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ABSTRACT 

 

By using thermodynamic modeling, new eutectic multi-component salt systems have been 

developed. On the basis of the melting points, the novel systems were categorized into low 

melting point (LMP) systems and high melting point (HMP) systems. LMP can be used to serve 

as heat transfer fluid for solar parabolic trough system while the HMP can be used in solar tower 

or dish systems.  

Both LMP and HMP systems were synthesized and their melting points and heat capacities 

were determined using Differential Scanning Calorimetry (DSC). The experimentally determined 

melting points have excellent agreement with the predicted values. The densities for the selected 

systems were experimentally determined by using both standard densitometer method and 

Archimedes’s principle method. In liquid state, the density values of both LMP and HMP 

systems decrease linearly as temperature increases. Thermal stabilities of novel systems were 

determined using TG-DTA. The upper limit temperatures of thermal stability were evaluated for 

LMP and most of values were found in the range between 673.15K and 723.15K. Compare to 

LMP systems, HMP salt mixtures show much higher upper limit temperatures, which enable 

them to be applied as heat transfer fluid for high temperature solar energy collection systems. 

Thermal conductivities in solid states of salt mixtures were also tested using simplified inverse 

method. For both LMP and HMP systems, the thermal conductivities decrease as function of 

temperature. Life cycle information such as the corrosion behaviors of various metallic samples 

in contact with molten salt systems was determined using both electrochemical method and 



 

 

iii 

 

isothermal dipping method. When dipped inside the LMP systems, protective and dense oxide 

scales formed on the sample surface prevent any further severe corrosion. For HMP systems, Ni-

201 alloy has excellent resistance to high temperature corrosion and can be considered as the 

construction material for molten salt container. 

On the basis of density, heat capacity and the melting point, energy storage densities of novel 

systems were calculated and compared to the existing binary solar salt and HITEC salt. The 

larger thermal energy density values of current molten salts indicate the better energy storage 

capacity for solar power generation systems. 
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CHAPTER 1: INTRODUCTION 

 

Renewable energy sources are playing more and more significant roles in our energy supply 

today. Five major types of energy sources have been emphasized and studied during the last 

decades. These are solar energy, wind energy, water energy, geothermal energy and biomass 

energy.  

Wind energy was first proposed back to late 19
th

 century to be used as a clean energy source 

to generate electricity. This renewable energy source was not emphasized enough due to the 

cheap price of fossil fuel at that time. Only after the mid 1950s, the re-emergence occurred when 

the amount of traditional energy source decreased apparently. In 1990, the first mega-watt wind 

turbine was launched, which was considered to be a symbol of beginning of large scale wind 

energy utilization [1-2]. The conversion of wind energy to electrical power relies on wind 

turbines which generate certain net positive torque on rotating shafts. The generated electricity is 

eventually sent to battery charging utilities, residential power systems, and large scale energy 

consuming systems by connecting those wind turbines to electrical network. Small-scale wind 

turbines which are capable of generating 10kW electrical power are commonly used, although 

some wind turbines operate with 5MW power generation capacity. As one of the significant 

renewable energy sources, the utilization of wind energy can reduce carbon emissions. However, 

the noise pollution and high cost of construction of wind mills really limits its application. Since 

the wind is not transportable, the electrical energy can only be generated where the wind blows, 

which also decreases the flexibility of wind energy. 
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Similar to wind energy, water energy is another important type of renewable energy which 

has been used to irrigate plants and operate machines even before the development of electricity. 

In modern society, water can also be used to generate electrical power by taking advantage of 

gravity. Three major methods have been used to convert water energy:1) water dam storage; 2) 

pump storage; 3) natural tides. Dam storage is the most traditional way to utilize water energy, in 

which the water is stored within a dam. By consuming the potential energy of water, electricity 

can be generated. Pump storage is a different way to use water power by moving water 

between reservoirs at different elevations based on energy demands. In low energy demand 

periods, energy is used to lift water to higher levels; while in peak periods of energy demand, the 

water is released back to the lower elevations through water turbines. Water power can also be 

converted by taking advantage of naturally shifting ocean tide to satisfy the demand of electrical 

energy consumption [3]. As the most common renewable energy source, water energy utilization 

has its own environmental issues such as methane emission from the reservoir, the potential 

failure hazard of a dam, and flow shortage caused by drought. 

The third source of renewable energy is called biomass energy which is collected from living 

or recently living organisms such as wood, waste, gas, and alcohol fuels. The electricity 

generation from organisms always involves thermal processing methods such as combustion, 

pyrolysis, and gasification. Although the cost of utilization of biomass energy is low, serious air 

pollution can arise from the burning process. Some other possible issues such as transportation 

and sink of carbon also limit the wide usage of this type of alternative energy [4-5]. 

Geothermal energy is a unique energy source which comes from the center of the Earth. In 

the initial stage of planet formation, huge amounts of thermal energy became stored underneath 

the ground due to the radioactive decay of minerals, volcanic activity, and solar energy 
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absorption. As a result of the temperature difference between the core and surface of the earth, 

heat trapped inside the earth tends to move outwards. By capturing the released heat, electrical 

power can be generated. Although the stored amount of geothermal energy is large enough to 

satisfy the energy consumption of the entire world, the high cost of drilling and exploration 

limits its large-scale usage. 

Among all the alternative renewable energy sources, solar energy is the most promising one 

to replace conventional energy sources and protect the environment. This type of energy source 

is really clean, cheap, and easy to obtain. There are no noise, pollution, or transportation issues in 

the energy collection and conversion processes. Approximately 1340W/m
2
 solar energy is 

received by the surface of the Earth directly from the Sun. Although the amount of solar energy 

that finally arrives to the earth is very small compared to the initial radiation emitted from the 

Sun, the average daily solar radiation falling on one area in the continental United States is 

equivalent in total energy content to 11 barrels of oil. Therefore, the solar energy is not only 

clean but is unlimited energy source. The only concern for using the solar energy is its relatively 

low energy conversion efficiency which can be addressed by optimizing the energy collection 

medium and methods. 

Solar dish, solar tower, and solar parabolic trough are three major ways to collect solar 

energy. A solar dish is built with a large, reflective parabolic dish which concentrates all the 

received sunlight to one spot. There is normally a receiver located on the focal point and directly 

transform the collected solar energy to other forms of useful energy. Among the three energy 

collection methods, the solar dish has the largest maximum operation temperature which is 

1473.15K. A solar tower is constructed with thousands of mirrors which focus sunlight to the top 

of tower sitting in the center of the field. The solar energy storage medium inside the tower is 
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heated to a high temperature and transferred to a thermal energy storage tank. The maximum 

working temperature for a solar tower system is 1273.15K. A parabolic trough system consists of 

silver coated parabolic mirror and a Dewar tube going through the length of the mirror. Solar 

energy transfer fluid is contained inside the tube and heated by concentrated sunlight. By using 

the heat transfer fluid flowing between different storage tanks, the solar energy can be 

transferred to steam pump and eventually converted to electrical power. The maximum working 

temperature for a solar parabolic trough is only 773.15K.  

In a given energy collection system, the solar power is converted to electrical power as 

shown in Fig.1.1. Initially, heat transfer fluid (HTF) inside the energy collection system is heated 

up by concentrated sunlight and solar energy is converted to thermal energy at the same time. 

The heated HTF is then stored in the hot tank before it goes to the steam generator. Water is 

turned into steam inside the steam generator by coming into contact with hot HTF. Meanwhile, 

the thermal energy is released and the temperature of HTF is significantly decreased. After that, 

the cold HTF goes into the cold tank and eventually arrives at the solar field for another round of 

energy collection. Turbine can be operated using the steam and generate electricity, where the 

mechanical energy is converted to electrical power. 
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Figure 1. 1 Schematic of SEGS plant 

As discussed earlier, the solar energy is converted and utilized in the energy storage systems 

by using energy transfer medium. Hence, the energy transfer fluid plays a significant role in the 

power generation process. Scientists have proposed three major methodologies to work with 

different heat transfer fluids and collecting solar energy. Sensible heat storage is the first type of 

collection method which is based on the heat capacity and its change of storage material in the 

charging and discharging processes. The sensible heat stored from the melting point to the 

maximum working temperature can be expressed by Eqn. 1.1[6].  

                                                           
  

  
                                                               [1.1] 

Where m is the mass of storage material, TL and TH are low temperature and high temperature in 

the liquid phase, respectively, Cp(T) is the heat capacity at different temperatures. Because the 

sensible heat storage materials remain in a single phase in the working temperature range, the 

charging and discharging processes are completely reversible for unlimited cycles.   
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Latent heat storage is the second method which relies not only on heat capacity change, but 

also the enthalpies of fusion of materials [6]. The latent heat collected throughout the working 

temperature range can be expressed by Eqn. 1.2 as follows: 

                                    
   

 
                    

  

   
                                [1.2] 

Where T is temperature in solid state, Tmp is melting point of storage material, TH is the high 

temperature in liquid state, and          is enthalpy of fusion. 

The thermochemical heat storage was proposed as the third energy collection method which 

is based on the heat capacity change and the chemical reactions. The thermochemical heat 

collected throughout the working temperature range can be expressed by Eqn. 1.3. 

                                 
  

  
                      

  

  
                         [1.3] 

Where TR is the reaction temperature and            is the enthalpy of chemical reaction. 

Because of the destruction of the chemical bonds in the reaction, the charging and discharging 

processes are not completely reversible, which reduces the stability and recyclability of storage 

operation [7]. 

Based on the features of solar energy storage operation system, sensible storage method is 

chosen to ensure the complete reversibility of heat transfer fluid. Although latent heat method 

also provides reversible working conditions, the lower gravimetric energy storage density [6-8] 

makes it a less favorable method than sensible heat method as illustrated in Fig 1.2. 
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Figure 1. 2 Gravimetric storage density for different energy storage systems as function of 

temperature 

Several different types of materials have been chosen to serve as heat transfer fluid and work 

with solar energy storage systems using sensible heat method. The properties of heat transfer 

fluid can directly determine the efficiency of energy storage and conversion. Among all the 

candidates, water is the most common heat transfer fluid. It is used in energy storage system due 

to its low cost, high heat capacity, and good thermal conductivity. However, its poor thermal 

stability and small working temperature range limit its application. In practical conditions, water 

can only serve as a thermal energy storage liquid in the temperature range from 273.15K to 

373.15K. When the temperature approaches its boiling temperature, it is hard to keep water 

working in a stable manner as a heat transfer fluid due to the high vapor pressure. Water can 

work above 373.15K only if high pressure is applied to avoid the phase transformation, but 

results in higher cost. Accordingly, water is only suitable to work at low temperatures. 

Thermal oil is also being used in the parabolic trough solar power plant and has a very low 

melting point [9, 10]. However, the wide application of thermal oil is limited due to some 

disadvantages in its physic-chemical properties. The upper limit for this oil is only 573.15K and 
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above that the liquid state cannot be maintained. Moreover, the low thermal decomposition 

temperature, low density, and low heat capacity result in limited thermal energy storage capacity. 

Since the working temperature range of thermal oil is so narrow, a system with this type of heat 

transfer fluid will have low Rankie cycle efficiency and relatively high power generating cost [11, 

12].  

Ionic liquid is another option which can be used as heat transfer fluid. Compared to water 

and thermal oil, ionic liquid has a larger working temperature range, which is considered as its 

major advantage. Also, the high heat capacity and density of ionic liquid ensure the efficiency of 

thermal energy storage. The excellent thermal stability and negligible vapor pressure increase the 

lifetime of ionic liquid in the cyclically operated solar energy storage systems [13-16]. However, 

as a result of the very severe corrosion problem and high cost, the future of ionic liquid 

utilization is still unclear. 

Molten salt has been proposed to work as a heat transfer fluid in the energy storage system 

since the last century. Based on its excellent thermal stability, low vapor pressure, high heat 

capacity, reasonable density and thermal conductivity, molten salt is now considered as the most 

suitable material for heat transfer fluid. Moreover, its low viscosity strengths the mobility and 

efficiency of molten salt when worked as heat transfer medium. The low material cost reduces 

the investment and protects the economy.  

The current available molten salt systems provide a large amount of options of heat transfer 

fluid to the solar energy storage systems. However, a large investment cost is still needed to 

dispatch 100MW to 200MW of energy. Given this situation, the development of new thermal 

storage fluids with higher thermal energy storage density is paramount to lowering the expense 

for power generation. A lot of effort has been put on designing of new systems [17-20].  
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CHAPTER 2: LITERATURE REVIEW 

 

2.1 Properties of existing molten salt systems 

Based on the melting point, molten salt can be separated into different groups. The melting 

points of individual and multi-component nitrate/nitrite group systems are listed in Table 2.1 [21-

26]. Among those systems, solar salt (NaNO3-KNO3) is the most well-known thermal energy 

storage medium which is currently being used in solar energy collection systems [22]. Although 

the melting point for this system is the highest among all the candidate mixtures in nitrate/nitrite 

group, the lowest material cost makes it favorable in solar energy storage field. Another system 

HITEC which contains NaNO3, KNO3 and NaNO2 has melting point of 415.15K [23]. This 

combination brings the melting point down, but the relatively high cost limits its further 

application [24].  

Some mixtures such as LiNO3 – Ca(NO3)2 – KNO3 are not often utilized because they 

increase material costs at the same time of lowering the melting points [25]. Moreover, the 

decreased melting points are still relatively high compared to the organic oil. The thermal 

instabilities also limit the wide applications of these low temperature systems [26]. 
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Table 2. 1 Melting points of various nitrate salt systems
[21-26]

 

Compound 
Melting Point 

(K) 

LiNO3 526.15 

NaNO3 580.15 

KNO3 607.15 

Ca(NO3)2 834.15 

Sr(NO3)2 843.15 

Ba(NO3)2 863.15 

NaNO3-NaNO2 494.15 

NaNO3-NaNO2-KNO3 414.15 

NaNO3-KNO3-CaNO3 406.15 

LiNO3-KNO3-NaNO3 393.15 

KNO3-CaNO3-LiNO3 390.15 

LiNO3-KNO3-NHNO3 365.15 

KNO3-NHNO3-AgNO3 325.15 

 

Compare to nitrate/nitrite systems, carbonate salts have higher melting points as shown in 

Table 2.2 [21, 27, 28]. Among the tabulated systems, Li2CO3-Na2CO3-K2CO3 has the lowest 

melting point which is still 277K higher than the nitrate system with the same cations[28]. On 

the basis of the high melting points, carbonate salts are being considered as possible candidates 

for heat transfer fluid at ultra high temperature even though they have some thermal 

decomposition issues. 
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Table 2. 2 Melting point of various carbonate salt systems
[21,27,28]

 

Compound Melting Point (K) 

Li2CO3 1005.15 

Na2CO3 1131.15 

K2CO3 1173.15 

MgCO3 1263.15 

Na2CO3-K2CO3 983.15 

Li2CO3-Na2CO3 769.15 

Li2CO3-K2CO3 761.15 

Li2CO3-K2CO3-Na2CO3 670.15 

 

The fluoride/chloride salts were also proposed as candidate materials for heat transfer fluid 

and their melting points were determined previously as given in Table 2.3 [29-33]. Similar to 

carbonate salts, the high melting points indicate that fluoride/chloride salts are suitable to be used 

in high temperature solar energy collection systems. Moreover, their excellent thermal stabilities 

make fluoride/chloride salts more favorable to be used as heat transfer fluid at ultra high 

temperature level. 
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Table 2. 3 Melting point of various fluoride/chloride salt systems
[29-33]

 

Compound 
Melting Point 

(K) 

LiF 1122.15 

NaF 1269.15 

KF 1131.15 

LiCl 883.15 

NaCl 1074.15 

KCl 1044.15 

LiF-KF 766.15 

LiF-NaF 925.15 

LiCl-KF 760.15 

LiF-NaF-KF-MgF2 722.15 

LiF-KF-BaF2 593.15 

LiF-KF-CsF-RbF 529.15 

 

The melting points of hydroxide salts were also studied in previous literatures [34-37]. As 

shown in Table 2.4, the hydroxide salts were generally mixed with other groups of salts to 

achieve multi-component systems with low melting points. Most of the systems given in Table 

2.4 have melting points lower than 573.15K, among which, NaOH-KOH binary system even 

achieves the melting point as low as 443.15K. On the basis of the low melting points, relatively 

large working temperature range can be obtained by using hydroxide salt mixtures.  
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Table 2. 4 Melting point of various hydroixde salt systems
[34-37]

 

Compound 
Melting Point 

(K) 

LiOH-LiF 700.15 

NaOH-KOH 443.15 

LiOH-NaOH 486.15 

NaOH-NaNO2 505.15 

NaOH-NaNO3 510.15 

NaOH-NaCl-NaNO3 515.15 

NaOH–NaCl–Na2CO3  555.15 

 

On the basis of the melting points, nitrate/nitrite and hydroixde molten salts can be worked as 

heat transfer fluid in the parabolic trough system which requires lower maximum operation 

temperature. Theoretically, the heat transfer fluids with lower melting points provide larger 

working temperature range. However, in the actual working condition, thermal stability is 

equally important as melting point because it determines the upper limit of working temperature 

while the melting point determines the lower limit. As a result of that, the carbonate and 

fluoride/chloride salts can still be used as energy transfer fluid in the solar dish or solar tower 

systems which have ultra high working temperatures.  

