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Abstract: In this work, a novel eutectic nitrate molten salt mixture of the NaNO3-KNO3-Ca(NO3),
(16:48:36 wt%) ternary system with the significant advantage of low melting temperature was
successfully designed and prepared using the static fusion method. Then, its thermal-physical
properties, such as the melting point, fusion enthalpy, thermal stability, specific heat capacity, thermal
diffusivity, thermal conductivity, density, and viscosity, were respectively measured by a modified or
self-developed experimental device. Meanwhile, for better understanding and evaluating the heat
transfer and storage performances of the material, the thermal-physical properties of this studied
molten salt were further compared with those of other currently potential nitrate/nitrite systems
in concentrating solar power (CSP) applications. The results proved that the newly developed
NaNO3-KNO3-Ca(NO3), system has excellent thermal-physical properties and flow characteristics.
Moreover, the cost analysis also showed the new salt has good economic performance with potential
market competitiveness, its price is determined to be only 42.48 ¥/kg. All of these advantages make
it a promising candidate material for heat transfer fluid (HTF) and thermal energy storage (TES)
in CSP applications. This work is useful and significant for developing new molten salt materials
and choosing appropriate media of HTF and TES in CSP plants or other probable thermal power
generation facilities.

Keywords: novel molten nitrate salt; heat transfer fluid (HTF); thermal energy storage (TES); thermal-
physical properties; concentrating solar power (CSP)

1. Introduction

In recent years, with the massive consumption of fossil fuels, such as coal, oil, and
natural gas, these non-renewable energy sources are gradually depleting toward exhaustion.
Moreover, the emission of carbon dioxide gas from fossil fuels into the environment has
markedly increased. Carbon dioxide, which is a greenhouse gas, is recognized as the most
important factor in global warming [1-3]. Therefore, vigorously developing green and
clean renewable energy, such as solar and wind energy, is imperative and urgent. The wide
application of these environmentally friendly energy sources will introduce considerable
changes to the current energy structure.

Concentrating solar power (CSP) is a kind of technology that concentrates the heat of
sunlight to generate electricity. However, the intermittency effect of solar energy radiation
is harmful to the steady and equilibrated energy supply and demand. Hence, thermal
energy storage (TES) plays a vital role in improving the utilization efficiency of renewable
energy [4,5]. The TES material is responsible for effective thermal management in CSP and
can provide a certain number of hours of extended heating transfer to reduce radiation
mismatch in time and space and resolve the problem of strong mismatch between energy
supply and user demand [6,7]. In addition, the use of TES materials can reduce energy
wastage and increase the energy conversion efficiency of process systems.
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A TES system requires a transfer-thermal storage fluid that can operate at high tem-
peratures with a low vapor pressure and a high energy capacity to transfer heat from the
solar receiver to the target heat exchanger effectively. Recently, different types of materials,
especially inorganic salts, have been extensively investigated for potential use in heat
collection and storage [2,8-10].

Using mixed molten salts as heat transfer and storage fluid is one of the three core
technologies of solar thermal power generation. The mixed nitrate molten salts have the
advantages of low melting point, large specific heat capacity, good thermal conductivity,
low viscosity, low vapor pressure, and low corrosiveness to metal materials. Owing to these
advantages, nitrate salt mixtures become the most general and important heat transfer and
storage materials in CSP plants [11], which have been widely used in industrial applications.

Binary nitrate mixtures of Solar Salt, which comprises 60 wt% NaNOs3 + 40 wt% KNO3
with a melting point of 240 °C, are frequently utilized as sensible heat storage media in
commercial CSP plants [12-15]. Moreover, the ternary reciprocal Hitec system (NaNOs-
KNO3-NaNO,) and the NaNO3-KNO3-LiNOj systems are extensively used molten salt
mixtures for CSP plants [16-18]. The composition of the minimum melting point of Hitec
is usually reported as NaNO3-KNO3-NaNO; (7-53-40 wt%) with a melting temperature
of 142 °C [19]. The melting points of Solar Salt and Hitec are satisfactorily low; however,
the low stabilities of these systems at high temperatures limit their working temperature
range. The low thermal stability is a common defect for most nitrate/nitrite systems, which
generally confines their maximum operating temperature to less than 600 °C. Compared
with nitrates, molten chloride salts have thermophysical advantages associated with their
high operating temperatures in CSP dish and tower applications [20,21]; thus, molten chlo-
ride salts have been regarded as potential heat transfer fluids (HTF) and TES media in the
generation III CSP (GIII-CSP) field due to their relatively good thermal stabilities [20,22-25].

