and chloride reciprocal eutectic salts were
predicted by the trained ANN model. The predicted composition and
melting point of the reciprocal salts were verified by experimental tests.
The single peak in the Differential Scanning Calorimeter curves in-
dicates the high accuracy of the predicted values for the reciprocal salts,
and the predicted errors of the melting point are less than 1.5%. The
predicted compositions and melting point are in good agreement with
the experimental values. The melting temperature and fusion enthalpy
of KCl-NaF reciprocal eutectic salt are 648 ± 2 °C and 365 ± 5 J/g,
respectively. The thermal stability of this reciprocal eutectic salt is very
good and the weight loss is still less than 3.0% even up to 800 °C. The
KCl-NaF reciprocal eutectic salt with satisfactory thermophysical
properties at high temperatures could be a good candidate medium for
next-generation solar power technology. The ANN is an effective
method to prediction composition and melting points of binary molten
salts. It can avoid to do experiment test on the unknown molten system
and consider the intermediate compound, especially suited for high
temperature and (or) danger systems. The Calphad software, such as
Factsage, can apply for more complicated salts and more thermo-
physical properties. As a novel and immaturity algorithm, the ANN
method may and should also be further developed for predicting
composition and melting points of multi-component molten salts, and
also for ascertaining the other properties of molten salts, such as their
densities and conductivities. It is expected to a quick method for design
and selection of PCM for the high temperature latent heat energy sto-
rage systems, and also for other system adopted molten salt. It should
be noted that ANN method is based on large number of samples with
known data to predict the properties of unknown samples with similar
structure, if the literature data of samples with similar structure is in-
sufficient or inaccurate, the prediction accuracy will be discounted.
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