In the energy storage and conversion process, heat capacity of heat transfer fluid is the 

amount of heat required to increase the temperature by 1 K and can be viewed as the directly 

relevant parameter to the energy storage ability. To some extent, the large heat capacity assures 

the efficiency of the application of solar energy storage materials. Therefore, the heat capacity is 

another significant parameter needs to be evaluated. 
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The heat capacities of alkali/alkaline nitrate salts were investigated in the previous literatures 

[38, 39]. In liquid state, the heat capacities increase linearly as function of temperature. To 

simplify the comparison, only the heat capacity values at 773.15K are shown in following table. 

Among those alkali nitrate salt systems, lithium nitrate has the largest heat capacity at 773.15K 

while potassium nitrate presents the lowest value at that temperature. 

Table 2. 5 Heat capacity of alkali nitrate salt at 773.15K
[38,39] 

Compound Heat capacity(J/g·K) 

LiNO3 2.175 

NaNO3 1.686 

KNO3 1.400 

NaNO3-KNO3 1.533 

LiNO3-KNO3 1.642 

LiNO3-KNO3-NaNO3 1.681 

 

For hydroxide salts, similar linear increasing dependence of heat capacity on temperature 

was observed from previous studies [40]. Compared to nitrate/nitrite systems, very limited 

information of heat capacities for hydroxide salts were found and the values at 773.15K are 

shown in Table.2.6. 

Table 2. 6 Heat capacity of hydroxide salt at 773.15K
[40]

 

Compound Heat Capcity(J/g·K) 

NaOH 1.88 

LiOH-NaOH 2.21 

NaOH-KOH 1.82 

 

For the carbonate salt systems, the heat capacities in liquid state are generally larger than the 

values in solid state [27]. Different from nitrate/nitrite systems, the heat capacities of carbonate 
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salts demonstrate constant values in liquid state. Among all the carbonate systems, lithium 

carbonate single component system shows the highest heat capacity while potassium carbonate 

presents the lowest values in liquid state as shown in Table 2.7.   

Table 2. 7 Heat capacity of alkali carbonate salt at 773.15K
[27]

 

Compound 
Heat 

Capcity(J/g·K) 

Li2CO3 2.50 

Na2CO3 1.78 

K2CO3 1.51 

Na2CO3-K2CO3 1.57 

Li2CO3-K2CO3 1.60 

Li2CO3-Na2CO3 2.09 

Li2CO3-K2CO3-Na2CO3 1.63 

 

The heat capacities of fluoride/chloride salts were measured previously in literatures. It is 

found that for single component systems, the lithium chloride has the highest heat capacity in the 

liquid state while the potassium chloride shows the lowest heat capacity. Similar to the carbonate 

salts, the heat capacities of fluoride/chloride salts demonstrate little variation in the liquid state 

[27, 28]. Base on the temperature dependence, the heat capacities of fluoride/chloride salts were 

extrapolated at 773.15K and shown in Table.2.8.  
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Table 2. 8 Heat capacity of fluoride/chloride salt at 773.15K
[27,28]

 

Compound 
Heat Capacity 

(J/g·K) 

LiCl 1.48 

NaCl 1.15 

KCl 0.90 

LiF-KF 1.63 

NaCl-MgCl2 1.00 

LiF-NaF-KF 1.55 

KCl-MgCl2-CaCl2 0.92 

 

For the heat transfer fluid in solar energy storage system, density is also an essential 

parameter for the energy consumption evaluation and size calculation. Besides, the temperature 

dependence of density is useful for volume change evaluation in the freezing process which 

contributes to potential stress. The results shown in previous studies indicate that all the densities 

of molten salts decrease linearly as function of temperature and can be expressed using the 

following equation: 

                                                           = A – BT                                                                       [2.1] 

where  (g/cm
3
) is the density of salt, A (g/cm

3
) is the initial density value at 0

o
C and B 

(mg/cm
3
·°C) is the density change slope. The density determining coefficients are given in Table 

2.9 for the nitrate molten salts. Among these systems, pure sodium nitrate has the largest A value 

which reveals the high initial density value [41]. Conversely, lithium nitrate has the lowest A 

value and it also presents the smallest decreasing slope B value [42]. The similar coefficients 

listed in Table 2.9 suggest that all the nitrate/nitrite systems have very close densities in the 

liquid state.   



 

 

17 

 

 

Table 2. 9 Density coefficients A and B of nitrate salts
[41-42]

 

Compound A(g/cm
3
) B×10

3
(g/cm

3
·°C) 

LiNO3 1.922 0.556 

NaNO3 2.334 0.767 

KNO3 2.127 0.760 

NaNO3-KNO3 2.134 0.773 

KNO3-CaNO3-LiNO3 2.172 0.735 

LiNO3-KNO3-NaNO3 2.083 0.715 

 

Only small amount of density data is available for the hydroxide salts [27, 36]. Compared to 

nitrate/nitrite systems, hydroxide salts have lower initial density values A and smaller density 

decreasing slope values B as shown in Table 2.10.  

Several experiments were conducted to measure the densities at different temperatures for the 

individual and multi-component carbonate salt systems. It is observed that all the carbonate salts 

have higher initial density coefficients A than the nitrate salts as shown in Table 2.11. The 

largest value is 2.511 and even the lowest A value in this group is greater than the maximum A 

value in nitrate salt group [43-47]. What’s more, the decreasing slope coefficients B of carbonate 

salts are generally lower compared to values in the nitrate salts. Accordingly, the salts in this 

group present larger density in the molten state.  
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Table 2. 10 Density coefficients A and B of molten salt mixture with hydroxide salts
[27,36]

 

Compound A(g/cm
3
) B×10

3
(g/cm

3
·°C) 

LiCl-LiOH 1.60 0.443 

LiF-LiOH 1.65 0.471 

 

Table 2. 11 Density coefficients A and B of carbonate salts
[43-47]

 

Compound A(g/cm
3
) B×10

3
(g/cm

3
·°C) 

Li2CO3 2.303 0.532 

Na2CO3 2.350 0.448 

Na2CO3-K2CO3 2.473 0.483 

Li2CO3-K2CO3 2.511 0.599 

Li2CO3-Na2CO3 2.456 0.519 

Li2CO3-Na2CO3-K2CO3 2.364 0.544 

 

Densities of fluoride and chloride molten salts were also examined and present similar 

regression trend as temperature increases. On the basis of previous literature data, the pure 

chloride salt shows lower density than the fluoride salt with the same cation in the molten state 

[47]. What’s more, the sodium halide salt has the largest density value while the lithium halide 

salt has the lowest value, which is very similar to the nitrate group salt. The density 

determination coefficients A and B are given in Table 2.12. 

 

 

 

 



 

 

19 

 

 

Table 2. 12 Density coefficients A and B of chloride/fluoride salts
[47]

 

Compound A(g/cm3) B×10
3
(g/cm

3
·°C) 

LiCl 1.766 0.432 

NaCl 1.991 0.543 

KCl 1.976 0.583 

LiF 2.226 0.490 

NaF 2.581 0.636 

KF 2.469 0.651 

LiF-NaF 2.520 0.818 

LiCl-NaF-KCl 2.436 0.742 

LiF-NaF-MgF 2.240 0.701 

  

2.2 Research objective 

Development and synthesis of novel molten salt mixtures with melting points lower than 

existing systems is necessary for achieving higher efficiency of utilization of solar energy and 

getting rid of any unnecessary cost.  

As shown in Fig.2.1, to accomplish the ultimate goal, thermodynamic modeling was 

developed based on the melting points, enthalpies and entropies of fusion, heat capacities of 

constituent salts. Novel eutectic systems can be predicted using the developed modeling with 

melting point and eutectic composition determined simultaneously.  

All the physical and chemical properties such as melting points, heat capacities, densities, 

thermal stabilities, thermal conductivities, and corrosivities of novel eutectic systems were 

determined to assess their energy storage densities. Only the systems with high energy storage 

densities were selected as candidates for the heat transfer fluids in solar energy storage 

applications.  
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Based on the features of the selected novel molten salt systems, the power generation cost 

was analyzed. The lower utilization cost in the energy storage system indicates the better energy 

conversion efficiency when using new developed molten salt heat transfer fluids. 

 

 

 

Fig.2.1 Flow sheet of new molten salt systems development 
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CHAPTER 3: THERMODYNAMIC MODELING OF SALT SYSTEMS  

3.1 Basic methodology 

       In order to develop novel stable molten salt systems with lower melting points, 

thermodynamic model was introduced based on the Gibbs energies of fusion of individual salt 

and excess Gibbs energies of mixing of constituent binary systems [48, 49]. The calculations 

involved in the model were listed as follows.  

 

Figure 3. 1 Flow sheet of thermodynamic calculation for novel molten salt development 
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3.2 Modeling results 

As shown in the first step of the flow sheet, the fusion equations (Eqn. 3.1) for a given 

system can be calculated using melting points, enthalpies and entropies of fusion, heat capacity 

change Cp = [Cp(l) – Cp(s)] of constituents, and excess Gibbs energies of mixing of consistent 

binaries.   

                                                                                                                                                     [3.1] 

      The first term in Eqn 3.1 is standard Gibbs energy of fusion for constituent. At the eutectic 

temperature, the Gibbs energies in the liquid state and solid state of salt are equal. In 

thermodynamics, Gibbs energy of fusion can be expressed by the equation given as follows: 

                                                             G = H – TS                                                      [3.2]                     

Where H is the change of enthalpy of fusion and S is the change of entropy of fusion. Equally, 

the entropy change of fusion can be expressed by differentiating G and the equation is given: 

                                                               
  

  
                                     [3.3] 

It is known that the change in entropy can be expressed in terms of change in heat capacity in the 

melting process as: 

                                                                          
  

  
 

   

 
                                                     [3.4] 

If the change of heat capacity is assume to be independent of temperature, the integral of     

from Tm to T can be shown as: 

                                                                                       
 

  
                                          [3.5]  

xs

if,i iΔG RT (X ) G 0ln  
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where Sm is the entropy of fusion at the melting point which is equal to       . Accordingly, 

Eqn.3.5 can be rewritten as: 

                                                                  
   

  
       

 

  
                                                     [3.6] 

      By substituting Eqn. 3.6 in Eqn. 3.3 and integrating the equation from Tm to T, the standard 

Gibbs energy of fusion can be expressed using equation below which includes the change of heat 

capacity, melting point and enthalpy of fusion of constituent. 

                                           
  

  
               

 

  
                        [3.7] 

      The second term of Eqn. 3.1 is solely dependent on the molar fraction of the constituent in 

the multi-component system and can be expressed as is in the calculation process. The third term 

in Eqn. 3.1 is the partial excess Gibbs energy of the component “i” which is a little bit more 

complicated than the first two terms. To calculate the partial excess Gibbs energy of fusion, the 

total excess Gibbs energy of a mixture should be derived first. Take LiNO3 – NaNO3 – KNO3 as 

an example, the expression of the integral excess Gibbs energy is given by Eqn.3.8.  

                                                           
       

       
          

                   [3.8]          

 Most of the excess Gibbs energies of binary systems used in modeling were listed in 

Appendix I and II. In the LiNO3-NaNO3-KNO3 ternary system, Gibbs energies of the three 

constituent binary systems, LiNO3–NaNO3, LiNO3–KNO3, and NaNO3–KNO3 of the LiNO3–

NaNO3–KNO3 ternary system are taken from the literatures [50, 51]. The Gibbs energies of 

mixing of the three constituent binary systems of the LiNO3–NaNO3–KNO3 ternary system are 

given below:  

LiNO3–NaNO3 Binary System 
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                                                J/mol            [3.9] 

LiNO3–KNO3 Binary System 

                      

                                           J/mol                       [3.10] 

           NaNO3–KNO3 Binary System 

           

                                      J/mol                            [3.11]            

 When assume the excess Gibbs energy of       
   to be zero, the excess Gibbs energy in the 

ternary system can be expressed by the summation of three constituent binary systems: 

                                        

              

              

                  [3.12]      

 Generally, the partial molar excess Gibbs energies are reduced from the integral molar excess 

Gibbs energy and can be expressed by the generalized equation for certain “m” component salt 

as: 

                                                      
                 

 
   

    

   
                            [3.13]       

 In the ternary system, the i value equals to 1,2 and 3, and the partial molar excess Gibbs 

energy of mixing for each component can be expressed as follows: 

                                                 
         

    

   
   

    

   
                                       [3.14]           

                                                 
             

    

   
   

    

   
                            [3.15]         

                                                 
         

    

   
       

    

   
                                       [3.16]       

 After getting the partial excess Gibbs energies of all the constituents in the system, Eqn. 3.1 

can be expressed as follows:  
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                     [3.17] 

                                                       

             
         

                    [3.18] 

                                                      

            
        

                               [3.19] 

 Based on all the expressions above, these three equations are related to molar fractions of 

constituents and temperature. Newton-Raphson method can be used to solve these three non-

linear equations by linearizing the non-linear equations using the Taylor series and truncating the 

series to first order derivatives. Consider the three non-linear functions F, G, and H in three 

variables, x, y, and z. The three equations that are solved for the three variables are written as:  

                                                                 F(x, y, z) = 0; 

                                                                 G(x, y, z) = 0; 

                                                              H(x, y, z) = 0;                                                         [3.20] 

The partial derivatives of the function F with respect to x, y and z are given as:  

                                                       
  

  
;    

  

  
;    

  

  
;                                              [3.21] 

Similarly, the partials derivatives can be expressed for the other two functions G and H.  