The recommended working temperature by the SunShot plan for GIII-CSP plants was
550 °C-750 °C [26-28]. The SunShot initiative focuses on the application of molten chloride
systems NaCl-KCIl-ZnCl, (7.5 wt%-23.9 wt%—68.6 wt%) and KCI-MgCl, (62.5 wt%-37.5 wt%)
as advanced TES/HTF media in GIII-CSP plants [29]; when combined with alkali metal
chlorides, the divalent metal ions (Mg?" and Zn?*) can decrease the melting points below
400 °C and increase the thermal stabilities up to 800 °C [30,31].

However, the slightly attractive cost and high corrosiveness of chloride salts relative
to nitrates limit their industrial scale and demand. Moreover, the commercial application of
chloride mixtures is limited due to their relatively high melting points and low specific heat
capacities, which will require additional equipment maintenance during cold seasons and
occupy a large space. The thermal stability of chloride salts is generally higher than that of
nitrate mixtures. However, the relatively high melting point of chlorides generally narrows
their operating temperature range. Therefore, attention should be focused on the design
and development of new multicomponent nitrate systems with optimized performances.
Thus, a comprehensive evaluation of the thermophysical properties of these new materials
is a key work.

The latest generation of currently commercialized nitrate salts is Hitec XL (NaNOs-
KNO;3-Ca(NOs3);) and its operating temperature window is 393-773 K. However, Gaune
et al. [32] and Gomez et al. [33] reported that the composition of the eutectic point and
the melting point of this ternary system are not in consistent with each other, and data
in some other pieces of literature even substantially differ. Therefore, accurately finding
the composition of the eutectic point of the ternary NaNO3;-KNO3-Ca(NO3); system and
further estimating its corresponding thermophysical properties is meaningful work.

A eutectic nitrate molten salt of the NaNO3-KNO3-Ca(NO3), (16:48:36 wt%) ternary
system with low melting temperature of 382.1 K was successfully designed and prepared
in this work using the static fusion method. The thermophysical properties of this newly
developed material were then experimentally characterized. Meanwhile, the thermophysi-
cal properties of the NaNO3-KNO3-Ca(NO3), (16-48-36 wt%) were compared with other
commonly used nitrate/nitrite salts. The results showed that the system has excellent
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thermal-physical properties, including suitable phase change temperature, high heat capac-
ity, good thermal conductivity, acceptable thermal stability, and wide working temperature
range. Particularly, a quite low melting point is a remarkable improvement and may be
the largest advantage for this novel system. The system also has good fluid properties
with suitable density and low viscosity. In addition, this system has good economic per-
formance with attractive cost. Thus, this salt becomes a potential candidate TES/HTF
material in CSP plants with high efficiency supercritical CO2 (S-CO2) cycles due to the
aforementioned advantages. Meanwhile, this material may also be used in other probable
thermal power-generation facilities.

2. Materials and Methods
2.1. Eutectic Salt Preparation

High-purity NaNO3, KNO3, and Ca(NO3),-4H,0 were supplied by Sinopharm Chem-
ical Regent Co., Ltd. The purity of all these salts was more than 99.9%. NaNO3; and KNO3
powdery salt were placed in a quartz crucible and separately dried at 473 K under dry ul-
trapure argon (Ar; 99.999%) atmosphere for 24 h to facilitate dehydration. Ca(NOs3),-4H,O
was heated in an electric furnace to 473 K and maintained at this temperature for 72 h,
and then it was heated to 573 K and maintained at this temperature for 72 h to dehydrate.
Ca(NOs3),-4H,O will lose its crystal water in this process and form the anhydrous Ca(NO3)s.
The three single-treated salts were then accurately weighed and fully blended in accor-
dance with the designed proportion (NaNO3-KNO;3-Ca(NOs3), = 16:48:36 wt%) under an Ar
atmosphere condition. The mixed salts were transferred to an electric furnace and heated to
523 K for approximately 30 min and maintained at this temperature for 48 h. The mixture
sample was then naturally cooled to the ambient temperature and preserved in a glove
box for subsequent experiments. The moisture and oxygen concentrations in the glove
box atmosphere were strictly controlled below 0.5 ppm. Trace impurities in the prepared
molten salt samples will not influence the experimental measurements and results.

2.2. Characterization Method and Analysis Device

The melting point and fusion enthalpy of the NaNO3-KNO3-Ca(NO3), eutectic salts
were measured by a differential scanning calorimeter (DSC, NETZSCH DSC-404 E3), as
shown in Figure 1. The device was calibrated by four certified reference materials, namely
In, Bi, Sn, and Zn metals, in the temperature range of 373 K-1273 K before measurement of
NaNO3-KNO;3-Ca(NO3), eutectic salts. The samples (ca. 10.0 mg) were added into the test
pan and then heated from ambient temperature up to 473 K under Ar atmosphere. Cali-
bration and measurement were completed under Ar atmosphere flowing with 50 mL/min
at the heating rate of 10.0 K/min. The measurement processes were repeated thrice to
ensure the accuracy and reproducibility of the experimental results. Temperature and heat
measurement errors are important sources of DSC uncertainty, mainly including reference
material constant, sample weighing, measurement reproducibility, ambient temperature,
etc. The uncertainty of temperature measurement by DSC was estimated to be £1.0 K, and
the uncertainty of fusion enthalpy was estimated to be around £2%.

