Solar Energy Materials & Solar Cells 218 (2020) 110756

Contents lists available at ScienceDirect

Solar Energy Materials and Solar Cells
journal homepage: http://www.elsevier.com/locate/solmat

Thermal transport and storage performances of NaCl–KCl–NaF eutectic salt
for high temperatures latent heat
Yang Wang a, b, Xiang Li c, Na Li a, d, e, Changjian Ling a, d, e, Zhongfeng Tang a, b, d, e, *, Zhong Li a, b
a

Shanghai Institute of Applied Physics, Chinese Academy of Sciences, Shanghai, 201800, China
University of Chinese Academy of Sciences, Beijing, 100049, China
c
Department of Natural Resources of Shanxi Province, Xi’an, 710082, China
d
Key Laboratory of Interfacial Physics and Technology, Chinese Academy of Sciences, Shanghai, 201800, China
e
Dalian National Laboratory for Clean Energy, Dalian, 116023, China
b

A R T I C L E I N F O

A B S T R A C T

Keywords:
Phase change materials (PCMs)
Molten salt
Latent heat
Thermal stability
Supercritical CO2

The NaCl–KCl–NaF eutectic salt was designed and developed by Pandat software and experiment. Thermal
transport and storage performances were determined by experimental measurements. The melting point of the
NaCl–KCl–NaF eutectic salt is 604.1 ◦ C and the fusion enthalpy is up to 398.4 J/g. The thermal conductivity
average value was 1.037 ± 0.074 W/m− 1⋅◦ C− 1. The weight loss of NaCl–KCl–NaF eutectic salt is still less than
6.0% even up to 900 ◦ C and the eutectic salt have very excellent thermal stability. The NaCl–KCl–NaF eutectic
salt with high latent and suitable temperature have good economy performance even with expensive individual
salt of NaF. The NaCl–KCl–NaF eutectic salt with suitable phase change temperature, low cost, high latent heat,
excellent stability and good economy performance can be a candidate phase change material for next generation
concentrated solar power with supercritical CO2 cycles.

1. Introduction
Chloride salts are the promising heat transfer fluids and thermal
energy storage (TES) media for the generation III concentrated solar
power (GIII-CSP) plants due to attractive costs, good thermal stabilities
and relatively high TES densities [1–5]. The work temperature recom
mend by Sun-shot plan for GIII-CSP plants was 550–750 ◦ C [6–8].
GIII-CSP plants with chloride salts can work at high temperatures and
integrate with higher efficiency supercritical CO2 (S–CO2) cycles.
Chloride salts can dramatically reduce the cost and improve the power
efficiency, increase potential market penetration for GIII-CSP plants
[9–12]. The latent heat storage, which uses the enthalpy of phase change
to store solar energy, has higher energy storage density compared to the
common sensible heat storage, it can make the storage system compacter
at same capacity and more efficient [13–19]. The melting point of PCMs
were in the work temperatures of CSP plants. However, TES phase
change materials (PCMs) with common chloride salts may be not met
the temperature range of S–CO2 cycles. Therefore, design and develop
ment of chloride TES materials with high latent heat and suitable tem
perature for S–CO2 cycles are very important and interesting. Chloride
salts as PCMs have become a research hotspot.

Chloride salts as PCMs have been proposed and tested as TES ma
terials due to their stable enough in the working temperature [1,4,
20–23]. However, the melting point of chloride salts PCMs with
attractive cost are commonly insufficient for S–CO2 cycles. Moreover,
molten salt PCMs with additives to overcome its low thermal conduc
tivity that will dramatically reduce the TES density and weaken the
advantages of molten salt PCMs [22–28]. Chloride salts added other
salts is a promising method to acquire molten salts with suit working
temperature, low cost and high latent heat. Jiang et al. [11,29] devel
oped NaCl–Na2CO3 (59.45-40.55 mol%) and NaCl–Na2SO4
(68.05-31.95 mol%) molten salts. The melting temperatures are meet
the temperatures demand for higher power efficiency, and their latent
heat are 266.3 J/g and 283.3 J/g [11,29]. An innovative
NaCl–NaF–Na2CO3 (21.66-41.87-36.47 mol%) ternary system was
designed by Li et al. [30], and the latent heat of the salt system was
328.3 J/g. The latent heat of these molten salts is still insufficient to
compete with traditional nitrate salt, especially when they composite
with metals or oxide ceramics.
Fluoride salts have the highest latent heat. Some of fluoride salts
have acceptable cost, but their melting point are too high [4,8,20]. The
fluoride and chloride mixtures may be the potentially novel molten salt
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systems with high latent heat and affordable the requirements of
GIII-CSP plants. A novel NaCl–KCl–NaF eutectic salt was designed and
developed by Pandat software and verified through experimental mea
surement. The melting point, enthalpy of fusion, thermal conductivity
and thermal stability were characterized in this experiment. The melting
point of the NaCl–KCl–NaF eutectic is 604.1 ◦ C and the fusion enthalpy
is up to 398.4 J/g. The specific heat capacity of this eutectic salt was
1.200 ± 0.008 J/g− 1⋅◦ C− 1. The thermal conductivity average value was
1.037 ± 0.074 W/m− 1⋅◦ C− 1. The weight loss of NaCl–KCl–NaF eutectic
salts is still less than 6.0% even up to 900 ◦ C and the eutectic salt has
very excellent thermal stability. The NaCl–KCl–NaF eutectic salt with
suitable phase change temperature, high latent heat, good stability and
economy performance can be a candidate PCM for GIII-CSP plants with
S–CO2 cycle. Besides, this ternary salt system can also apply for other
high temperatures thermal energy storage applications such as peak
shaving of power grids, effective use of curtailed wind power.