 Newton-Raphson iterative method of solving the three equations in three variables essentially 

deals with the solution of the incremental vector in the matrix equation given below.  

                                                

           
          

          

  
  
  
  

    

           
           
           

                   [3.22]    

 For the initial values of x, y, and z, (say xi, yi, and zi) the right hand side vector contains the 

values of the functions at the initial values (xi, yi, and zi). The 3×3 matrix on the left hand side 
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contains the partial derivatives of the functions with respect to the three variables at the initial 

values. Solutions of the matrix equation (Eqn. 3.22) result in the increments of the variables x, 

y, and z. The variables for the next iteration will then be xi + x, yi + y, and zi + z. The 

process of solving the matrix equation (Eqn. 3.22) is continued until the increments in the 

variables x, y, and z is less than a very small quantity. The iteration process is then said to be 

converged and the values of the variables at convergence of the solution are the roots of the 

system of the three fusion equations.  

 The composition of LiNO3, NaNO3 and KNO3 and the eutectic temperature is solved by 

using the Newton-Raphson iterative method. Different from the data in previous literature, the 

eutectic temperature for the ternary is 389.15K. Besides, the composition for each component is 

also different from those published in literatures. The new generated ternary system is composed 

of 25.92 wt% LiNO3, 20.01 wt% NaNO3, and 54.07 wt% KNO3.  

In a higher-order calculation such as quaternary system development, four equations based 

on the Eqn. 3.1 can be written for the four salts. Similarly, the partial molar excess Gibbs 

energies of the constituent salts in a quaternary system are derived from the integral molar excess 

Gibbs energy of the system. Since we do not have any phase diagram information of the 

constituent ternary and quaternary systems, assuming no ternary and quaternary interactions in 

the system, the integral molar excess Gibbs energy of the quaternary system is obtained by the 

summation of the Gibbs energies of mixing of the six constituent binary systems. There are six 

constituent binary salt systems in the LiNO3–NaNO3–KNO3–NaNO2 quaternary system. Of the 

six binary salt systems, there is no phase diagram information available in the literature for the 

LiNO3–NaNO2 binary system. Therefore the interaction between LiNO3 and NaNO2 is assumed 

to be ideal. Gibbs energies of mixing in the three constituent binaries, namely, LiNO3–NaNO3, 
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LiNO3–KNO3, and NaNO3–KNO3 systems are taken from the literature [50, 51]. For the binary 

systems NaNO3–NaNO2 and KNO3–NaNO2 the phase diagrams were taken from the literature 

[52].
 
The excess Gibbs energies of the two binary systems were evaluated from the liquidus lines 

of the two phase diagrams and the equations of which are given by Eqn. 3.26 and Eqn. 3.27. The 

integral excess Gibbs energies of the LiNO3–NaNO3–KNO3-NaNO2 quaternary system are 

determined using the excess Gibbs energies of the available constituent binary systems. The 

excess Gibbs energies for the available constituent binary systems in the LiNO3–NaNO3–KNO3-

NaNO2 quaternary system are given below:  

LiNO3–NaNO3 Binary System  

            

         
       

                                J/mol   [3.23] 

LiNO3–KNO3 Binary System  

           

         
      

                            J/mol     [3.24] 

NaNO3–KNO3 Binary System  

           

         
      

                     
  J/mol      [3.25] 

NaNO3–NaNO2 Binary System  

            

                      

              

               
         

                                  

              

               
         J/mol  [3.26] 

 

KNO3–NaNO2 Binary System  

           

                   

              

               
         

                                      

             

              
         J/mol  [3.27] 
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Therefore, the integral molar excess Gibbs energy of the LiNO3–NaNO3–KNO3–NaNO2 

quaternary system is obtained from the summation of the five equations, Eqn. 3.23 to Eqn. 3.27 

The integral excess Gibbs energy in the LiNO3–NaNO3–KNO3-NaNO2 quaternary system is 

given by Eqn. 3.28:  

                 

              

              

               

              

      [3.28] 

Same as the ternary system calculation, the partial molar excess Gibbs energies are derived 

from the integral molar Gibbs energy of mixing for a “m” component system by the generalized 

formulation as follows:  

   
                 

 
   

    

   
                     [3.29]  

where     is the kronecker’s symbol (    =0 for i  j and (    = 1 for i = j). For a quaternary 

system the partial molar excess Gibbs energies are written as:  

   
         

    

   
   

    

   
   

    

   
                    [3.30]  
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                   [3.32] 

   
         

    

   
   

    

   
       

    

   
                   [3.33] 

Then, the expressions for the Eqn. 3.1 of four salts in the LiNO3–NaNO3–KNO3-NaNO2 

quaternary system are given by:  

         

             
         

                        [3.34] 
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                                       [3.37] 

By using Newton–Raphson technique as described above, the melting temperature for the 

eutectic point in the LiNO3–NaNO3–KNO3–NaNO2 quaternary system was calculated as T = 

371.75K. The corresponding amounts in weight percent are given by LiNO3 = 17.5wt%, NaNO3 

= 14.18wt%, KNO3 = 50.53wt% and NaNO2 = 17.78wt%.  

3.3 Validation of thermodynamic modeling  

 In the modeling above, non-ideal mixing solution condition was assumed and applied in the 

calculation. When the ideal solution was used in the modeling, take the LiNO3-NaNO3-KNO3 

system as an example, the Gibbs energy of fusion for individual salt components can be 

expressed as follows: 

         

              
                             [3.38] 

         

              
                       [3.39] 

        

             
                               [3.40] 

 The same procedure (Newton-Raphson method) as mentioned above was employed to 

calculate the eutectic composition and temperature for the ternary system. The calculated 

eutectic composition for the LiNO3-NaNO3-KNO3 ternary system using an ideal solution model 

was obtained as 21.94 wt% LiNO3, 29.32 wt% NaNO3, and 48.74 wt% KNO3, and eutectic 

temperature as 427.85K. The difference as shown in Table 3.1 for the eutectic point in the 

system obtained using an ideal solution model to that obtained using a regular solution model 

implies that the multi-component system has to be treated as non-ideal system involving excess 

energy of mixing in the constituent binaries. 
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Table 3. 1 Comparison of non-ideal and ideal mixing systems 

System 
Composition/(wt%) Eutectic point 

LiNO3 NaNO3 KNO3 (K) 

LiNO3-NaNO3-KNO3 (ideal) 25.92 20.01 54.07 389.15 

LiNO3-NaNO3-KNO3 (non-ideal) 21.94 29.32 48.74 427.85 

LiNO3-NaNO3-KNO3 (Lit.) 30 18 52 393.15 

 

 By using the thermodynamic modeling described above, the compositions and eutectic 

temperatures can be determined for multi-component systems. Among all the novel developed 

molten salt systems, 11 down-selected systems are given in Table 3.2 and 3.3 based on their 

predicted melting points. Some binary systems were calculated directly from the phase diagram 

information. All the developed systems listed in Table 3.2 have eutectic temperatures less than 

500K and defined as low melting point (LMP) systems. Among the LMP systems, Mg(NO3)2-

KNO3 system was first time used as a compound and added to salt mixture. Therefore, the some 

physical properties of MgKN itself were not measured separately. The systems give in Table 3.3 

show relatively high predicted eutectic temperatures and therefore defined as high melting point 

(HMP) systems. Although some HMP system such as LiF-NaF-KF was previously proposed and 

used as coolants in nuclear reactor, it was first time tested for its feasibility to be used as heat 

transfer fluid in solar energy storage system.  
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Table 3. 2 Calculated melting point for multi-component low melting point (LMP) systems 

System  
Calc. Tmp 

(K) 

Mg(NO3)2-KNO3 471.15 

LiNO3-NaNO3-KNO3 389.15 

LiNO3-NaNO3-KNO3-NaNO2 371.75 

LiNO3-NaNO3-KNO3-KNO2 373.15 

LiNO3-NaNO3-KNO3-MgKN 374.90 

LiNO3-NaNO3-KNO3-NaNO2-KNO2 368.85 

 

 

Table 3. 3 Calculated melting point for multi-component high melting point (HMP) systems 

System  
Calc. Tmp 

(K) 

Li2CO3-Na2CO3-K2CO3 663.15 

LiF-NaF-KF 727.15 

MgCl2-KCl 699.15 

LiF-Na2CO3-K2CO3 669.15 

LiF-NaF -K2CO3 687.15 
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CHAPTER 4: EXPERIMENTAL SETUP AND PROCEDURE 

 

4.1 Melting point determination  

4.1.1 Materials and Preparation  

For low melting point (LMP) system, most components in the mixtures don’t require any pre-

preparation and can be used as received. The only exception is new developed MgKN which was 

composed of 66.67 mol% KNO3 and 33.33 mol% Mg(NO3)2. This unique compound was 

synthesized from magnesium nitrate hexahydrate (98%, Alfa Aesar) and potassium nitrate (ACS, 

99.0% min, Alfa Aesar) and added into the mixture as one single component. As received 

magnesium nitrate hexahydrate was dehydrated before synthesizing MgKN compound. Weighted 

amount of magnesium nitrate was put in a stainless steel crucible and placed on a hot plate under 

argon atmosphere. Temperature of the salt was measured with a thermocouple immersed in the salt. 

The temperature was held at 523.15 K for 2 hours. The salt solidified to a white mass. The 

temperature of the salt was then raised to 573.15 K slowly to remove any traces of moisture and to 

ensure complete dehydration. The complete removal of water was ascertained by weight loss.  

For sample preparation of LMP system, after dehydration if necessary, each component was 

weighed to an accuracy of 0.1mg with the electrical balance and mixed thoroughly in a stainless 

steel crucible. Later, the mixture was heated up to certain temperature at which the entire salt melted. 

At this temperature the salt mixture was held for about 30 minutes. The salt mixture was allowed to 

air cool to ambient temperature. This procedure was repeated 3 to 4 times to get the well-mixed 

compound. Standard sample pan with lid used for DSC measurements were weighed before the 
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experiment. Small amount of the synthesized salt mixture was placed carefully in the sample pan and 

closed with the lid. The lid was crimped by a sample press and the pan was weighed. The weight of 

the sample was determined by removing the weight of the pan and lid. For determination of melting 

point and heat capacity, 20 – 25 mg of the sample was used.  

For the high melting point (HMP) systems, eutectic composition was synthesized by mixing 

corresponding amounts of fluoride and carbonate salts (≥99.0% purity) obtained from Alfa Aesar®. 

All the component salts were dried at approximately 473.15K for at least 4hrs using hot plate. The 

quantity of each component salt was weighted according to the eutectic composition and mixed 

inside a ceramic crucible. The salt powders were mechanically mixed inside the crucible for 5 to 10 

minutes continuously. Subsequently, the salt mixtures were carefully distributed and sealed in four 

sample pans which were weighted before experiments.  

4.1.2 Apparatus and Procedure 

Differential scanning calorimetry (DSC) analysis was performed using Perkin Elmer Diamond 

DSC instrument and the setup is shown in Fig. 4.1.  Heat flow and temperature can be recorded in 

the instrument with an accuracy of 0.0001 mW and 0.01 K respectively. The measurements were 

conducted under purified inert gas atmosphere with a flow rate of 20cc/min and at a heating rate of 5 

K/min. The crimped ample pan was immediately put inside the sample chamber of DSC after 

preparation and held at 523.15 K for some time to remove the trace amount of moisture possibly 

caught in the process of loading sample and also to ensure a homogeneous mixture. In the 

experimental procedure, a temperature range from 298.15 K to 523.15 K for low temperature 

systems and 573.15K to 923.15K for high temperature systems were set with a heating rate of 5
 
K 

min
1

 followed by a cooling cycle at the same rate. This cycle is repeated for at least 6 times to 

ensure good mixture of the sample and reproducibility of the results.   



 

 

34 

 

 

 

 

4.2 Heat capacity determination 

4.2.1 Apparatus and procedure 

The heat capacity of the eutectic salt mixture was measured using the similar procedure as 

that followed in melting point measurement. However, additional “iso-scan-iso” steps were 

employed in the program cycles with a step width of 25 K in each “scan” step and the sample 

was held at the set temperature for 5 minutes at each “iso” step. For LMP systems, the upper 

limit for the heat capacity (Cp) measurement was set to 523.15 K in the experiments. For HMP 

systems, the upper limit for the heat capacity (Cp) measurement was set to 873.15 K in the 

experiments. To obtain the value of heat capacity of the eutectic mixture, the heat absorbed in the 

blank experiment with empty sample pan and reference pan was obtained after calibration.  

Figure 4. 1 Photography of set-up for DSC equipment 
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4.3 Density  

4.3.1 LMP molten salt density measurement 

4.3.1.1 Apparatus and procedure 

Density measurement of LMP molten salt system was conducted using standard 

densitometer with fixed volume marked on the bottle. Initial weight of the densitometer was 

measured and noted. Salt composition, of which the density was measured, was placed in a 

beaker on a hot place. The densitometer was also placed on the same hot plate. The temperature 

was set to a fixed value above the melting point of the salt and was measured using 

thermocouple. After the salt was melted and when the temperature showed stable reading, the 

molten salt was poured in to the densitometer up to the set mark on the densitometer bottle. The 

weight of the densitometer with the molten salt was measured. The weight difference between 

this weight and the weight of empty densitometer equals to the weight of the molten salt at the 

fixed set temperature. By knowing the fixed volume in the densitometer, the density of the salt at 

that temperature can be calculated. This procedure was repeated at least three times to accurately 

determine the density of the salt.  

 

4.3.2 HMP molten salt density measurement 

4.3.2.1 Design of experimental set-up of HMP molten salt density measurement  

4.3.2.1.1 Atmosphere control 

In the density measurement of HMP systems, the experiment atmosphere is very crucial due 

to the high operation temperature and possible thermal instability of the molten salts. The best 

way to control the atmosphere inside the testing chamber is using assembled vacuum flange with 
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Bellows valves as shown in Fig. 4.2. However, this type of closed system design doesn’t include 

any opening for sinker in the Archimedes’ density measurement. As a result of that, dynamic 

atmosphere control was introduced by purging inert gas continuously. At the lower end of the 

testing chamber, the tube was closed using vacuum flange with multiple O-rings to prevent any 

gas leak. Argon gas entered the chamber through the gas inlet attached to the flange and flushed 

the interior of the chamber during the experiment. At the other end, another flange was used 

based upon some modifications. As shown in Fig. 4.3, inspired by the normal dynamic 

atmosphere control system, the hole located in the center of the flange was used as gas outlet and 

inlet for sinker at the same time. On the side of the flange, another hole was drilled to place the 

rubber plug with K-type thermocouple and gas inlet. Argon gas was also blown through the gas 

inlet located at the top flange to further evacuate residual air or moisture. Both argon gas flows 

were kept on continuously during the experiment to maintain high purity of inert gas atmosphere 

inside the testing chamber.  