The thermal stability of the salt sample was analyzed by a thermogravimetric analyzer
(TGA, SteramLabsys Evo), as shown in Figure 2. The empty graphite testing crucible
was first heated to 823 K as the blank result. The heating rate was 10.0 K/min under Ar
atmosphere. The salt sample (29.7 mg) was then placed in the crucible after the blank
test and heated to 823 K under the same conditions. The main sources of uncertainty
in thermogravimetric analysis include the balance sensitivity, material and shape of the
crucible, property and mass of the sample, type of atmosphere and flow rate, and baseline
drift, etc. In present study, the uncertainty of the thermal stability measurement was
estimated below 2 K.
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Figure 1. Schematic of the differential scanning calorimeter setup for melting point, fusion enthalpy,
and specific heat capacity measurements.
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Figure 2. Schematic of the thermogravimetric analyzer for thermal stability measurement.

The specific heat capacity of the NaNO3-KNO;-Ca(NOs3), eutectic salt was also de-
termined using the heat capacity ratio method by DSC under Ar atmosphere at a heating
rate of 10.0 K/min (Figure 1). The empty graphite testing crucible was first heated to 773 K
as the baseline. A standard material of sapphire was then placed into the crucible and
heated as reference sample. The NaNO3-KNO;-Ca(NOs3), samples (ca. 40.0 mg) were
finally measured under the same conditions. The detailed measurement process of specific
heat capacity was described in previous studies [34]. The major sources of uncertainty are
the repeatability of the blank measurement (two empty crucibles), specific heat capacity of
reference sample, heating rate, and sample mass. In the present study, the uncertainty of
the specific heat capacity was estimated to be 0.08 ] /g-K [35].

Density measurements of the NaNO3-KNO3-Ca(NO3), molten salts were realized by
a device constructed on the basis of Archimedes theory, as shown in Figure 3. The device
was calibrated by pure NaCl [36]. The usage standards of the crucible, platinum cylinder,
and platinum wire are specified, and their dimensions are also strictly regulated and fixed.



Energies 2022, 15, 6591

50f17

The effect of surface tension on the total error (<0.2%) and uncertainty are sufficiently small
and negligible, which can be ignored in density measurements [37,38]. The volume of
the platinum cylinder was calibrated by distilled water at ambient temperature before
measuring the density of molten nitrate salts. Approximately 300 g of molten nitrate
salt powdery sample was melted at target temperature in a furnace with Ar atmosphere
protection. The platinum cylinder, which is connected to an electronic balance through
a platinum wire, was completely dipped and immersed into the molten salt, and the
electronic balance values were recorded at desired temperatures during the cooling process
at the rate of 1 K/min. The density is calculated in accordance with Equation (1). The
major sources of uncertainty are accuracy of volume measurements of platinum cylinder
(<2 x 10~* cm?®), accuracy of the balance (0.1 mg), and determination of temperature (+1 K).
In present study, the uncertainty of density was estimated to be less than 0.0039 g/cm? [36].

my —my+nDo/g
Vo[l 4 B(T —298)]°

p= @

where p is the density, V is the weight and volume of the platinum cylinder in air, m; and
my are the weights of the platinum cylinder in distilled water and molten salts, respectively,
o is the surface tension of molten salts, 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 S is the linear
expansion coefficient of platinum (8 =9 x 10~¢/K).
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Figure 3. Schematic of the density measurement experimental setup.

Thermal diffusivity («) was measured by the laser flash analysis (LFA) technique, as
shown in Figure 4. The NaNO3-KNO3-Ca(NO3), powdery salt sample (ca. 2.0 g) was placed
in a graphite crucible with cover from 423 K to 773 K with an interval of 10 K. The testing
cell loaded with samples was then transferred to a vacuum furnace and degassed thrice.
The sample was transferred to the LFA device (Linseis LFA 1000) after degasification. The
thermal conductivity (A) can be obtained through «, known density (p), and the obtained
specific heat (Cp), and the calculation formula is presented in Equation (2). The detailed
description of the sample cell, testing method, and sample preparation can be found in
previous works [37]. Generally, the uncertainty of thermal conductivity measurement
is supposed to be less than 15%. In present study, the uncertainty is evaluated to be
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£0.023 W/(m K) [37]. The uncertainty sources are the values of specific heat capacity,
density, and thermal diffusivity.