determined by DSC under argon atmosphere at a heating speed of 5.0
◦
C/min. The graphite test crucible was first heated to 770 ◦ C as the
baseline. Then a standard sample of sapphire was placed into the cru
cible and heated as reference sample. Finally, the NaCl–KCl–NaF sam
ples about 15.0 mg were measured under the same conditions. The
measurement process of specific heat capacity was the same as Zhang
et al. [33].
Thermal diffusivity (α) was determined by the laser flash analysis
(LFA) technique. The NaCl–KCl–NaF molten salt powders about 10.0 mg
were put into a graphite crucible with cover. Then the test cell with
samples was transferred to a vacuum furnace and degassed for three
times. After degasification, the samples were transferred to LFA device
(Linseis LFA 1000) and measured from 610 ◦ C to 720 ◦ C with an interval
of 20 ◦ C. Standard samples of distilled water and pure KNO3 molten salt
were used for calibrate before samples test. The thermal conductivity (λ)
can be obtain through α and known specific heat (Cp) and density (ρ), the
calculation equation can be seen in Eq. (1). The details about sample
cell, test method and samples preparations can be seen in our previous
works [34].

2. Materials and methods
2.1. Thermodynamic calculation

λ = α⋅Cp⋅ρ

The phase diagram of NaCl–KCl–NaF ternary system was thermo
dynamically calculated and optimized by the Pandat software. The
stable solid state of pure components NaCl, KCl and NaF are halite phase.
Thermodynamic coefficients for Gibbs energy expression of pure com
ponents were obtained from Refs. [31,32]. A substitutional solution
model (SSM) was applied to describe the phase where ions or atoms are
randomly distributed, such as the ideal mixing state. The Gibbs energy
expression for liquid phase contains three parts, the contribution from
pure components, the contribution from ideal mixing and the contri
bution due to non-ideal interactions between pure components. The
Redlich-Kister expression is used to describe the non-ideal interactions.
After thermodynamic models and parameters of individual salts were
chosen, the phase diagram of each subsystem of NaCl–KCl, NaCl–NaF
and KCl–NaF were optimized by the Pan-optimizer in the Pandat soft
ware with experimental data. Finally, a set of self-consistent thermo
dynamic model parameters of the NaCl–KCl–NaF ternary system were
established based on critical thermodynamic evaluation and optimiza
tion for the three binary subsystems. This database performed serial
thermodynamic predictions on the phase equilibria and thermodynamic
properties for the NaCl–KCl–NaF ternary system according to the
Kohler-Toop extrapolation technique. Details describe of calculate
method and optimization procedure can found in our previous work
[30].

(1)

The thermal stability was analyzed by thermogravimetric analyzer
(TGA, Steram Labsys Evo). The graphite test crucible was firstly heated
to 900 ◦ C as the blank result. The heating rate was 10 ◦ C/min under
argon atmosphere. After the blank test, 174.2 mg salt was placed in the
crucible and heated to 900 ◦ C at the same condition.
3. Results and discussion
3.1. Thermodynamic prediction
In the previous work [30], the phase diagrams of the NaCl–NaF and
NaCl–KCl binary systems were thermodynamically calculated based on
the phase equilibrium data as shown in Fig. 1. However, the phase di
agram of the KCl–NaF binary system has been not reported yet. In this
work, the phase equilibrium relation of the KCl–NaF system was firstly
experiment measured. Meanwhile, the phase diagram of the KCl–NaF
system was calculated based on the experimental data as shown in Fig. 2.
No intermediate compounds and solid solubility were considered in the
calculation and optimization. The calculated eutectic point of KCl–NaF
subsystem was located at 648 ◦ C and 26.3 mol% NaF. The thermody
namic model parameters of subsystems were shown in Table 1.
Based on the optimization results of subsystems, the phase diagram
of NaCl–KCl–NaF ternary system was evaluated and optimized. Fig. 3
shows the phase diagram of NaCl–KCl–NaF ternary system. The pre
dicted eutectic composition of NaCl–KCl–NaF system were 45.6 wt%
NaCl, 43.5 wt% KCl and 10.9 wt% NaF.