 

 

Figure 4. 2 Closed system design for atmosphere control 
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Figure 4. 3 Modified upper flanged based on normal dynamic atmosphere control system 

 

4.3.2.1.2 Temperature control  

In the density measurements of HMP molten salt systems, Thermo Scientific
®
 3-zone tube 

furnace was used in the experiment to achieve high testing temperature with large uniform 

temperature zone (UTZ). The temperature of the testing chamber was controlled using external 

Omega
®

 PID controller being connected to the K-type thermocouple shown in Fig. 4.3. As a 

result of that, the in-situ temperature control can be performed which provided more accuracy 

and flexibility. The UTZ was determined prior to the actual experiment so that the molten salt 

container can be placed inside it. The assembled testing chamber was placed inside the tube 

furnace with alumina molten salt container located inside the UTZ as illustrated in Fig. 4.4. 
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Figure 4. 4 Density testing chamber with 3-zone tube furnace for HMP molten salt systems 

4.3.2.2 Apparatus and procedures 

For the HMP system, their densities were measured based on Archimedean principle of 

buoyancy of immersed bodies. In the measurement, the density of molten salt was determined 

from the buoyancy force exerted on the spherical alumina sinker which was completely 

immersed in the molten salt and suspended by a platinum wire attached to the electrical balance. 

The A&D Model GR-202 balance with 0.1mg accuracy was used to weigh the sinker. The under-

hook attached to balance allows the sinker to be suspended below the balance. The position of 

electrical weighing balance with the sinker was always fixed while the entire tube furnace was 

placed on a lifter and can be lifted stably. In this way, the sinker can be completely dipped inside 
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the molten salt by changing the position of testing chamber as shown in Fig. 4.5. Thermal 

insulation was placed on both sides of the furnace to avoid any heat loss and heating the balance 

during the measurement.  

 

        (a) 

           

                   (b)                                                                   (c)  

Figure 4. 5 Experimental set-up for HMP system density measurement (a) schematic of entire 

set-up (b) actual set-up before lifting (c) actual set-up after lifting 
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4.4 Thermal stability  

4.4.1 Experimental procedure  

Perkin Elmer® Pyris Diamond TG/DTA was used to study the short-term and long-term 

thermal stabilities of the eutectic composition in both LMP and HMP molten salt systems. The 

photograph of the experimental setup including the data acquisition system is shown in Fig. 4.6. 

TG/DTA works from ambient temperature to 1773.15K. Weight loss and temperature can be 

recorded in the instrument with an accuracy of 0.0001 mg and 0.01 K respectively. It has two 

weight balance beams which hold the sample and reference to detect the weight change. The 

instrument was calibrated with indium, tin and gold corresponding to different working 

temperature range. All the experiments were conducted under purging gas with a flow rate of 

200 ml/min and a heating rate of 10 K/min.  

 

Figure 4. 6 Experimental set-up of Thermogravimetric Analyzer equipment (TGA) 

 

4.5 Thermal conductivity measurement 

4.5.1. Experimental Procedure 

Normally, thermal conductivity measurements for metal/alloy samples were conducted using 

cubic coupons. However, in the case of salt mixtures, the thermal conductivity measurements in 
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the solid state can be made after preparing the cylindrical coupons by the method of casting. The 

cylindrical coupons of the eutectic salt mixtures were prepared by melting the salt component 

powders and casting into cylinders in a glass mold under a protective environment. Components 

of the eutectic salt mixture obtained from Alpha Aesar
®
 were at least 98% pure and were used 

without further purification. Each solid sample for a given salt mixture was prepared from the 

component salts whose amounts correspond to the eutectic composition. The dimensions of the 

cylinders were predicted by using the casting process simulation software package ProCAST
®
. 

Each salt mixture was heated to a temperature 20-50 K higher than the eutectic temperature and 

cooled to room temperature. This procedure was repeated three to four times to ensure 

homogeneity of the salt mixture. Four K-type sheathed ungrounded junction thermocouples with 

±0.5 K accuracy (1.6 mm diameter, 300 mm length) were used to monitor the temperature 

change at multiple locations along the radius of the cylinder. For each experiment, the salt 

cylinder was re-melted in the mold and the thermocouples were accurately repositioned using a 

fixture to minimize displacement errors. On solidification of the salt cylinder, the thermocouples 

were sealed at their positions in the solid sample. Two stainless steel hooks were placed at the 

edges of the cylindrical mold to help hold the solidified sample. The thermocouples were placed 

midway along the height of the cylindrical sample. The thermal gradient along the Z-direction is 

expected to be zero based on an analysis using the casting simulation software package 

ProCAST
®
.  

Each cylindrical sample was placed in the center of a cylindrical chamber infrared (IR) 

heating furnace (Research Inc., Eden Prairie, MN) with four 500 W 50-mm quartz infrared lamps 

containing tungsten filaments. The furnace was controlled by LabVIEW software that permitted 

controlled heating, cooling, and isothermal hold. The schematic illustration of the experimental 
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setup is given in Fig. 4.7. Initially, the temperature of furnace was set at 303.15K, which is 

slightly higher than the ambient temperature, and held for 1 hour to make sure that the entire 

sample was at uniform temperature. Then the heating rate of the furnace was set at 1K/min. The 

upper limit of the test temperature was set below the melting points of the samples determined by 

Differential Scanning Calorimeter (DSC). The temperature of the furnace was read by a separate 

thermocouple placed near the outer surface of the cylindrical sample. The temperatures of the 

four thermocouples sealed within the sample were recorded by a data acquisition system within 

the LabVIEW software. Once the set temperature was reached, the furnace was turned off. This 

procedure was repeated at least three times for each salt mixture.   

 

Figure 4. 7 Schematic of inverse method thermal conductivity measurement setup 
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4.6 Corrosion tests 

4.6.1. Corrosion tests in LMP molten salt systems 

4.6.1.1. Materials and salt preparation 

Eutectic salt mixtures were prepared before corrosion tests. As-received (99% pure) salt 

components purchased from Alpha Aesar® Company were used without further purification. 

The eutectic salt mixture was prepared by mixing weighed amounts of the constituent 

components in a Pyrex beaker. The mixture was then heated to 473K and kept at that 

temperature for 1 hour before being heating to the desired temperature. 

In the present work, SS316L rods and SS316L coupons were used as test samples. The test 

rod was used to determine corrosion behavior with electrochemical method and cut from the 

stainless steel bar to the dimension of 12mm diameter with 30mm length. To simplify the 

analysis, only the bottom surface of the rod was exposed to the molten salt medium, leaving the 

side and upper surface wrapped by Teflon tape and covered by Pyrex glass tube. Stainless steel 

coupons with dimensions of 13mm×10mm×1mm were used to investigate the corrosion behavior 

and products after certain time of immersion in the molten salt system.  

4.6.1.2 Electrochemical tests 

Electrochemical tests were conducted to study the corrosion rates of stainless steel samples 

when immersed in LMP molten salt systems at different temperatures. In the electrochemical test, 

the 3-port spherical flask was used as corrosion cell and covered with thermal insulator to 

homogenize the temperature inside as shown in Fig. 4.8. The working electrode was stainless 

steel sample, which went through the central port of the cell. Two platinum wires of 0.5-mm 

diameter were used as the counter electrode and reference electrode. The platinum reference 
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electrode was inserted into working LMP molten salt and contained in Pyrex glass tube with one 

small hole on the end. Before the experiment, the flask corrosion cell was cleaned by acetone and 

dried.  

 

 

Figure 4. 8 Experimental set-up and data acquisition system for the electrochemical corrosion 

       

All electrochemical experiments were monitored by EG&G Princeton Applied Research 

273A Potentiostat/Galvanostat instrument which was connected and controlled by a dedicated 

computer. The potential in the experimental process was detected and collected continuously 

once the test sample was immersed. The data was analyzed by potentiostat software. The 

temperature inside the molten salt was measured by thermocouple and read from the data 

acquisition software Chartview
®
 in personal computer. The potential scanning range was set 

from –1.8V to 0.1V with respect to the Ecorr and the scanning rate was fixed to 10mV/min.  

4.6.1.3 Isothermal dipping test  

For the stainless steel alloy samples immersed in alkaline nitrate/nitrite molten salts, the 

corrosion behavior is mainly controlled by LiNO3 salt which is present in all the LMP systems. 

As a result of that, the corrosion mechanism is expected to be similar throughout these novel 
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LMP systems. The dipping corrosion experiments were carried out on stainless steel (SS316L) 

coupons in the LiNO3-NaNO3-KNO3-NaNO2 system which was chosen and used as reference for 

the corrosion mechanism study. 

The salt mixture was contained in Pyrex crucible and heated using hot plate or box furnace. 

To achieve uniform temperature distribution inside the molten salt, the entire set-up was hung in 

the middle of the furnace and covered by insulation materials as illustrated in Fig 4.9. The 

temperature of the molten salt was measured at 695K using K-type thermocouples from 3-4 spots 

of the bottom of crucible and the deviation was maintained within ±1.2% using the data 

acquisition software Chartview®. After certain immersion time, the samples were taken out of 

the crucible and the corrosion products covering the surface of the sample extracted from the 

molten salt were analyzed by using X-ray diffraction (XRD) and Scanning Electron Microscope 

(SEM) techniques. Also, the corroded samples were cast into conductive chlorine-fee epoxy and 

polished with 180-, 320-, 600- and 1200- grit SiC - grinding paper to study the corrosion attack 

from the scale thickness in the cross sections.  
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Figure 4. 9 Experimental set-up for isothermal dipping corrosion test 

 

4.6.2. Corrosion tests in HMP molten salt systems 

4.6.2.2 Design of experimental set-up  

High temperature high vacuum cells have been designed to conduct the long-term corrosion 

test at 1273.15K for 1000hrs. Multiple tube furnaces were used along with the designed 

corrosion cells to achieve desired temperature.  

As illustrated in Fig. 4.10, the temperature of the tube furnace was monitor using R-type 

thermocouple inserted to the center of chamber. The “+” and “-” probes of the thermocouple 

were connected to the external PID controlled which controls the heating process. The entire 

tube furnace was well insulated to decrease the thermal gradient and enlarge the length of 

uniform temperature zone (UTZ). 
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Figure 4. 10 Schematic of tube furnace and temperature-control component 

To ensure the accurate weight change measurement, surface area of each sample was 

carefully calculated after grinding and polishing. Before measure the dimension, each sample 

was cast into conductive chlorine-free epoxy ground with 180-, 320-, 600- and 1200- grit SiC - 

grinding paper and polished to mirror-finished surface. After one face was polished, the sample 

was separated from the epoxy by heating to approximately 523.15K. Due to the different thermal 

expansion coefficients between metal sample and epoxy mold, the sample can be popped out of 

the mold during heating. As shown in Fig. 4.11, the same procedure was repeated until all the 6 

faces of the sample were well polished. The polished surfaces of alloy sample were given in Fig. 

4.12.  

 

Figure 4. 11 Sample surface treatment before corrosion     
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The polished sample was spot-welded to platinum wire and positioned at the bottom of the 

crucible. As given in Fig. 4.13, the other end of the platinum wire was welded to the wall of Ni-

crucible to facilitate the loading of salt powder.  

 

Figure 4. 13 Ni crucible with metal samples inside 

On the outer surface of the Ni-crucible, as shown in Fig. 4.14, there were another two spot-

welded platinum wires which were used to tie the lid and crucible together after loading the salt. 

Figure 4. 12 Mirror-finished surfaces of Haynes 230 alloy 
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In this way, the vaporization of molten salt at ultra high temperature can be minimized due to the 

closed system. 

 

Figure 4. 14  Schematic of Ni crucible with two platinum wires 

In this long-term corrosion test at ultra high temperature, the purity of inert gas atmosphere is 

very crucial and any trace amount of residual moisture in the corrosion chamber will result in 

formation of HF which significantly accelerates corrosion. Therefore, the vacuum flange and gas 

purging system have been carefully designed and illustrated in Fig. 4.15. Three O-rings instead 

double O-ring were used in the vacuum flange to increase the amount of compression on each O-

ring and further decrease the gas leak. Swagelok
®

 tube fitting connectors were used throughout 

the entire gas purging system to achieve high vacuum and high purity inert gas atmosphere 

during the corrosion test. Stainless steel bellows-sealed valves were used to control the Argon 

gas flow rate and vacuum rate. The special design of the bellows-sealed valve eliminates the 

possible leak problem due to the wear of valve after thousands of times’ turning which was 

observed when using needle valve. The pressure inside the test chamber was monitored using the 
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pressure gauge with tube fitting adaptor which was also purchased from Swagelok
®
.  In the long-

term corrosion test, a small positive pressure was carefully maintained inside the chamber to 

avoid the interference of air. The actual assembled set-up was shown in Fig. 4.16.  

 

Figure 4. 15 Schematic of high temperature corrosion set-up for HMP systems 

 

 

Figure 4. 16 Actual assembled high temperature corrosion set-up for HMP systems 
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4.6.2.3 Apparatus and procedures 

All salts used in this dissertation are extremely high purity to isolate corrosion mechanisms. 

The salt powder was loaded in the Ni crucible inside glove box which is shown in Fig. 4.17 

under argon atmosphere. As seen in Fig. 4.18, the furnace tube with vacuum flange was also 

placed inside the glove box initially. Once the salt powder was loaded, the Ni crucibles were 

stacked and placed inside the furnace tube to the pre-determined position where the UTZ was 

observed. Then, the tube was transferred from glove box to furnace and all the valves were 

closed to maintain the high purity argon gas inside the chamber.    

 

Figure 4. 17 Glove box used in the sample loading process 
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Figure 4. 18 Tube placed inside the glove box in the sample loading process 

To prepare the cells for measurements after loading, the cells are evacuated and flushed with 

Ar gas multiple times to remove any possible air in the system and ensure a consistent 

atmosphere in the cells. After that, the tube was heated and kept at 473.15K for 15mins when the 

entire chamber was dynamically evacuated to remove all the possible moisture or air attached to 

the surface of salt powders. Then, the argon gas was again flushed until the pressure inside the 

chamber reached the level slightly above atmospheric pressure. Eventually, the temperature was 

increased to 1273.15K and consistent pressure was maintained throughout the heating process. 

Handling the salts in an inert environment and minimizing exposure to water is important for 

preventing the formation of HF in the system.  The presence of HF can aggravate or accelerate 

corrosion. 

 

 

 

Tube used in the long-term 

corrosion test 
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CHAPTER 5: RESULTS AND DISCUSSION 

 

5.1 Melting point determination of molten salt mixtures  

5.1.1 DSC Calibration 

      Before the actual melting point measurement, pure indium, zinc metal and several individual 

salts were used to calibrate the DSC equipment. For metals, only one sharp peak was observed 

for each and the heat flow curve for indium metal is shown in Fig 5.1.1. However, larger and 

boarder peaks were found for salts, just like the condition illustrated in fig 5.1.2 for pure 

potassium nitrate. Based on the results shown in Table 5.1.1, the experimental data for melting 

points and enthalpies of fusion have excellent agreement with the literature values [53, 54]. The 

variation of melting point is within 0.7% and the variation of change of enthalpy is less than 3%. 

 

Figure 5.1 1 Melting point calibration with indium sample 
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Figure 5.1 2 Melting point calibration with KNO3 sample 

 

Table 5.1 1 Calibration data of melting points with different samples 

Sample  

Litt. 
Expt. Tmp  Litt.Ttrans 

Expt.  Litt.  Expt.  Litt. Expt.  