A=wp-Cp. 2)
i i~ Detector
— Sample
14— Furnace

Vacuum chamber

Ng—[ = Laser

Figure 4. Schematic of LFA device for thermal diffusivity measurement.

Viscosities of the molten salts were measured by using a rotational coaxial cylinder
viscometer constructed on the basis of the Brookfield DV-III-series measurement head, as
shown in Figure 5. The molten nitrate salt mixtures were heated to the target temperature
of 773 K and maintained at this temperature for 1 h. A K-type thermocouple was placed 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 material can
be obtained from Equation (3). The uncertainty of viscosity was estimated to be less than
2.5% [39]. The main uncertainty sources of viscometer include rotating speed, temperature,
and the standard sample named S6 (a standard viscosity oil certified by NIST).

_ SMC x Y(torque%) x & x 100

N(rpm) ’ ®)
where 7 is the viscosity; SMC = m (%2 — %) is a constant related to the dimension of

crucible and rotator, and its value is calibrated by standard viscosity oil; & and r represent
the length and radius of the rotator, respectively; R is the radius of the crucible; c is a
constant; SMC is the calibration of standard viscosity oil; Y is the torque expressed by
percentage; ¢ is a constant; N is the rotating speed.

It should be noted that in order to meet the needs of molten salt testing, all the
instruments used in present study are modified or self-developed experimental devices.
The densitometer and viscometer are completely self-developed instruments, which are
designed and assembled in the laboratory, so that the two instruments can be specifically
used to test molten salt samples. The LFA device for thermal diffusivity measurement is a
semi-commercial instrument with modification of testing system, including crucible and
sampling designs, etc. The differential scanning calorimeter (DSC) and thermogravimetric
analyzer (TG) instruments were placed in a glove box and successfully avoided problems
caused by the characteristic properties of molten salt samples, such as moisture absorption
and surface contamination.
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Figure 5. Schematic of the viscosity measurement method and experimental set-up.

3. Results
3.1. Melting Point and Fusion Enthalpy

The melting point is a critical parameter for evaluating the latent heat storage per-
formance of a material. A suitable melting point can increase the heat transfer rate and
decrease the charge/discharge time of the cycle, thus providing the best overall exergy
efficiency for the TES systems [40,41]. The information on the melting point and the fusion
enthalpy data can be obtained from the analysis of the resulting DSC curve. Figure 6 shows
the obtained experimental DSC curve of the NaNO3-KNO;-Ca(NO3), ternary salt recorded
under an Ar atmosphere with a heating rate of 10 K/min. A single melting peak can be
found in the experimental DSC curve. This single peak indicates that the ternary salt is a
eutectic system. The melting point of this eutectic salt can be obtained from the DSC curve,
that is, the intersection of the peak’s horizontal baseline and the tangent of the onset of
the peak. Thus, the melting point result of the studied system was 382.1 K, as shown in
Figure 6. The low melting point is a significant advantage for this system, which will be
comprehensively discussed in Section 3.7. Enthalpy cannot be directly read from the DSC
curve but can still be obtained by analyzing the peak signal. The enthalpy corresponds
to the integration of the peak area in the DSC curve according to the DSC theory. Thus,
the fusion enthalpy of the NaNO3-KNO3-Ca(NO3), ternary salt finally resulted in 57.9 J/g,
which is consistent with the literature value of homo-system nitrates [42].
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Figure 6. Melting point and fusion enthalpy of the NaNO3;-KNO;-Ca(NO3), (16:48:36 wt%)
ternary salt.

3.2. Thermal Stability

Thermal stability determined the upper limit of the working temperature of an
HTF/TES medium, which corresponded to the maximum operating temperature or the
decomposition temperature of molten salts. Thus, this parameter is one of the critical fac-
tors considered for material selection in high-temperature TES. Figure 7 shows the weight
loss of the NaNO3-KNO3-Ca(NO3), ternary eutectic salt. Almost no weight change was
observed before 610 K, and the weight loss began after this temperature. The weight loss
between 610 K and 745 K was remarkably slow and less than 2.0%. The weight loss was
still less than 3.0% even up to 771.1 K, which is defined as the decomposition temperature
or the maximum operating temperature for this salt. These results suggested that the
thermal stability of the NaNO3;-KNO3;-Ca(NOs3); ternary eutectic salt was high with a
relatively wide working temperature range. However, the thermal stability for this system
was slightly lower than other currently used nitrate materials and needs to be improved
(Figure 7); nevertheless, the value of 771.1 K is still acceptable and satisfactory.