2.2. Eutectic salt preparation
The NaCl, KCl and NaF were purchased from Sinopharm Chemical
Regent Co., Ltd. The purity of each salt was more than 99.0%. The
compositions of NaCl–KCl–NaF ternary eutectic salt were predicted by
the thermodynamic calculation. Each weighted salt was put into a
quartz crucible and then heated to 680 ◦ C and hold for about 50.0 min.
The mixed salt was adequately stirred with a rod when kept at 680 ◦ C.
Then, the eutectic salt was naturally cooled to room temperature and
preserved in a glove box for following experiments.

3.2. Melting point and enthalpy variation
The DSC curve of NaCl–KCl–NaF ternary salt was shown in Fig. 4. It
can see that there is only a single peak in the DSC curve. The single peak
indicates that the ternary salt is a eutectic salt and the thermodynamic
calculation on composition is accurate. The melting point of the eutectic
salt is 604.1 ◦ C. Melting point of eutectic salt is a critical parameter for
the latent heat storage. The suited melting point can increase the heat
transfer rate and decrease charge/discharge time of the cycle and pro
vide the best overall and exergy efficiency for the TES [17,18]. The
melting point of NaCl–KCl–NaF ternary salt can satisfy the requirement
of GIII-CSP plants with higher efficiency S–CO2 systems. The fusion
enthalpy was also determined by DSC and obtained by the integration of
the peak area in DSC curve. The fusion enthalpy is 398.4 J/g, and much
higher than the chloride salts NaCl–KCl of 313.0 J/g [35].

2.3. Characterization
The melting point and fusion enthalpy of NaCl–KCl–NaF eutectic salt
were analyzed by Differential Scanning Calorimeter (DSC, NETZSCH
DSC-404 F3). The sample about 10.0 mg was added into the test pan and
then heated from room temperature to 720 ◦ C under argon atmosphere.
The scanning rate was 5.0 ◦ C/min and the flow rate was 50.0 ml/min.
The measurement processes were repeated three times to ensure the
results reproducibility.
The specific heat capacity of NaCl–KCl–NaF eutectic salt was also
2
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Fig. 1. The calculated phase diagrams of the NaCl–NaF and NaCl–KCl binary system.

Fig. 2. The calculated phase diagram of NaF–KCl binary system in comparison
with the experimental data.
Fig. 3. The calculated phase diagram of NaCl–KCl–NaF ternary system.

Table 1
Binary thermodynamic parameters for the NaCl–KCl–NaF subsystems.
Subsystems

Phase type

Phase name

Thermodynamic parameters (J/mol)

NaCl–NaF

Solution

Liquid

0 L

NaCl–KCl

Solution

Liquid

KCl–NaF

Solution

Liquid

L
L
0 L
L
1 L
L
0 L
L
1 L
L
1 L

= 1014.13
= 43.994
NaCl,KCl = -2186.1 + 0.1*T
NaCl,KCl = -136 + 0.0649*T
NaF,KCl = 3493.48 + 0.5*T
NaF,KCl = -2547.44
NaF,NaCl
NaF,NaCl

3.3. Specific heat capacity measurement
The specific heat capacity of NaCl–KCl–NaF ternary salt was con
ducted from 350 ◦ C to 770 ◦ C by DSC. The value between 590 ◦ C and
640 ◦ C were omitted because the influence of melting enthalpy, and the
heat flow in this temperature range did not reflect the truth value of
specific heat capacity. The specific heat capacity in solid state from 350
◦
C to 590 ◦ C was shown in Fig. 5 (a). The specific heat capacity increase
with the temperature increase, and the increment reduce as the tem
perature rise. The specific heat in solid state can be fitted by a poly
nomial function of temperature and expressed as Eq. (2). The adjusted Rsquare (R2) was more than 99.95%. For heat capacity of solid state, the
average value of specific heat capacity was 1.138 ± 0.022 J/g− 1⋅◦ C− 1 at
the temperature range from 350 ◦ C to 590 ◦ C. The specific heat capacity
of NaCl–KCl–NaF ternary salt in liquid state was tested from 640 ◦ C to

Fig. 4. Melting point and fusion enthalpy of NaCl–KCl–NaF ternary salt.