Tmp Ttrans  ΔHfusion ΔHfusion ΔHtrans ΔHtrans 

K  K K K  J/g  J/g J/g J/g 

Indium 429.75 429.45±0.20 - - 28.6 27.8±0.50 - - 

Zinc 692.65 691.95±0.25 - - 108.6 106.8±0.90 - - 

LiNO3 529.85 528.15±0.35 - - 361.7 363.3±15.4 - - 

NaNO3 583.15 581.25±0.37 550.15 548.45±13.1 177.7 175.6±13.0 14.7 15.2±1.1 

KNO3 610.15 610.35±0.51 406.15 406.35±17.5 99.3 100.5±7.1 53.8 52.9±7.1 

 

5.1.2 Melting point determination results  

Differential scanning calorimetry (DSC) was used to determine the melting point and any 

solid state phase transitions of the salt mixture. A low scanning rate was chosen to record the 

heat flow curve as function of temperature in order to improve the sensitivity of detection [55]. It 

helps to pick up any small endothermic peaks and also avoids the thermal resistance between the 



 

 

55 

 

internal furnace and sample. Out of tens of tested samples, 11 LMP and HMP systems which 

have excellent thermal properties were chosen to be present in this dissertation. 

Table 5.1 2 Experimentally determined and predicted peak melting points of molten salt systems 

System  Calc. Tmp/(K)  Expt. Tmp/(K)  

Mg(NO3)2-KNO3  471.15  468.83  

LiNO3-NaNO3-KNO3  389.15  390.55  

LiNO3-NaNO3-KNO3-NaNO2  371.75  372.17  

LiNO3-NaNO3-KNO3-KNO2  373.15  369.71  

LiNO3-NaNO3-KNO3-MgKN  374.90  373.90  

LiNO3-NaNO3-KNO3-NaNO2-KNO2  368.85  368.75  

Li2CO3-Na2CO3-K2CO3  663.15  670.45  

LiF-NaF-KF  727.15  741.05  

MgCl2-KCl  699.15  704.35  

LiF-Na2CO3-K2CO3  669.15  694.56  

LiF-NaF-K2CO3  687.15  703.89  

 

 

All the selected LMP systems are composed of nitrate and nitrite salts and most of them have 

three basic components which are lithium, sodium and potassium nitrate/nitrite. All the selected 

HMP systems are composed of fluoride, carbonate and chloride salts. DSC plots for each LMP 

system were collected for at least five runs (each run with fresh salt preparation) to ensure the 

reproducibility as shown in Fig. 5.1.3 for LiNO3-NaNO3-KNO3 ternary system. By using the 

similar procedure, the peak temperatures of melting peaks of HMP systems were also determined 

as illustrated in Fig. 5.1.4 for LiF-NaF-KF system.   
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Figure 5.1 3 Melting point determination of LiNO3-NaNO3-KNO3 ternary system 

 

 

Figure 5.1 4 Melting point determination of LiF-NaF-KF ternary system 

In some cases, more than one endothermic peak was observed in the DSC melting point 

determination. One representative DSC plot for LiF-Na2CO3-K2CO3 in the heating cycle with 

scanning rate of 5 K/min in argon atmosphere is given in Fig. 5.1.5. Two endothermic peaks 
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were identified where the first peak corresponds to solid state phase transition. After the solid 

phase transformation peak, the heat absorption started to increase drastically again at 

approximately 689 K and this melting peak eventually ended at approximately 703 K. The 

average peak temperature value of the melting peak was determined to be 694.56 K. In Fig. 5.1.5, 

the heat flow after the melting peak shows stable reading and no other endothermic peak was 

detected. One the basis of this method, the melting point can be determined even when multiple 

endothermic peaks were present in the DSC heat flow curve. 

 

Figure 5.1 5 Representative DSC heat flow curve for the melting point determination of LiF-

Na2CO3-K2CO3 eutectic ternary system in argon atmosphere 

Compared to metallic samples, tested molten salts always demonstrated broader phase 

transition ranges. The main reason is the low thermal conductivity of salt mixture which is a few 

orders of magnitude lower than that of metals [56-62]. As a result, at the onset temperature of 

endothermic peak, large thermal gradient was present inside the salt mixture and resulted in fluid 

flow and rapid mixing. This phenomenon is indicated by the rapid increase in endothermic heat 

after the onset temperature. At the summit temperature of endothermic peak, the last fraction of 
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solid has been transitioned into liquid. Therefore, the peak temperature is emphasized throughout 

the dissertation and considered as the melting point of the eutectic salt mixture.  

5.1.3 Melting point of salt mixtures 

5.1.3.1 Effect of purge gas on melting point 

In the melting point determination of LMP systems, due to the relatively low testing 

temperature (523.15K) and excellent thermal stabilities of nitrate/nitrite systems, the composition 

of salts can always be maintained in the experiments. Therefore, only one type of inert gas 

(argon) was used throughout all the experiments. However, in the HMP melting point 

determination process, the maximum testing temperature can be operated as high as 923.15K. 

Under this condition, thermal decomposition may occur to HMP molten salt systems, especially 

for those consisting of carbonate salts. To eliminate any possible thermal instability of the HMP 

systems, carbon dioxide purging gas was introduced in the melting point determination process.  

The typical DSC plots in the heating cycle with scanning rate of 5 K/min in carbon dioxide 

atmosphere for the LiF–Na2CO3–K2CO3 ternary system is given in Fig. 5.1.6(a). Similar to the 

DSC plots (Fig. 5.1.6(b)) collected in the argon atmosphere, two endothermic peaks were 

identified. The average onset and peak temperature values of the melting peak were located at 

690.16 K and 694.88 K, respectively. Compared to the experiment using argon purging gas, the 

current experiment using carbon dioxide purging gas reproduced the melting peak value with a 

deviation less than 0.10%. Due to the excellent thermal stability of the ternary system in carbon 

dioxide atmosphere which will be discussed later in the dissertation, the almost identical DSC 

plots under two different inert gases atmosphere demonstrate the reliability and reproducibility of 

the detected melting point. Similar measurements were also conducted for both Li2CO3-Na2CO3-

K2CO3 and LiF-NaF-K2CO3. As shown in Table 5.1.3, negligible differences in melting points 
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were observed under different atmospheres. It can be revealed that carbonate salts can at least 

stay stable up to 923.15K under both argon and carbon dioxide atmosphere. 

             

(a)                                                                                (b) 

 

Figure 5.1 6 Effect of purge gas on melting point determination under a) carbon dioxide gas b) 

argon gas 

 

Table 5.1 3 Peak melting points of HMP systems under different atmospheres 

System  
Tmp under Ar Tmp under CO2 

(K) (K) 

Li2CO3-Na2CO3-K2CO3 670.45 670.21 

LiF-Na2CO3-K2CO3 694.56 694.88 

LiF-NaF-K2CO3 703.89 704.13 

 

5.1.3.2 Effect of sample pan on melting point 

Considering the possible corrosion effect of molten salt, different sample pans were used in 

the melting point determination experiments to examine the effect of sample pan on melting 

point. Five commercially available sample pans (Aluminum pan, copper pan, platinum pan, gold 

pan and graphite pan) were used to contain salt mixtures and corresponding DSC plots for LiF-
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Na2CO3-K2CO3 were given in Fig. 5.1.7(a) – Fig. 5.1.7(e). It is demonstrated that the melting 

points detected in the measurements using platinum, graphite, gold and copper pans are very 

close to each other, the deviations are smaller than 0.30% as listed in Table 5.1.4. However, the 

DSC plot collected when using aluminum sample pan was significantly different from the other 

tests. As illustrated in Fig.5.1.7(e), right after the melting peak, the heat flow curve dropped as 

the temperature increased, which was abnormal in the melting point determination process. After 

the first heating-cooling cycle, the aluminum pan was taken out of the DSC chamber and the 

surface was observed to turn into black color, which explains the abnormal heat flow behavior 

was contributed to the corrosion attack of the molten salt to the aluminum sample pan.  

 

(a)                                                                   (b) 

 

 

                                           (c)                                                                    (d) 
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                                                                                  (e) 

Figure 5.1 7 Effect of sample pan on melting point determination using a) graphite pan b) copper 

pan c) gold pan d) platinum pan e) aluminum pan 

 

Table 5.1 4 Melting points determined of LiF-Na2CO3-K2CO3 using different sample pans 

Sample pan 
Melting 

point/(K) 

Graphite 695.71 

Copper 693.79 

Gold 693.62 

Platinum 694.27 

Aluminum  N/A 

 

Similar phenomena were observed for the rest HMP molten salt systems. On the basis of that, 

it can be concluded that all the selected pans expect aluminum pan can be used as sample 

containers in the HMP system melting point determination. The identical melting peak points 

throughout all the measurements with different sample pans further verify the reproducibility of 

the results. For LMP system melting point determination, aluminum sample pan can be used 

without any sign of corrosion due to the relatively low testing temperature. 
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5.1.3.3 Effect of scanning rate on melting point 

In the DSC measurement, the scanning rate of the heat flow plays a significant role in 

determining the melting point. Take LiF-Na2CO3-K2CO3 as an example, at a high scanning rate 

of 20 K/min, the peak is seen shifted slightly to the right as illustrated in Fig 5.1.8. As a result, 

the melting point detected in this case is higher in comparison to that measured at low scanning 

rate. The higher melting point value is mainly attributed to the large thermal resistance between 

the testing sample and sample holder under rapid heating which reduces the extent of 

homogeneous temperature distribution within the sample holder. When the heating rate is 

lowered to 5 K/min or smaller as shown in Fig. 5.1.8, the variation of peak temperature is less 

than 2.7 K. On the basis of values collected at low scanning rates, the average melting point of 

the eutectic composition in the LiF-Na2CO3-K2CO3 ternary system was determined to be 694.20 

K with ±0.6% deviation. 

 

Figure 5.1 8 DSC heat flow curves for the melting point determination of LiF-Na2CO3-K2CO3 

eutectic ternary system in different scanning rates 
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By using the DSC with the procedure described above and lower scanning rate, the melting 

points of LMP and HMP systems can be experimentally determined. 

5.1.3.4 Dependence of melting point on number of constituent salt  

In the solid state, the movement of individual molecule is inhibited due to the effect of bonds 

which hold the material together. However, in the liquid state, the material is disordered due to 

the breakdown and reforming of the bonds. On the basis of the different conditions of materials 

in different phases, it can be concluded that the melting process is mainly associated with 

breaking of material bonds.  

Take NaNO3-KNO3 solar salt as an example, the melting point of pure NaNO3 salt is 

583.15K and the melting point of pure KNO3 is 610.15K. Based on the simple mixing rule, the 

calculated melting point for the binary system is 596.65K, while actual melting point is 494.15K. 

The approximate 17.2% difference between these two values is originated from the weakening of 

material bonds when adding sodium nitrate to potassium nitrate. The weakened material bond 

results in smaller force to hold material together. As a result of that, lower melting point is 

obtained for this binary system. Similar phenomenon was observed in Fig. 5.1.9 that the higher 

order multi-component systems always have lower melting points compared to pure salts or 

binary systems. Hence, addition of a new constituent salt can decrease the bond strength of 

original system and lower melting point.  
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Fig. 5.1.9 Dependence of melting point on number of components 

 

5.1.3.5 Dependence of melting point on LiNO3  

Among all the constituent salts, lithium nitrate has the lowest melting point. Based on the 

structure shown in Fig.5.1.10, the anion and cation in lithium nitrate are connected based on the 

ionic bonds. Also, the other constituent salts have similar ionic bonding structures. For the ionic 

compound, the strength of bond depends on electrostatic interaction between anion and cation. 

There are two factors affecting this interaction, which are absolute magnitudes of positive and 

negative ions, and the distance between [63]. Lithium nitrate has the same absolute magnitudes 

of ions with the other nitrate salts, while the radius between its anion and cation is relatively 

smaller due to the lower radii of lithium ion as shown in Table 5.1.5. As a result of that, higher 

electrostatic interaction can be achieved, which results in strong ionic bond. However, melting 

point is also affected by molecular weight. Even though from electrostatic interactions alone one 

would expect the melting points to follow the trend of LiNO3> NaNO3> KNO3, the trend is 
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actually the LiNO3< NaNO3< KNO3, due to the increasing molecular weight of the cation. 

 

Table 5.1.5 Radius and absolute magnitude of ion
[63]

 

Ion 
Radii Absolute magnitude Melting point 

Pm Z K 

Li+ 90 +1 528.15 

Na+ 116 +1 581.25 

K+ 152 +1 610.35 

 

 

Fig.5.1.10 Atomic structure of nitrate salt (LiNO3) 

Due to the lowest melting point indicating weak overall bonding energy, addition of lithium 

nitrate to certain system can end up with a new system with lower melting point. As shown in 

Table 5.1.6, the addition of lithium nitrate to both binary solar salt and ternary HITEC salt 

generates two new systems with much lower melting points, which is resulted not only from 

increasing number of constituent salts but also bringing in a new component with lower bonding 

energy.  
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Table 5.1.6 Effect of addition of lithium nitrate on melting point 

System 
Melting point 

(K) 

NaNO3-KNO3 (Solar salt) 494.15 

LiNO3-NaNO3-KNO3  390.55 

NaNO3-KNO3-NaNO2 (HITEC salt) 415.15 

LiNO3-NaNO3-KNO3-NaNO2 372.17 

 

5.1.4 Conclusions and summary 

Both LMP and HMP systems were tested for their melting points using DSC and the 

experimentally determined values have excellent agreement with the predicted melting points. 

Therefore, the thermodynamic modeling was verified to be a suitable method for novel eutectic 

salt system development. For LMP systems, all the commercial sample pans can be used in the 

melting point determination experiments while aluminum pan is not suitable for the HMP 

melting point determination due to the corrosion effect. Moreover, the temperature measurement 

should be conducted under low scanning rate such as 5K/min to reduce the thermal gradient and 

maintain the equilibrium state inside the chamber.  

When used as heat transfer fluid in solar energy storage system, the salt mixture with low 

melting point has large working temperature range. On the basis of that, the novel molten salt 

systems were ranked using their melting points. The system with lower melting points will have 

higher ranking and the results are given in Table 5.1.7. From the perspective of melting point, 

LiNO3-NaNO3-KNO3-NaNO2-KNO2 and Li2CO3-Na2CO3-K2CO3 systems are considered to be 

the best in LMP and HMP, respectively.   
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Table 5.1.7 Ranking of salt system base on melting point 

Ranking Low Melting Point (LMP) System 
Experimental Melting 

Point/(K) 

1 LiNO3-NaNO3-KNO3-NaNO2-KNO2 368.75 

2 LiNO3-NaNO3-KNO3-KNO2 369.71 

3 LiNO3-NaNO3-KNO3-NaNO2 372.17 

4 LiNO3-NaNO3-KNO3-MgKN 373.90 

5 LiNO3-NaNO3-KNO3 390.55 

6 Mg(NO3)2-KNO3 468.83 

Ranking High Melting Point (HMP) System 
Experimental Melting 

Point/(K) 

1 Li2CO3-Na2CO3-K2CO3 670.45 

2 LiF-Na2CO3-K2CO3 694.56 

3 LiF-NaF-K2CO3 703.89 

4 MgCl2-KCl 704.35 

5 LiF-NaF-KF 741.05 

 

5.2 Heat capacity determination of molten salt mixtures  

5.2.1 Heat capacity determination results 

In the DSC equipment, the heat flow through the sample is tested as function of temperature. 

In the heating process, the temperature profile can be expressed as: 

                                                              t oT T t                                                        [5.1] 

where To is the initial temperature in K, β is the set heating rate (K/min) and Tt is the temperature 

in K at a certain time t (min). Based on the thermodynamic definition, heat capacity is the 
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amount of heat required to change a body's temperature by a given amount. Combined with the 

equation above, the expression for Cp can be shown as follows [64]:  

                                           
1 1 1

( ) ( ) ( )

dH

dH PdtCp
dTm dT m m

dt




                                       [5.2] 

where the ∆P is the actual DSC heat flow signal which has the unit as mW, m is the mass for the 

sample of interest. This way the heat capacity with the DSC heat flow data is calculated. 