100
g 98
3 .
= %6 771.1 K, 3%
.20
(0]
= o4)
92 1 1 1 1 1

400 500 600 700 800
Temperatue (K)

Figure 7. Weight loss of the NaNO3-KNO;3-Ca(NO3); (16:48:36 wt%) ternary eutectic salt by TGA
under Ar atmosphere from 323 K to 823 K.
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3.3. Specific Heat Capacity

Specific heat capacity is also an important thermal property affecting the heat transfer
and storage performance, which is an indispensable parameter for evaluating the thermal
energy capacity and heat density nature of a material. The specific heat capacity in liquid
state of the NaNO3-KNO3-Ca(NOs); ternary salt was tested from 423 K to 773 K by DSC
and the results are shown in Figure 8. The specific heat capacity of the NaNO3;-KNOj3-
Ca(NOg), eutectic ternary salt increased linearly with the temperature. The specific value
can be fitted by a linear function of temperature ranging from 423 K to 773 K, and the
relation was expressed in Equation (4). The adjusted R-square (R?) was more than 99.97%.

Cp =1.2315 +5.3036 x 10T (J/g-K) (423 < T < 773 K). @)

M

o0

~

- Solar Salt v

= Hitec v

= 1.25F ¢ Hitee XL

o + LiNaKNO,

-LE O Experimental v

& 1.00F Linear Fit

e C,=1.2315+5.3036x10"*T v

0.75} R2_=99.97I

400 500 600 700 800

Temperatue (K)

Figure 8. Specific heat capacity of the NaNO3-KNO;3-Ca(NO3), (16:48:36 wt%) eutectic ternary salt
and other currently used nitrate/nitrite systems.

The average specific heat capacity of the studied NaNO3;-KNO3-Ca(NOs3), ternary salt
was obtained to be 1.55J/g-K at the temperature range from 423 K to 773 K. Figure 8 also
compared the specific heat capacity of the studied system and other nitrate salt mixtures.
The average specific heat capacity of Solar Salt, Hitec, Hitec XL, and the NaNO3-KNOj3-
LiNO; was 1.63, 1.50, 1.33, and 1.62 J/g-K, respectively [19,34]. Comparative analysis
shows that the heat capacity of the liquid state of the NaNO3-KNOj3-Ca(NO3); ternary salt
remained at a relatively high level, which was slightly higher than that of Hitec and Hitec
XL and was close to that of Solar Salt and the LiNO3-NaNO3-KNOj. The results indicate a
relatively high thermal energy capacity and heat storage potential for this salt mixture.

3.4. Density

The density of the nitrate molten salt materials determines the volumetric heat storage
density of the heat storage system, which in turn affects the heat exchange efficiency of
the system. Meanwhile, obtaining accurate density is essential for the thermohydraulic
calculation and safety analysis of CSP systems. Thus, density is a vital thermophysical
parameter that should be acquired. The density of the NaNO3-KNO3-Ca(NO3), system
was tested within a certain temperature range by a densitometer, which is a self-developed
device constructed by the researchers of the current study based on the Archimedes princi-
ple. The density of the NaNO3-KNO3-Ca(NOs3); was measured from 423 K to 773 K, and
the experimental result was also compared with that of Solar Salt, Hitec, Hitec XL, and
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the NaNO3-KNO;3-LiNOj systems (Figure 9). As shown in Figure 9, the density of all five
molten nitrate/nitrite salts showed negative linear relationships with temperature. The
density of the NaNO3-KNO3-Ca(NOj3), was relatively large, with a value close to Hitec XL.
The specific density value can be fitted by a linear function of temperature ranging from
423 K to 773 K, as expressed in Equation (5). The adjusted R-square (R?) was more than
99.93%. For the NaNO3-KNO3-Ca(NOs); ternary salt in this work, the average value of
density was 1.9533 g/cm? within the temperature range from 423 K to 773 K.

p =2.3605 — 6.8319T (g/cm?) (423 < T < 773 K). (5)
2.1
p=2.3605-6.8319x10"T
__20¢F
=)
L
219t
>
";‘j Solar Salt + +
8 1.8} Hitec +
A v Hitec XL +
+ LiNaKNO;
1.7F Experimental
Linear Fit
400 500 600 700 800
Temperatue (K)

Figure 9. Densities of the NaNO3-KNO3-Ca(NOj3); (16:48:36 wt%) eutectic ternary salt and other
currently used nitrate/nitrite systems.