770 ◦ C and shown in Fig. 5 (b). The specific heat capacity also increases
with the temperature increase, but it increased linearly with the tem
perature rise. In the range from 640 ◦ C to 770 ◦ C, the specific heat was
fitted by a linear function of temperature and expressed as Eq. (3). The
3
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Fig. 5. Specific heat capacity ((a) solid state; (b) liquid state) of NaCl–KCl–NaF eutectic ternary salt system.

adjusted R-square (R2) was more than 99.94%. For heat capacity of
liquid state, the average value of specific heat capacity was 1.200 ±
0.008 J/g− 1⋅◦ C− 1.
Cp = 0.8664 + 8.379 × 10− 4T+5.3812 × 10− 7T2 (J/g− 1⋅◦ C− 1) (350 ≤ T ≤
590 ◦ C)
(2)
(3)

Cp = 1.0616 + 1.9572 × 10− 4T (J/g− 1⋅◦ C− 1) (640 ≤T ≤ 770 ◦ C)

3.4. Thermal conductivity evaluation
Thermal diffusion of NaCl–KCl–NaF eutectic salt by LFA at temper
ature of 610–720 ◦ C were shown in Table 2. The tests were repeated 10
times at each temperature, and the average values of each temperature
were taken as the final results. The thermal diffusion increases with
temperature rise, and range from 4.69 × 10− 3 to 5.75 × 10− 3 cm2/s. The
thermal conductivity of NaCl–KCl–NaF eutectic salt was calculated by
Eq. (1) and shown in Fig. 6. The thermal conductivity of sample was
range from 0.95 W/m− 1⋅◦ C− 1 to 1.15 W/m− 1⋅◦ C− 1, and can be linearly
fitted by Eq. (4) from 610 ◦ C to 720 ◦ C. The adjusted R-square (R2) was
more than 99.36%. The average value of thermal conductivity was
1.037 ± 0.074 W/m− 1⋅◦ C− 1 at the temperature range from 610 ◦ C to
720 ◦ C. The thermal conductivity of eutectic salt is low. It should be
composite with additives to increase the rate of heat transfer and
decrease charge/discharge time.

Fig. 6. Thermal conductivity of NaCl–KCl–NaF eutectic ternary salt system.

selection in high temperatures TES. Weight loss of NaCl–KCl–NaF
ternary eutectic salt was shown in Fig. 7. There was almost no weight
change under 750 ◦ C. The weight loss between 750 ◦ C and 800 ◦ C was
very slow and less than 0.22%. The weight loss was still less than 6.0%
even up to 900 ◦ C. The thermal stability of NaCl–KCl–NaF ternary
eutectic salt was very high. The perfect thermal stability of
NaCl–KCl–NaF eutectic salt at high temperatures indicate that it is can
be completely fulfilled the working temperature range of TES system
with S–CO2 power generation.

(4)

λ = -0.244 + 1.930 × 10− 3T (W/m− 1⋅◦ C− 1) (610 ≤T ≤ 720 ◦ C)

3.5. Thermal stability measurement
Thermal stability determined the upper limit working temperature of
molten salts which is one of the critical factors considered for materials
Table 2
Thermal diffusion ( × 10− 3 cm2/s) of NaCl–KCl–NaF eutectic salt by LFA at
temperature of 610◦ C–720 ◦ C.
No.

610 ◦ C

620 ◦ C

640 ◦ C

660 ◦ C

680 ◦ C

700 ◦ C

720 ◦ C

1
2
3
4
5
6
7
8
9
10
average

4.65
4.60
4.68
4.66
4.77
4.68
4.73
4.72
4.69
4.73
4.69

4.78
4.80
4.79
4.65
4.66
4.79
4.80
4.65
4.81
4.73
4.75

5.00
4.84
4.83
4.97
4.92
4.79
4.97
4.82
4.97
4.92
4.90

5.25
5.25
4.85
5.21
5.23
5.24
4.94
5.21
4.85
5.23
5.13

5.25
5.42
5.36
5.52
5.59
5.42
5.46
5.33
5.22
5.33
5.39

5.55
5.41
5.37
5.73
5.68
5.54
5.74
5.57
5.51
5.68
5.58

5.76
5.78
5.72
5.79
5.66
5.73
5.77
5.74
5.80
5.78
5.75

Fig. 7. TGA spectra of NaCl–KCl–NaF ternary eutectic salt under argon atmo
sphere from 300 ◦ C to 900 ◦ C.
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3.6. Economic evaluation

Table 3
Cost price of individual salts, data from website of Sinopharm Chemical Reg
agent Co., Ltd (SCRC).