 

5.2.1.1 Heat capacity of LMP molten salt systems  

The materials used in the heat capacity measurements of LMP systems are the same as those 

in the melting point experiments. Specific heat capacities of the all LMP systems were measured 

by the DSC equipment from room temperature to 623.15 K. The heat flow is recorded as a 

function of temperature in “iso-scan-iso” steps at intervals of 25 K. The ‘iso stage’ refers to 

isothermal holding at a particular temperature, ‘scan stage’ refers to the heat flow recording at a 

heating rate of 5 K min
1

 up to a an increment of 25 K, followed by another isothermal holding 

stage. This is a standard procedure followed in the measurement of heat capacity of materials 

using the DSC equipment [54, 55]. This procedure of heat capacity measurement has two 

advantages; (i) any heat fluctuations during the recording are avoided by using the isothermal 

steps and (ii) any phase transition can be highlighted by the choice of temperature range. The 

absolute heat flow to the sample is determined by subtracting the heat flow collected by running 

a baseline curve with an empty pan. Because the heat capacity measurement in the heating 

process corresponds to collecting the value of required heat flow at each temperature, all the heat 

capacity plots have the same shapes with those of heat flow in the melting point measurements. 

Take the heat capacity plot of LiNO3-NaNO3-KNO3 ternary system as an instance which is 
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shown in Fig 5.2.1, the heat capacity curve also has two different peaks [65]. The first little 

peaks corresponds to the one occurs at 373.15K which was observed in Fig 5.1.3, the second 

large and sharp peak happened right after the small one is prevalent to the endothermic peak with 

the peak temperature of 390.27 K. Similarly, after the phase transformation, the heat capacity in 

liquid state becomes very stable and increases with temperature linearly. 

 

Figure 5.2. 2 Heat capacity data plot of LiNO3-NaNO3-KNO3 ternary system as function of 

temperature 

By getting the data in the testing temperature range, the expressions of heat capacities of 

LMP molten salts in different phases can be derived. Take LiNO3-NaNO3-KNO3 ternary system 

as an example, before and after melting peak, the heat capacity can be expressed using equations 

as follows: 

Heat capacity of solid state: (298.15 – 384.15) K 

The heat capacity data for LiNO3 – NaNO3 – KNO3 salt mixture in the solid state is fit to a 

second order polynomial equation. Eqn. 5.3 gives the polynomial equation along with the least 

square fit parameter (R
2
) in the temperature range for the solid state of the salt mixture.  



 

 

70 

 

                                                                                      [5.3] 

         (             ) K              

         R
2
 = 0.982   

Heat capacity of liquid state: (403.15 – 623.15) K  

The heat capacity data for LiNO3 – NaNO3 – KNO3 salt mixture in the liquid state is fit to a 

linear equation. Eqn. 5.4 gives the linear equation along with the least square fit parameter (R
2
) 

in the temperature range for the liquid state of the salt mixture.  

                                                                                                             [5.4] 

                               

         R
2
 = 0.947 

Based on the linear increasing trend of heat capacity for LMP system in the liquid state, any 

value within the range can be extrapolated. On the basis of that, the extrapolated heat capacities 

of LMP molten salt systems at 773.15K are listed in Table 5.2.1. 

Table 5.2. 1 Heat capacities of molten LMP systems 

System  
Extrapolated(773.15K) 

Cp, J/g.K 

Mg(NO3)2 - KNO3 1.88 

LiNO3-NaNO3-KNO3 1.63 

LiNO3-NaNO3-KNO3-NaNO2 1.66 

LiNO3-NaNO3-KNO3-KNO2 1.63 

LiNO3-NaNO3-KNO3-MgKN 1.67 

LiNO3-NaNO3-KNO3-NaNO2-KNO2 1.58 
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5.2.1.2 Heat capacity of HMP molten salt systems  

As shown in Fig. 5.2.2, the specific heat capacity of the LiF-Na2CO3-K2CO3 eutectic salt mixture 

was measured by the DSC equipment from 623.15 K to 748.15 K and the dependence of heat 

capacity on the temperature is a typical example among the HMP molten salt systems. In the 

measurement, the heat flow is also recorded as a function of temperature in “iso-scan-iso” steps at 

intervals of 25 K. Fig. 5.2.2 shows the heat capacity of the LiF-Na2CO3-K2CO3 eutectic salt mixture 

measured as function of temperature in the studied temperature range. Since the heat capacity 

measurement is equivalent to the heat flow collection against time, the shape of the smoothed heat 

capacity curve is identical to that in the melting point determination process as illustrated in section 

5.1.  

The heat capacity data of the LiF-Na2CO3-K2CO3 can be divided into three sections; (i) solid 

state α (623.15 – 648.15 K) (ii) solid state β (671.15 – 678.15 K) (iii) liquid state (718.15 – 748.15 

K). Accordingly, the heat capacity data are fit to three separate equations corresponding to the 

phases of the eutectic salt mixture.  

 

Heat capacity of solid state α: 623.15 – 648.15 K  

The heat capacity data for the LiF-Na2CO3-K2CO3 eutectic salt mixture in the solid state α in the 

temperature range of 623.15 to 648.15 K can be fit to a second order polynomial equation. Eqn. 5.5 

gives the polynomial equation along with the least square fit parameter (R
2
) in the temperature range 

for the solid state α of the eutectic salt mixture.  

4 2 1( )( ) 1.057 10 1.247 10 38.046
J

Cp solid state T T
g K

      


                                            [5.5] 
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(623.15 – 648.15 K)              

R
2
 = 0.9378   

Heat capacity of solid state β: 671.15 – 678.15 K  

The heat capacity data for the LiF-Na2CO3-K2CO3 eutectic salt mixture in the solid state β in the 

temperature range of 671.15 to 678.15 K can be fit to a second order polynomial equation. Eqn. 5.6 

gives the polynomial equation along with the least square fit parameter (R
2
) in the temperature range 

for the solid state β of the eutectic salt mixture.  

3 2( )( ) 4.702 10 6.263 2087.545
J

Cp solid state T T
g K

    


                                                    [5.6] 

(671.15 – 678.15 K)              

R
2
 = 0.9766   

Heat capacity of liquid state: 718.15 – 748.15 K  

The heat capacity data for LiF-Na2CO3-K2CO3 eutectic salt mixture in the liquid state doesn't 

vary much as function of temperature. Consequently, the value can be assumed to be constant 

throughout the liquid state and expressed as Eqn. 5.7. The deviation range includes all the liquid 

state heat capacity values throughout all the four measurements. 

( )( ) 1.90 0.16
J

Cp liquid state
g K

 


                                                                                          [5.7] 

 (718.15 – 748.15 K)      

Similar to the LiF-Na2CO3-K2CO3, the variation of heat capacity in liquid state of the other 

HMP systems is also negligible. As a result of that, the heat capacity of molten HMP systems 

can be assumed to be constant and shown in Table 5.2.2. On the basis of comparison between 
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LMP and HMP systems, the heat capacity of HMP systems are generally greater than LMP 

systems. Although the melting points of HMP systems are relatively high, due to their excellent 

heat capacities and storage capabilities, they can still be considered as heat transfer fluid, 

especially for high temperature solar energy storage systems. 

After getting the experimental data of heat capacity, the standard thermodynamic properties 

such as entropy, enthalpy, and Gibbs energy for both LMP and HMP salt mixtures can be 

determined using following equations.  
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                                                          [5.10] 

Where Tt is the solid transformation temperature, Tmp is the melting point, ΔHt is enthalpy of 

solid phase transformation and ΔHfusion is enthalpy of fusion. The detail calculation has been 

described elsewhere [66]. 
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Figure 5.2. 3 Heat capacity of LiF-Na2CO3-K2CO3 eutectic ternary system as function of 

temperature 

 

Table 5.2. 2 Heat capacities of molten HMP systems 

System  
Heat Capcity 

J/g.K 

Li2CO3-Na2CO3-K2CO3 1.75 

LiF-NaF-KF 1.96 

MgCl2-KCl 1.12 

LiF-Na2CO3-K2CO3 1.90 

LiF-NaF-K2CO3 1.77 
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5.2.2 Dependence of heat capacity on mixture composition and salt structure  

5.2.2.1 Degree of freedom  

For both LMP and HMP systems, the heat capacities of mixtures increase as function of 

temperature in solid states. This phenomenon can be explained by the increase of degrees of 

freedom which are available to the particles in the substance. At lower temperature in solid state, 

limited energy levels of rotation and vibration are accessible. As a result of that, salt mixtures 

only have low heat capacities. However, as the temperature increases, more energy level are 

accessible, which increases the ability of molecules to absorb energy. Hence, the specific heat 

capacities increase at high temperature in solid state.  

The dependences of heat capacity on temperature in liquid state are different between LMP 

and HMP systems. For LMP systems, as described in chapter 5.2.1, heat capacities increase as 

function of temperature in liquid state, while molten HMP systems have constant heat capacities. 

Because of the low melting points of LMP systems, the temperature is still relatively low after 

melting process and not all the states and energy levels are accessible. When the temperature is 

further increased, more energy states become accessible and the specific heat capacity can be 

enlarged accordingly. For HMP systems, due to the high temperature level after melting, most of 

energy states are accessible to molecules. Therefore, after melting process, the temperature 

doesn’t have a large effect on the heat capacity for HMP systems.   

5.2.2.2 Addition of lithium nitrate  

The heat capacities of several LMP systems and existing salt mixtures at 773.15K were 

plotted against their lithium nitrate contents in Fig.5.2.3. The solar salt which has no lithium 

nitrate presents minimum heat capacity. As mentioned in chapter 2, the pure lithium nitrate salt 
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has much higher heat capacity than other nitrate salts such as sodium nitrate and potassium 

nitrate. As a result of that, addition of lithium nitrate to a salt mixture can significantly increase 

the heat storage capacity. As illustrated in Fig. 5.2.3, in the composition range from 9.0wt% to 

25.9wt%, systems show very similar heat capacities at 773.15K. Even though further increase of 

lithium nitrate content to the level above 26.0wt% may result in higher heat capacity value, the 

possible corrosion and cost problem suggest that the optimum composition should be maintained 

below 25.9wt%.  

 

Figure 5.2. 4 Dependence of heat capacity on lithium nitrate content 
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Fig. 5.2.4 Heat capacity variation as function of temperature in liquid state 

By adding lithium nitrate, the dependence of heat capacity on temperature can be changed. 

As shown in Fig. 5.2.4, the addition of lithium nitrate to binary solar salt system significantly 

raises the increasing trend of heat capacity as function of temperature. The similar result was also 

observed when adding lithium nitrate to HITEC
®

 salt. By comparing the linear coefficients of 

pure nitrate salts in liquid state as listed in Table 5.2.3, it is seen that lithium nitrate has much 

higher linear increasing coefficient than other salts. Due to mixing effect, the presence of lithium 

nitrate in a multi-component system can result in higher heat capacity at high temperature.  

Table 5.2.3  Linear coefficients of pure nitrate salts in liquid state 

Salt 
Linear coefficient of Cp 

J/g.K
2
 

LiNO3 6.39E-04 

NaNO3 1.28E-05 

KNO3 -4.68E-05 
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5.2.3 Enthalpy of fusion and mixing mechanism 

As seen in Eqn 5.8-5.10, the thermodynamic properties of each molten salt system can be 

calculated using heat capacity and enthalpy of fusion. By using DSC, heat capacity and its 

dependence on temperature can be determined. After getting the heat capacity curve, enthalpy of 

fusion can also be evaluated using the area under the melting peak and the values are tabulated in 

Table 5.2.4. 

Table 5.2.4 Enthalpy of fusion of LMP and HMP systems 

System  
Enthalpy of fusion 

(J/g) 

Mg(NO3)2-KNO3 67.3±10.4 

LiNO3-NaNO3-KNO3 58.2±7.3 

LiNO3-NaNO3-KNO3-NaNO2 18.1±3.3 

LiNO3-NaNO3-KNO3-KNO2 12.4±3.8 

LiNO3-NaNO3-KNO3-MgKN 13.5±2.3 

LiNO3-NaNO3-KNO3-NaNO2-KNO2 8.9±1.9 

Li2CO3-Na2CO3-K2CO3 214.8±20.7 

LiF-NaF-KF 336.5±19.3 

MgCl2-KCl 219.2±23.1 

LiF-Na2CO3-K2CO3 227.3±13.5 

LiF-NaF-K2CO3 178.4± 12.9 

 

Based on the enthalpy of fusion, the mixing mechanism can be evaluated. Take LiF-Na2CO3-

K2CO3 as an example, the average value of the area under the endothermic peak was measured to 

be 227.3 J/g. In the eutectic salt mixture, the enthalpy of fusion follows the simple mixture rule 

and can be expressed by Eqn.5.11 below if simple mechanical mixing is considered [67]: 
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                                                                                         .

1

neutectic component i

ifusion fusioni
xH H

                                                      [5.11] 

Where fusion eutecticH  is enthalpy of fusion of eutectic salt mixture, 
ifusion componentH and ix are 

the enthalpy of fusion and mole fraction of constituent salt, respectively. The enthalpies of fusion 

of LiF, Na2CO3, K2CO3 [54] and the ternary mixture are listed in Table 5.2.5 along with the 

calculated value using mixture rule. The experimental determined enthalpy of fusion is 38.7% 

lower than the calculated value which reveals that the studied system is not a simple mechanical 

mixture of three salts. The deviation is possibly due to the formation of cluster in the eutectic 

mixture [68]. The non-ideal mixing mechanism found in this section verifies the assumption used 

in the thermodynamic modeling chapter.     

Table 5.2.5 Calculated and experimental enthalpy of fusion ΔfusionH
o
 

System 
ΔfusionH

o
 

J/g 

LiF 1041.2
[54]

 

Na2CO3 279.9
[54]

 

K2CO3 199.8
[54]

 

LiF-Na2CO3-K2CO3(Calc.) 371.1 

LiF-Na2CO3-K2CO3(Expt.) 227.3±26.2  

 

5.2.4 Conclusions and summary 

Heat capacities of both LMP and HMP systems were determined using DSC with ‘iso-scan-iso’ 

measuring steps. Due to the similar heat flow collection process, the heat capacity plots as function of 

temperature demonstrate same shapes as the DSC curve in the melting point determination 

experiments. In molten state, the LMP systems present linearly increasing heat capacities as function 

of temperature while not much variation was observed for HMP systems. Compared to LMP systems, 
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the novel HMP systems have even higher heat capacities. As a result of that, the HMP systems with 

better energy storage capacities have equally large potential as LMP systems to be used in solar 

energy storage applications, even though they have relatively higher melting points.   

Similar to melting point determination, the salt systems are also ranked based on their heat 

capacities in liquid state. Due to the high energy storage capacity, Mg(NO3)2 - KNO3 and LiF-NaF-KF 

systems are considered to be best heat transfer fluids as seen in Table 5.2.6. 