3.5. Thermal Conductivity

Figure 10 shows the thermal diffusivity and thermal conductivity of the NaNOs-
KNO3-Ca(NO3), eutectic salt determined by LFA at the temperature range of 423 K to 773
K. This figure reveals that the thermal diffusivity of the NaNO3;-KNO3-Ca(NO3), eutectic
salt increased with the temperature rise, and the results were located in the range from
0.080 mm? /s to 0.304 x 10~3 mm?2/s. The thermal diffusivity value of the NaNO3-KNOj3-
Ca(NO3), showed no obvious difference from those of other nitrate/nitrite systems but
was still slightly higher than that of Solar Salt, Hitec XL, and the LiNO3-NaNO3-KNOs.
The thermal conductivity of the NaNO3-KNO3-Ca(NO3), eutectic salt was calculated by
Equation (2), and the result is also shown in Figure 10. The obtained thermal conductivity
of the sample was located in the range of 0.241-0.918 W/mK, which can be further linearly
fitted by Equation (6) from 423 K to 773 K. The adjusted R-square (R?) was more than 99.93%.
The average thermal conductivity was 0.587 &+ 0.424 W/m-K at temperature ranging from
423 K to 773 K. The relatively high thermal diffusivity and thermal conductivity indicate
good heat transfer properties for this salt.

A = —5.9127 + 0.01943T (W/m-K) (423 < T < 773 K). (6)
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Figure 10. Thermal diffusivity of the NaNO3-KNO3-Ca(NO3); (16:48:36 wt%) and other currently
used nitrate/nitrite systems (left Y-axis); the thermal conductivity of the NaNO3-KNO;3-Ca(NO3),
(16:48:36 wt%) (right Y-axis).

3.6. Viscosity

The viscosity of nitrate molten salt determines the flow characteristics and thermohy-
draulic nature of the heat exchange and storage process, which also has a significant impact
on the heat exchange efficiency of the system. The viscosity of the NaNO3-KNO3-Ca(NO3),
at different temperatures is measured and presented in Figure 11. This figure also compared
the obtained experimental viscosity values of the NaNO3-KNO;3-Ca(NOs3), with that of
Solar Salt, Hitec, Hitec XL, and the LiNO3-NaNO3-KNOj3 measured from 423 K to 773 K as
reported by literature. Theoretically, the temperature dependence of viscosity is described
by Arrhenius equation as shown in Equation (7), which was also adopted in this work.
Regression analysis of the viscosity data with Equation (3) is also performed.

o Evis
1= Averp (), 7)

where Ay is a constant, E,;; is the activation energy, and R is the universal gas law constant.

The result indicates that the viscosity of the NaNO3-KNOs3-Ca(NO3), eutectic salt
declined with the increase in temperature from 423 K to 773 K. The viscosity of the NaNOs-
KNOs3-Ca(NO3); ternary salt in this work ranged from 7.35 mPa-s to 1.67 mPa-s within
423 K-773 K (Figure 11), which was maintained at a relatively low level. The viscosity
value of the NaNO3-KNO3-Ca(NO3), was significantly lower than that of Hitec XL, slightly
lower than that of the LiNO3-NaNO3-KNOQOj, and close to that of Solar Salt and Hitec in the
same temperature range. The viscosity of the NaNO3-KNO3-Ca(NOj3); can be successfully
depicted by Arrhenius equation. The specific value can be fitted by an exponential function
of temperature ranging from 423 K to 773 K, as expressed in Equation (8). The adjusted
R-square (R?) was more than 99.80%. The results showed that the viscosity of the studied
system remained relatively low among the currently potential materials, indicating a good
thermohydraulic property and satisfactory fluidity for this fluid.

v = exp(7.1157 — 0.0164T + 1.0245105T2) (mPa-s) (423 < T < 773 K). 8)
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Figure 11. Viscosity of the NaNO3-KNO;3-Ca(NO3); (16:48:36 wt%) eutectic ternary salt and other
currently used nitrate/nitrite systems.

3.7. Economic Performance

The cost price of molten salt plays a significant role in evaluating the industrial
scale, commercial application, and market penetration of this material. The cost price
determines the development potential of a candidate TES/HTF material to some extent [43].
Therefore, the economic analysis of the target system as well as some other commonly
used nitrate/nitrite salt mixtures was performed and compared in this study. The cost of a
molten salt material is mainly influenced by the price of the individual salts, instrument loss
and energy consumption during synthesis. However, under mass production conditions,
the loss of equipment can be ignored. As for power consumption, it reached a level of
15 ¥/kg in our lab. Although this accounts for a significant portion of the cost, the power
consumption is basically not much different for different molten salt materials due to their
similar synthesis method. That means the price of each individual salt finally determines
the cost of materials [12,44].

As mentioned above, the cost of eutectic salt mainly depends on the price of the
individual salts that comprise the mixture. In the present study, the price of each individual
salt was collected from the website of Sinopharm Chemical Reagent Co., Ltd. (SCRC) [45],
as shown in Table 1. Notably, the salt price varies with the purity; high-purity salt indicates
a high price. The salt price with a chemical purity of more than 99% is adopted in the
current study. The Li-containing salt of LINOj3 is the most expensive individual salt whose
price is substantially higher than that of other individual salts. By contrast, Ca(NOgz); is the
cheapest one, and the single salts KNO3, NaNOj3, and NaNO, with similar prices are in
the middle.