The cost of molten salts is one of the most important factors for a
candidate PCM, which determines whether it can be further developed
and finally industry application [36,37]. The eutectic salt cost was main
depend on the price of individual salts except purification. The price of
individual salts were obtained from website of Sinopharm Chemical
Reagent Co., Ltd (SCRC). The price of salts with chemical purity or
purity more than 99.0% are adopted, except the purity of Li2CO3 was
97.0%. Table 3 shows the price of individual salts. Although the price
did not the truth price of bulk industry products, but it can reflect the
relative relation of price of different products, and eliminate the dif
ferences by the data get from different sources.
Li2CO3–Na2CO3–K2CO3 and Na2CO3–K2CO3 salts were also
compared in this research [4,38]. The thermal physical properties and
costs of NaCl–KCl–NaF and other salts were shown in Table 4. The price
of molten salts were evaluated by the weigh cost price of individual salts.
The price of molten salt contain Li is highest for the Li2CO3 is the most
expensive individual salts and much higher than other individual salts.
The price of NaCl–Na2SO4 and NaCl–Na2CO3 are cheaper than other
molten salts. The NaCl is the cheapest and Na2CO3 and Na2SO4 are the
second cheap individual salts. The advantage of NaCl–KCl–NaF salt is
not obvious from the price of per kilogram. While the latent heat of
NaCl–KCl–NaF is much higher than other salts, price of per kilogram is
not truly reflect the economy of PCMs for energy storage. The price of
per kJ energy was calculated in this study for economy analysis. Fig. 8
shows the cost price of per kilogram and per kJ. It can see that the price
of per kJ of NaCl–KCl–NaF was almost the same as NaCl–Na2SO4 and
NaCl–Na2CO3. Moreover, the higher latent heat of NaCl–KCl–NaF make
the containers smaller and the CSP systems compacter. It can make the
systems with NaCl–KCl–NaF as PCMs have better economy performance.

Individual salts

NaCl

KCl

NaF

Li2CO3

Na2CO3

K2CO3

Na2SO4

Cost price ¥/kg

20

52

60

357

28

54

24

Table 4
Key phase change thermal physical properties and cost of molten salts.
Molten salt

Tm
(◦ C)

ΔH (kJ/
kg)

Price
(¥/kg)

Ref.

NaCl–NaF–Na2CO3 (17.7-28.154.1 wt%)
Li2CO3–Na2CO3–K2CO3 (22-16-62
wt%)
Na2CO3–K2CO3 (51-49 wt%)
NaCl–Na2SO4 (32–68 wt%)
NaCl–KCl (43.9-56.1 wt%)
NaCl–Na2CO3 (40.5-59.5 wt%)
NaCl–KCl–NaF (10.9-45.6-43.5 wt
%)

581

328.3

35.55

[30]

580

288.0

116.50

[38]

710
626
657
637
605

163.0
266.3
313.0
283.3
398.4

40.74
22.72
37.93
24.76
38.28

[4]
[11]
[35]
[29]
This
study

4. Conclusions
The NaCl–KCl–NaF eutectic salt as a PCM was designed and devel
oped by calculation of Pandat software and experimental measurements
for GIII-CSP plants with S–CO2 cycles. The predicted composition was
verified by DSC and in good agreement with experimental test. The
melting point and fusion enthalpy of the NaCl–KCl–NaF salt were 604.1
◦
C and 398.4 J/g respectively, which can satisfy the requirement of GIIICSP plants. The specific heat capacity of salt in solid state and liquid
state were 1.138 ± 0.022 J/g− 1⋅◦ C− 1 and 1.200 ± 0.008 J/g− 1⋅◦ C− 1,
respectively. The thermal conductivity average value was 1.037 ±
0.074 W/m− 1⋅◦ C− 1. The weight loss of NaCl–KCl–NaF eutectic salt is still
less than 6.0% even up to 900 ◦ C and the eutectic salt have very good
thermal stability. The high latent and suitable temperature of
NaCl–KCl–NaF eutectic salt have good economy performance. The
NaCl–KCl–NaF eutectic ternary system with suitable phase change
temperature, high latent heat, excellent stability and good economy
performance can be a candidate PCM for GIII-CSP plants with high ef
ficiency S–CO2 systems.

Fig. 8. Cost price of some molten salts as PCMs for S–CO2.
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