Table 5.2.6 Ranking of salt mixture based on heat capacity 

Ranking Low Melting Point (LMP) System Heat Capacity /(J/g.K) 

1 Mg(NO3)2 - KNO3 1.88 

2 LiNO3-NaNO3-KNO3-MgKN 1.67 

3 LiNO3-NaNO3-KNO3-NaNO2 1.66 

4 LiNO3-NaNO3-KNO3-KNO2 1.63 

5 LiNO3-NaNO3-KNO3 1.63 

6 LiNO3-NaNO3-KNO3-NaNO2-KNO2 1.58 

Ranking High Melting Point (HMP) System Heat Capacity /(J/g.K) 

1 LiF-NaF-KF 1.96 

2 LiF-Na2CO3-K2CO3 1.90 

3 LiF-NaF -K2CO3 1.77 

4 Li2CO3-Na2CO3-K2CO3 1.75 

5 MgCl2-KCl 1.12 
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5.3 Density  

5.3.1 Density measurement for LMP systems 

5.3.1.1 Density measurement set-up calibration for LMP systems 

      Several pure molten salts were used to calibrate the density measurement set-up before the 

actual density measurement. All the density values decrease as function of temperature in the 

liquid state and follow the linear equation as described in chapter 2. The experimental values at 

623.15K for KNO3, NaNO3 and LiNO3 were selected to compare with the literature data [46] at 

the same temperature. Based on the comparison shown in Table 5.3.1, the variations of 

experimentally determined densities and literature values for molten nitrate salts are within in 

4%. 

Table 5.3. 1 Calibration of density measurements with different pure nitrate salts 

Sample  
Literature density

[46]
 Experimental  density 

 g/cm
3
 g/cm

3
 

LiNO3 1.727 1.701 

NaNO3 2.066 2.144 

KNO3 1.860 1.855 

 

5.3.1.2 Results and discussion  

The density results of the LMP system as function of temperature are given for in Fig. 5.3.1. 

It is observed that the temperature dependence of density above the melting point is different 

from that in solid state. As known, in solid state, the density of salt has an exponential relation 

with temperature, while in these liquid cases the density values have linear dependence with 

temperature. The stable variation as function of temperature allows the extrapolation of density 

at even higher temperature. The regression analysis is performed to get the density determination 
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coefficients and the results for the coefficients are shown in Table.5.3.2. It is observed that the 

change of composition is implied on the coefficients A and B, although the differences are small.  

Table 5.3. 2 Coefficient A and B for density determination of LMP salt systems 

Salt No.                        System  
A B×10

3
 

(g/cm
3
) (g/cm

3
·K) 

1 LiNO3-NaNO3-KNO3   2.158 0.476 

2 LiNO3- NaNO3- KNO3- NaNO2    2.271 0.720 

3 LiNO3-NaNO3-KNO3-KNO2  2.208 0.544 

4 LiNO3-NaNO3-KNO3-MgKN   2.173 0.514 

5 LiNO3- NaNO3- NaNO2-KNO3- KNO2    2.138 0.438 

 

 

Figure 5.3. 1 The densities of the LMP systems as function of temperature 

 

5.3.1.2.1 Effect of lithium nitrate on density of LMP systems 

In Fig. 5.3.1, all the density values are clustered around 1.98g/cm
3
 at 423.15K to 1.83g/cm

3
 

at high temperature end and the deviation of density between all the mixtures is within in 

0.05g/cm
3
. Among all the salt mixtures, the LiNO3-NaNO3-KNO3-KNO2 system demonstrates 
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the highest density values throughout the studied temperature range, while LiNO3-NaNO3-KNO3 

ternary system, LiNO3-NaNO3-KNO3-MgKN quaternary system and LiNO3-NaNO3-KNO3-

NaNO2 quinary system show densities at the bottom side of Fig 5.3.1. For LiNO3-NaNO3-KNO3-

KNO2 salt which contains the least amount of lithium nitrate, the density at every selected 

temperature spot is obviously higher than that of other salts. This comparison illustrates that the 

addition of lithium nitrate has an offsetting effect on density for molten salt and it is consistent 

with previous literature reports [69].  

To further demonstrate this effect, the density of a NaNO3–NaNO2–KNO3 system which has 

the same constituent salt ratios as that in the LiNO3–NaNO3–NaNO2–KNO3 quaternary salt 

mixture is plotted as function of temperature in Fig. 5.3.2 and compared with the quaternary salt 

mixture [70]. The liquid density measurement of the synthesized ternary system starts from 

473.15 K since its melting point is determined to be above 423.15 K. It is observed that in the 

studied temperature range, the quaternary system showed lower density than that of the 

synthesized NaNO3–NaNO2–KNO3 salt. Because the major difference between these two 

systems is the presence of LiNO3 in the quaternary system, the comparison again indicates that 

the addition of lithium nitrate decreases density for the molten salt. 
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Figure 5.3. 2 Comparison of density of LiNO3–NaNO3–KNO3–NaNO2 quaternary eutectic salt 

mixture with that of the NaNO3–KNO3–NaNO2 salt as function of temperature 

 

5.3.2 Density measurement set-up calibration for HMP systems 

5.3.2.1 Density measurement set-up calibration for HMP systems 

The densities of the HMP systems were determined using Archimedean principle of 

buoyancy of immersed alumina sinker. The weight change indicated from electrical balance 

represents the buoyancy force exerted on the sinker with known volume. By using the equation 

below, the density of the molten salt can be calculated: 

                                                                                                                [5.11]          

where M0 and Mi are the masses of sinker suspended at ambient temperature T0 and immersed in 

molten salt, respectively. Vs is the volume of the spherical sinker, C is the linear thermal 

expansion coefficient of the sink.  

The accuracy of the apparatus was evaluated prior to the actual density measurement of novel 

HMP systems using some standard pure nitrate salt such as LiNO3. The density of LiNO3 
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determined using current apparatus was plotted against temperature and compared to the values 

reported in the previous literature. As shown in Fig 5.3.3, the density of LiNO3 salt was 

measured from 573.15K to 773.15K. The excellent agreement between the current and literature 

density value [46] verifies the accuracy of density measurement of the apparatus. In the liquid 

state, the temperature dependence of the density follows a linear equation as shown below: 

                                                                                                                                  [5.12] 

where A and B are density value coefficients, T is temperature of salt in liquid state. Based on 

the regression analysis, the A and B coefficient values for LiNO3 were determined as 2.055g/cm
3
 

and 5.24×10
-4

g/cm
3
/K, respectively.  

 

 

Figure 5.3. 3 The density of molten LiNO3 measured as function of temperature 
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5.3.2.2 Results and discussion 

The density of HMP systems were measured using the same apparatus after calibration. The 

temperature was accurately monitored using the K-type thermocouple inserted to the molten salt 

and flow rate of purging gas was controlled to have minimum effect on the mass of sinker when 

suspended in the argon atmosphere above the molten salt. Take LiF-Na2CO3-K2CO3 molten salt 

system as an example, the measured density was plotted as function of temperature and shown in 

Fig. 5.3.4. Similar to the pure standard molten salt, the density of LiF-Na2CO3-K2CO3 ternary 

system decreases linearly with temperature in molten state. As a result of that, the density of the 

molten ternary system can also be expressed in the form of Eqn. 5.12, where A and B are 

calculated to be 2.447g/cm
3
 and 4.83×10

-4
g/cm

3
/K, respectively. On the basis of the linear 

temperature dependence, the density of LiF-Na2CO3-K2CO3 at its upper limit working 

temperature (1194.15K) can be extrapolated as 1.871g/cm
3
 and applied to the calculation of 

energy storage density.  

 

Figure 5.3. 4 Density of molten LiF-Na2CO3-K2CO3 ternary system as function of temperature 
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All the densities of HMP systems were successfully measured and A, B coefficients were 

given in Table 5.3.3. 

 

Table 5.3. 3 Coefficient A and B for density determination of HMP salt systems 

System  
A B×10

3
 

(g/cm
3
) (g/cm

3
·K) 

Li2CO3-Na2CO3-K2CO3 2.395 0.436 

LiF-NaF-KF 2.586 0.584 

MgCl2-KCl 2.190 0.496 

LiF-Na2CO3-K2CO3 2.447 0.483 

LiF-NaF-K2CO3 2.471 0.498 

 

5.3.3 Conclusions and summary 

By using densitometer and Archimedes’ principle, densities of novel LMP and HMP systems were 

determined as function of temperature. All the tested molten salts demonstrate linear decreasing 

densities as temperature increases. As a result of that, the density values can be extrapolated to any 

temperature in liquid state. The relatively higher density values of HMP indicate their better energy 

storage density at maximum working temperature.  

The density of molten salt also determines the energy storage ability at high temperate. As a result 

of that, both LMP and HMP systems are ranked based on their density values at maximum working 

temperature. As given in Table 5.3.4, LiNO3- NaNO3- NaNO2-KNO3- KNO2 and Li2CO3-Na2CO3-

K2CO3, LiF-NaF-K2CO3, LiF-NaF-KF systems are considered to be best heat transfer fluid from the 

view of density. 
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Table 5.3.4 Ranking of salt system based on density 

Ranking Low Melting Point (LMP) System Density/(g/cm
3
) 

1 
LiNO3- NaNO3- NaNO2-KNO3- 

KNO2    
1.8 

2 LiNO3-NaNO3-KNO3   1.79 

2 LiNO3-NaNO3-KNO3-KNO2  1.79 

3 LiNO3-NaNO3-KNO3-MgKN   1.78 

4 LiNO3- NaNO3- KNO3- NaNO2    1.71 

Ranking High Melting Point (HMP) System Density/(g/cm
3
) 

1 Li2CO3-Na2CO3-K2CO3 1.84 

1 LiF-NaF-K2CO3 1.84 

1 LiF-NaF-KF 1.84 

2 LiF-Na2CO3-K2CO3 1.83 

3 MgCl2-KCl 1.56 

 

5.4 Thermal stability  

5.4.1 LMP salt mixture thermal stability 

5.4.1.1 Short-term thermal stability of LMP system in argon atmosphere 

  Short-term thermal stabilities of the LMP systems were evaluated experimentally by using 

TG/DTA instrument, and the results are given below in terms of weight loss vs. temperature for 

5 cycles. The salts were heated through 5 cycles at 10 K/min from 348.15K to 773.15K and 

cooled down. The weight used in the short–term thermogravimetric analysis is 15–20 mg. Take 

the eutectic composition in LiNO3–NaNO3–KNO3 ternary system as an example, the weight loss 

curve collected from TG/DTA under argon atmosphere purged at 200ml/min was plotted as 

function of temperature and shown in Fig. 5.4.1. The obvious weight loss was observed in the 
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first heating process. The initial weight of sample was 23.30 mg and a weight loss of 1.76 mg 

was observed after the first cycle. In the following four thermal cycles, the weight loss was 

negligible compared to the first cycle. On the basis of that, it can be easily concluded that the 

system reached stable condition after the first cycle. In the ternary system, the mass fraction of 

lithium nitrate is over 25% and this component is prone to moisture pickup. Hence, the major 

weight change in the first heating cycle is attributed to the presence of lithium nitrate which 

picks up moisture from the atmosphere in the process of sample loading. The shape of weight 

change curve of the first cycle also demonstrates the water removal process. The salt mixture 

went through a drastic weight loss after about 373.15K up to about 423.15K. Most of the 

moisture gets removed during this drastic weight loss period followed by a slow weight loss 

where the small amount of residual water was removed. Since the weight loss in the first cycle is 

mostly due to the moisture removal, the total weight loss listed in Table 5.4.1 at 773.15K is 

calculated using the last four cycles for the salt mixture. Total weight after four cycles was less 

than 1% which is considered to be very good and which confirms the recyclability of the system 

in its whole lifetime for thermal energy storage application.  

The short-term reliability at high temperature was also determined using the Differential 

Scanning Calorimetry (DSC) technique. By conducting the thermal cycling on a repeated basis in 

the temperature range from 323.15K to the upper limit temperature of the instrument which is 

623.15K, the reliability of the eutectic mixture can be determined. The reliability of the salt 

mixture can be identified by the reproducibility of the heat flow curve and the endothermic peak 

temperature. The heat flow curves of twenty repeated cycles on the eutectic salt mixture are 

shown in Fig. 5.4.2. Except for the first cycle which involves the breakdown of sample powders, 

the remaining cycles show identical curves including the endothermic peak temperature, which is 
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comparable with the data obtained in a previous study [71]. The repeating curves throughout the 

measurement re-verify the substantial thermal stability in the short-term application.  

 

Figure 5.4. 1 Weight loss of the eutectic mixture of LiNO3–NaNO3–KNO3 ternary system as 

function of temperature in cyclic short-term thermal stability experiment 

Table 5.4. 1 Weight loss of the eutectic mixture of LiNO3–NaNO3–KNO3 ternary system at 

different cycles during short-term thermal stability measurement 

Cycle # Weight loss (mg) 

1 1.740 

2 0.054 

3 0.030 

4 0.010 

5 0.005 

Total weight loss, wt% 0.43 

Average weight loss, wt% 0.11 
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Figure 5.4. 2 Heat flow curves using DSC for 20-cycle thermal reliability measurement of the 

eutectic mixture of LiNO3–NaNO3–KNO3 ternary system 

By using the short-term method, the thermal stability of cyclic operation for all the LMP 

molten salt systems have been determined and listed in Table 5.4.2. The small amount of weight 

loss for all the LMP systems indicates their excellent thermal stabilities for short-term utilization. 

Table 5.4. 2 Short-term thermal stability of LMP molten salt systems 

System 
Total weight 

loss, wt% 

LiNO3-NaNO3-KNO3 0.43 

LiNO3-NaNO3-KNO3-NaNO2 0.72 

LiNO3-NaNO3-KNO3-KNO2 0.88 

LiNO3-NaNO3-KNO3-MgKN 0.66 

LiNO3-NaNO3-KNO3-NaNO2-KNO2 0.58 
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5.4.1.2 Long-term thermal stability and upper limit determination of LMP system in argon 

atmosphere 

The operation of the long–term thermal stability measurement is similar to the short term 

study [69]. However, instead of heating and cooling sample continuously, the long–term thermal 

stability study was performed isothermally at constant temperature for 20 hours. The 

experiments were carried out at each temperature of 150 K interval in the range from 473.15K to 

773.15K. At the very beginning, the synthesized sample was left inside the furnace chamber of 

the TG/DTA at 423.15K for 1 hour to remove moisture absorbed in the process of loading 

sample. Besides, there is no cooling step in the long–term study, after the isothermally holding 

steps, the furnace was turned off and the weight loss detection was finished. 

Long–term thermal stability of LMP molten salt systems were studied by using the TG/DTA 

isothermal weight change up to 773.15K carried out in four stages spanning a period of 61 hours. 

As a typical case, the long term thermal stability study of novel LiNO3–NaNO3–KNO3 ternary 

system as function of time was given in Fig. 5.4.3.  
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Figure 5.4. 3 The 61hrs long-term thermal stability measurement of LiNO3-NaNO3-KNO3 

 

The total weight loss of the LiNO3-NaNO3-KNO3 at 773.15K after the measurement was 

determined to be 8.57 wt%. A small amount of the eutectic mixture was heated in four stages, 

namely: (i) One hour at 423.15K, (ii) 20 hours at 473.15K, (iii) 20 hours at 623.15K and (iv) 20 

hours at 773.15K. The small amount of weight loss in the one–hour isothermal period at 423.15K 

mainly results from the moisture removal which was also observed in the short–term thermal 

stability studies. The weight change was found to be zero in the following 20 hours at 473.15K 

as well as at 623.15K. However, the stable state was disturbed once the temperature was 

increased to 773.15K. A concave polynomial curve implies that the salt may asymptotically 

reach an equilibrium state again after being exposed at 773.15K for certain amount of time. 