Table 1. Cost price of individual salts (data from the website of Sinopharm Chemical Reagent Co.,
Ltd. (SCRQ)).

Individual Salt NaNO; KNO; LiNO;3 NaNO, Ca(NO3),
Price (¥/kg) 42 46 120 40 38

With a known individual salt price, the cost of each molten nitrate/nitrite mixture was
thus calculated in accordance with its specific composition. The main thermal-physical
properties (T); and T;) and the cost price between the NaNO3-KNO3-Ca(NO3); and four
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other current candidate nitrate/nitrite materials, namely Solar Salt, Hitec, Hitec XL, and
LiNO3-NaNO3-KNO3, were compared and summarized in Table 2, which is intuitively
shown in Figure 12. The cost of the NaNO3-KNO3-Ca(NOs); salt is relatively low. Except
for Hitec XL, the price of NaNO3;-KNO3-Ca(NO3); salt is lower than others, indicating
that this system has an excellent economic performance. Meanwhile, the NaNO3-KNO3-
Ca(NOs3), system has the lowest melting point of 382 K, which is the largest advantage
for this system. The melting point of this system successfully decreased to 382 K, and this
value is the only one below 390 K among these nitrate/nitrite mixtures. This finding is a
significant improvement in the thermophysical properties of the mixed nitrate molten salts.
Thus, the NaNO3-KNO3-Ca(NO3); system becomes a promising phase-change material
(PCM) or TES/HTEF material due to its aforementioned advantages. Meanwhile, this newly
designed system can also be regarded as an optimized Hitec XL system with promoted
properties and excellent parameters. The high-temperature thermal stability of the NaNOs-
KNOs3-Ca(NO3); has not been significantly improved; however, it is still comparable with
the four other systems and remains at a relatively high level. Thus, the maximum operating
temperature of 771 K for the NaNO3-KNO3-Ca(NO3), is also acceptable.

Table 2. Key phase change thermal-physical properties and cost of currently potential nitrate/nitrite
molten salts.

Molten Salt Composition Tm (K) Tq (K)  Price (¥/kg) Ref.
NaNO3-KNO3
(60-40 wt%)
NaNOz-NaNO3-KNO3

Solar Salt 513 838 43.6 [34]

Hitec o7 53win) 415 807 4332 [19]
. NaNO3-KNO3-Ca(N03 )2
Hitec XL -45.48 W) 400 787 41.88 [19]
. LiNO;-NaNO3-KNO;
LiNaKNO; (30-18.52 with) 397 816 67.68 [34]
NaKCaNO; ~ VaNO3-KNO5-Ca(NO3), 382 771 42.48 This study

(16-48-36 Wt%)

T, EEET. B Cos

e o]
(o]
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Cost of eutectic salts (¥/kg)
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Figure 12. Melting point (Ty,), decomposition temperature (Ty4), and cost of the NaNO3-KNOj3-
Ca(NO3), (16:48:36 wt%) eutectic ternary salt and four other generally used nitrate/nitrite systems.
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4. Discussion
4.1. Challenges and Significance of Thermophysical Properties Measurement of Molten Salts

Thermophysical properties are the key to evaluating the heat transfer and storage
performances of materials. Since the measurement process of thermophysical properties for
molten salt system is generally accompanied by harsh conditions such as high temperature
and inert atmosphere, the testing procedure is generally time-consuming and complicated,
thus resulting in a large workload. In particular, the deliquescence of molten salt sam-
ples needs to be effectively avoided during the entire sample preparation and storage
and measurement process, which further increases the testing difficulty. Meanwhile, the
corrosiveness of molten salts may also cause damage to equipment and container materials.
In addition, the vapor of molten salt caused by volatilization can also lead to the contam-
ination and corrosion of the experimental instrument and related accessories. All of the
above issues bring challenges for molten salt measurements. Nevertheless, establishing and
optimizing thermophysical data of new molten salt systems is of great practical significance
for enriching the database and expanding engineering applications.

In this work, all experimental instruments were designed, modified, and manufac-
tured according to the characteristics of high-temperature molten salt samples. Especially
the densitometer and viscometer are completely self-developed instruments. Then, we com-
prehensively studied the thermophysical properties of the new NaNO3-KNO3-Ca(NOs),
(16:48:36 wt%) eutectic salt by our self-developed experimental devices. The experimen-
tal results prove that our instruments can accurately obtain the thermophysical data of
molten salts with good reproducibility. This work not only proposed a potential molten salt
medium as TES/HTF material, but also provided its new basic thermophysical information,
which enriched the engineering database for CSP system.

4.2. Advantages and Material Selection

In this study, a comparative analysis of thermal-physical properties between the studied
NaNO;3-KNO3-Ca(NOs3), and other currently potential nitrate/nitrite systems that can be
developed into TES/HTF materials, namely, Solar salt (NaNO3-KNOj3 (60-40 wt%)), Hitec
(NaNO,-NaNO3-KNOj (40-7-53 wt%)), Hitec XL (NaNO3-KNO3-Ca(NO3), (7-45-48 wt%))
and LiNO3-NaNO3-KNOj (30-18-52 wt%), was carried out. The results showed that
the new eutectic salt has a lowest melting point (382 K), which is a great improvement
and may be the biggest advantage for this system. Besides, the system also has excellent
thermophysical properties and fluidity, with good heat capacity, acceptable thermal stability,
favorable fusion enthalpy, wide operating temperature range, high thermal conductivity,
suitable density, and low viscosity, which well meets the needs for thermal energy transfer
and storage. In addition, the cost analysis also shows the system has good economic
performance, indicating a competitive market penetration. All of these advantages make
this salt a potential candidate material for TES/HTF. This study provides a basis for the
development and selection of new molten salt materials in thermal engineering.

4.3. Applications and Prospects

We successfully designed and prepared a new NaNO3-KNO;3-Ca(NOs), eutectic salt
system with enhanced heat transfer and storage performances. Through an overall eval-
uation and comparative analysis, this multicomponent nitrate molten salt system was
proved to have excellent thermophysical properties as well as good economic performance.
Based on it, this salt was supposed to solve the problem of low efficiency of current heat
storage materials, and also expected to become one of the potential TES/HTF materials for
CSP applications.

Although this system has a similar composition to Hitec XL, as a newly developed
multicomponent system, its overall performance has been greatly improved also with
attractive cost. Therefore, it can be regarded as an optimized Hitec XL system, which
broadens the application scope of nitrate systems.
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However, it should be noted that the maximum operating temperature (Tq) has yet to
be raised for the NaNO3-KNO3-Ca(NOs3),. In fact, most nitrates face this common problem
that needs to be solved, not only just for the studied system. Herein, the T4 gap between the
NaNO3-KNO3-Ca(NO3), and other currently potential materials is narrow (Figure 12), and
the thermal stability for this system is thus considered acceptable. The high temperature
thermal stability of the NaNO3-KNO3-Ca(NOs3), eutectic salt molten salt can be regulated
by adding one or more suitable molten salt additives. Relevant studies are underway in our
group and some progress has been made. However, from the perspective of engineering
application, a more in-depth assessment of this material is a long-term work and still to be
given in the future. This work provided the basis and preliminary data for this purpose.

In summary, the present study mainly proposed a potential candidate TES/HTF
material and provided a higher reference value for the development of heat transfer and
storage materials in CSP applications. In addition, the newly developed nitrate salt system
is also supposed to use in other high-temperature processes or thermal power generation
applications, such as peak shaving of power grids, effective use of curtailed wind power,
and waste heat.

5. Conclusions

In this study, a new multicomponent nitrate molten salt of the NaNO3-KNO3-Ca(NO3);
(16:48:36 wt%) system with great improvement of lower melting temperature was success-
fully designed and prepared using the static fusion method. Then, its thermal-physical
properties were characterized by our modified or self-developed devices. The results
showed that the melting point and fusion enthalpy of the NaNO3-KNO;-Ca(NOj3), salt
were 382.1K and 57.9 J/g respectively, The weight loss of the NaNO3-KNO3-Ca(NOs3);
eutectic salt is still less than 3.0% even up to 771.1 K. The average specific heat capacity of
salt in liquid state were 1.55 ] /g-K. Average value of thermal conductivity and density was
0.587 W/m-K and 1.9533 g/cm?, respectively, at the temperature range from 423 K to 773 K.
The viscosity ranged from 7.35 to 1.67 mPa-s at 423-773 K. The uncertainty analysis of each
measurement method was also conducted.

Furthermore, for better understanding and evaluating the heat transfer and storage
performances of the material, a comparative analysis of the thermal-physical properties
between the NaNO3-KNO;3-Ca(NOs), and other currently used nitrate/nitrite systems was
performed. The results proved that the NaNO3;-KNO3-Ca(NO3); eutectic ternary system
exhibits excellent thermal-physical properties with improved parameters, including low
melting point, high energy storage density, good thermal conductivity, acceptable thermal
stability, and wide operating temperature range. Meanwhile, the system has good flow
characteristics with suitable density and relatively low viscosity. Besides, this salt also
shows good economic performance with great market potential. All of these advantages
make the newly developed salt a promising material for TES/HTF in CSP applications or
other probable thermal power generation facilities.
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