Although Fig. 5.4.3 illustrates that the thermal stability is weakened only when temperature 

reaches the last isothermal step, the actual onset temperature for the weight loss needs further 

investigation. The isothermal TG/DTA thermal stability studies were conducted for each 
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temperature from 623.15K to 773.15K at intervals of 25 K over a period of 20 hours. Among 

these measurements, no weight loss was detected in the temperature range from 623.15K to 

698.15K for the LiNO3-NaNO3-KNO3 eutectic salt mixture. In this series of measurements, Fig. 

5.4.4 shows the isothermal thermal stability study of the eutectic salt mixture at 723.15K. A 

steady weight loss with time was observed at this temperature. In order to determine the accurate 

upper limit of the working temperature of the salt mixture, the narrowed temperature range 

which involves the onset temperature for thermal instability was further examined by decreasing 

the temperature interval from 25K to 5 K. Trace amount of weight loss detected at 708.15K 

demonstrates the onset temperature of thermal instability, which serves as a useful limiting 

parameter for the practical application.  

 

Figure 5.4. 4 Isothermal thermal stability study of LiNO3-NaNO3-KNO3 at 723.15K 

 

Similar tests were conducted and all the weight loss values for the studied LMP systems 

along with their upper limit temperatures of thermal stability are listed in Table 5.4.3. Since the 

salt mixtures were held at high temperature for a much longer period in long-term experiments 

than that in the short-term experiments, the weight loss percentages in long-term tests are 
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significantly higher compared to the short-term tests. Actually, the total weight losses at the 

highest testing temperature are still acceptable for the actual utilization of the eutectic salt 

mixtures.  

The weight losses for the LMP salt at 773.15K were calculated using the thermochemical 

software package HSC. As an example, result of LiNO3-NaNO3-KNO3 salt is also listed in the 

Table 5.4.3. It can be seen that more weight loss is shown from the calculation than the 

experimentally observed result. The decomposition of the individual salt component is what 

determines the stability of the salt mixture. In an actual mixture, due to the interaction among the 

different species in the salt mixture the decomposition of the salt mixture is lower leading to a 

lower weight loss. Therefore in the thermochemical calculation the salt mixture shows larger 

weight loss (due to individual salt dissociation) than the corresponding experimental weight loss. 

This is due to fact that HSC does not consider interaction between the species. 

 

Table 5.4. 3 Upper limit of thermal stability and weight loss of LMP molten salt systems at 

773.15K after 20hrs 

System 
Total weight loss 

Upper limit 

temperature 

wt% (K) 

LiNO3-NaNO3-KNO3 
8.6 

708.15 
20.25 (HSC) 

LiNO3-NaNO3-KNO3-NaNO2 7.4 703.15 

LiNO3-NaNO3-KNO3-KNO2 9.1 713.15 

LiNO3-NaNO3-KNO3-MgKN 5.4 658.15 

LiNO3-NaNO3-KNO3-NaNO2-KNO2 6.4 708.15 
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5.4.1.3 Determination of thermally unstable phases  

In order to understand the mechanism of instability of the eutectic salt mixture at high 

temperatures, X-ray diffraction technique was utilized to study the phases before and after each 

long-term thermal stability experiment [72]. The tests were first conducted based upon the 

LiNO3-NaNO3-KNO3 ternary system. The unstable phase analysis of the salt mixture directly 

relates to the specific species that are responsible for the weight loss above upper limit thermal 

stability temperature. Fig. 5.4.5(a) shows the XRD pattern of this ternary eutectic salt mixture 

before the long–term thermal stability study. Three major phases were observed in angles 

corresponding to the pure compound of each component in the ternary system. Half of peaks 

represent the presence of potassium nitrate phase, and the rest half was composed of lithium 

nitrate and sodium nitrate peaks. This type of relation is partially due to the weight ratio of each 

phase in the ternary system. The diffraction pattern of the salt mixture after 20 hours isothermal 

stability measurement is also presented in Fig. 5.4.5(b). The disappearance or decrease of certain 

peaks indicates the loss of the corresponding phase. At 773.15K, the intensity as well as the 

degree does not change for sodium nitrate which demonstrates substantial thermal stability of 

this component at high temperature. Only one small peak with very low intensity of potassium 

nitrate was diminished at 27.7° in the X–ray pattern which reveals that potassium nitrate is 

another stable component in the system which went through negligible loss in the long–term 

thermal stability measurement.  

Unlike the sodium and potassium nitrate phases, the lithium nitrate phase had obvious change 

before and after the isothermal study from the comparison between Fig. 5.4.5(a) and Fig. 5.4.5(b). 

The density of most of the lithium nitrate peaks were decreased significantly. The peak at 24.7° 

is absent in the pattern taken after the measurement. Thus, the x-ray diffraction analysis of the 
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ternary system before and after isothermal long-term thermal stability measurement shows that 

lithium nitrate is the component that is unstable in the ternary system which mainly contributed 

to the weight loss at high temperature. Additionally, some new peaks were observed in the 

pattern in Fig. 5.4.5(b) such as the one located at 32.9° which presents the existence of Li2O2 and 

new peaks in the pattern which were identified as Li2O. Since these two new phases are the 

major products of thermal decomposition of lithium nitrate, their presence in the diffraction 

pattern after the thermal stability experiment confirms that lithium nitrate is the component that 

decomposes and led to the weight loss of the ternary system at high temperature.   

 

                                     (a)                                                                      (b) 

Figure 5.4. 5 XRD pattern of the eutectic mixture of LiNO3–NaNO3–KNO3 ternary system (a) 

before and (b) after thermal stability measurement 

 

The morphology of this LiNO3-NaNO3-KNO3 ternary mixture in solid state was also studied 

before and after the thermal stability measurement. Scanning electron micrograph of the 

synthesized salt mixture before the experiment is shown in Fig. 5.4.6. The image when viewed at 

low magnification shows clusters of tightly packed powder. During synthesis of the eutectic 

mixture powders of individual components are mixed, melted and solidified. Due to the uniform 
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distribution of solidified eutectic mixture, the morphology of any two arbitrarily selected regions 

will be similar in nature. Fig. 5.4.7 shows the SEM image of the mixture before the thermal 

stability experiment at higher magnification. It is very clear from this image that the eutectic 

mixture on solidification forms densely packed agglomerate with several concave regions spread 

across the solid granular powders. This phenomenon was observed at several regions of the 

sample surface. On further magnification of these concave regions, as shown in Fig. 5.4.8, one 

can see open honeycombed structure.  

 

Figure 5.4. 6 SEM image of freshly prepared eutectic mixture of LiNO3–NaNO3–KNO3 ternary 

system at ×35 magnification 
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Figure 5.4. 7 SEM image of freshly prepared eutectic mixture of LiNO3–NaNO3–KNO3 ternary 

system at ×1000 magnification 

 

 

Figure 5.4. 8 SEM image of freshly prepared eutectic mixture of LiNO3–NaNO3–KNO3 ternary 

system at ×5000 magnification 

 

Fig. 5.4.9 shows the SEM image of the eutectic mixture of the ternary system after the long–

term thermal stability study. The mixture was held at 773.15K for 20 hours. It is observed that 
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the honeycomb structure was still observed in the treated sample. However, the fraction of this 

featured area was decreased. The extent of packing also diminished after thermal stability 

experiment. The transformation of the surface structure after the thermal treatment demonstrates 

some change relevant to elemental composition of certain constituent component in the multi-

component mixture. On the basis of EDS analysis, it was determined that lithium nitrate was 

enriched in the area with honeycomb structure. Therefore, diminish of this structure after thermal 

stability experiment suggests the decomposition of lithium nitrate, which is consistent with the 

XRD findings.  

 

Figure 5.4. 9 SEM image of the eutectic mixture of LiNO3–NaNO3–KNO3 ternary system after 

20 hours long-term thermal stability measurement at 773.15K at ×2000 magnification 

 

By conducting the same tests using XRD and SEM, the thermally unstable phases in the 

LMP molten salt systems can be determined. For all the tested ternary and some quaternary LMP 

systems, LiNO3 and NaNO2 were thermally unstable at high temperature and are responsible for 

the weight losses. Among all the constituent salts, as shown in Table 5.1.1, the LiNO3 and 
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NaNO2 have the lowest melting points. As discussed in section 5.1, the melting point of salt is 

associated with bonding energies, which explains the instabilities of the LiNO3 and NaNO2 at 

high temperature. The analysis for higher order multi-component systems such as quinary system 

is still in progress.  

5.4.2 HMP salt mixture thermal stability  

5.4.2.1 Upper limit determination of HMP system thermal stability  

In order to determine the accurate upper limit of the working temperature of the HMP molten 

salt systems, each salt mixture was heated continuously from 773.15 K to 1223.15 K with 10 

K/min heating rate in argon atmosphere. The measurements were repeated at least three times 

with fresh prepared samples to ensure the accuracy and reproducibility. As a typical case for 

upper limit thermal stability determination, the collected weight change curve as function of 

temperature of LiF-Na2CO3-K2CO3 is illustrated in Fig. 5.4.10 along with the rate of weight loss 

dTG. The temperature with approximately 0.01mg/min of dTG trace is defined to be the upper 

limit of thermally stable working temperature. For LiF-Na2CO3-K2CO3 salt, the average value 

was measured to be 1070.15±35 K under argon atmosphere.  
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Figure 5.4. 10 Weight change of LiF-Na2CO3-K2CO3 system as function of temperature in argon 

atmosphere 

Similar to the LiF-Na2CO3-K2CO3 system, the upper limit of thermal stability of HMP systems 

under argon atmosphere have been tabulated in Table 5.4.4. 

Table 5.4. 4 The upper limit temperature of thermal stability under argon atmosphere 

System 
Upper limit 

temperature/(K) 

Li2CO3-Na2CO3-K2CO3 914.15 

LiF-Na2CO3-K2CO3 1070.15 

LiF-NaF-K2CO3 974.15 

LiF-NaF-KF 1273.15 

MgCl2-KCl N/A 

 

Under argon atmosphere, the weight losses of HMP systems with carbonate salts at high 

temperature can be attributed to decomposition of carbonate salts and evaporation. To eliminate 

the weight loss resulted from the carbonate salt decomposition, Li2CO3-Na2CO3-K2CO3, LiF-
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Na2CO3-K2CO3, LiF-NaF-K2CO3 were then heated continuously in carbon dioxide atmosphere. 

As a representative case, LiF-Na2CO3-K2CO3 ternary system is illustrated in Fig. 5.4.11 which 

demonstrates significant improvement of thermal stability compared to that detected in argon 

atmosphere. The upper limit of thermally stable working temperature of the LiF-Na2CO3-K2CO3 

salt was measured to be 1194.15±40 K in this case. At 1273.15K, relatively small amount of 

weight losses (< 1.5wt%) were observed with approximately 0.06 mg/min dTG trace. It is 

notable that the upper limit of thermally stable working temperature measured in the carbonate 

dioxide atmosphere is approximately 124K higher than that detected in argon atmosphere. 

What’s more, the rate of weight loss detected at high temperature with carbonate dioxide purge 

gas is lower than that measured in argon atmosphere. The phenomenon is most likely attributed 

to the presence of carbon dioxide suppresses the decomposition of carbonate salts. Therefore, the 

extent of weight loss at working temperature was diminished. Similar to the LiF-Na2CO3-K2CO3 

system, the upper limit of thermal stability of other HMP systems have been tabulated in Table 

5.4.5. 
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Figure 5.4. 11 Weight change of LiF-Na2CO3-K2CO3 system as function of temperature in 

carbon dioxide atmosphere 

 

Table 5.4. 5 The upper limit temperature of thermal stability under carbon dioxide atmosphere 

System 

Upper limit 

temperature 

(K) 

Li2CO3-Na2CO3-K2CO3 1130.15 

LiF-Na2CO3-K2CO3 1194.15 

LiF-NaF-K2CO3 1177.15 

 

     On the basis of the experimentally measured upper limit of stable temperature and the thermal 

weight loss rate dTG, it can be concluded that HMP system can be operated more stably in 

carbon dioxide atmosphere than other inert gas at high temperature. Consequently, a large 

working temperature range is achieved given the great thermal stability.  
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5.4.2.2 Determination of mechanism of thermal instability 

     To determine the mechanism of thermal instability, thermodynamic modeling software HSC 

7.1
®
 was used based on Gibbs energy minimization method. Calculations of stable phases were 

performed using the equation below under the condition of mass balance: 

 

 

 

where G - total Gibbs energy of the system; gi
o
 - standard molar Gibbs energy of species  i  at T 

and P; ni - number of mole of species  i; Pi - partial pressure of species i=(ni/nt)Ptotal; Xi - mole 

fraction of species i; and ,gi - activity coefficient of species i. On the basis of the equation, ni can 

be found which minimize G subject to mass balance constraints. Formation of various elements 

and compounds in different phases can be determined using the thermochemical calculations as a 

function of temperature if pressure is maintained a constant.  

Fluoride ternary system (LiF-NaF-KF) and carbonate ternary system (Li2CO3-Na2CO3-

K2CO3) were used in the calculation of phase stabilities under argon and carbon dioxide 

atmosphere, respectively. As given in Fig. 5.4.12, LiF and NaF phases stay stable up to 

1273.15K, while the KF suffers small amount of weight loss after approximately 1198.15K. As 

illustrated in Fig. 5.4.13 with the enlarged Y-scale, the loss of KF is attributed to the vaporization 

given the presence of gaseous phase potassium fluoride. 
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Figure 5.4. 12 Modeling of phase stability in LiF-NaF-KF system using HSC 7.1 

 

 

Figure 5.4. 13 Modeling of phase instability of KF 

For Li2CO3-Na2CO3-K2CO3, when tested under carbon dioxide atmosphere, the 

decomposition reaction X2CO3 = X2O+CO2 can be minimized due to the presence of CO2. As 

shown in Fig. 5.4.14, Na2CO3 and K2CO3 are thermally stable up to 1273.15K, while Li2CO3 

suffers weight loss after 1173.15K. After re-scale the Y-axis, the decomposition product Li2O 
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was found in Fig. 5.4.15. Consequently, at high temperature, the weight loss of lithium carbonate 

is mostly resulted from thermal decomposition rather than vaporization. Even though the carbon 

dioxide atmosphere is applied, the carbonate salt decomposition still cannot be completely 

avoided at ultra high temperature. 

 

Figure 5.4. 14 Modeling of phase stability in Li2CO3-Na2CO3-K2CO3 system using HSC 7.1 

 

600 650 700 750 800 850 900 950 1000
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

        

File: C:\HSC7\Gibbs\GibbsIn- Carbonate LiNaK.OGI

C

kmol

Temperature

Li2CO3

Na2CO3

K2CO3



 

 

108 

 

 

Figure 5.4. 15 Modeling of phase instability of KF 

Based on the modeling results, when working in the closed system, the HMP systems with no 

lithium carbonate can be operated stably up to 1273.15K. Consequently, the working 

temperature range can be significantly increased for the solar energy storage applications. 

5.4.3 Conclusions and summary 

As a significant factor, thermal stabilities of novel molten salt systems were evaluated using 

TG-DTA. The LMP systems present excellent short-term thermal stability in the cyclic operation. 

In the long-term isothermal operation, the weight losses were relatively higher but still in 

reasonable range. The upper limit temperatures of thermal stability were evaluated for LMP and 

most of values were found in the range between 673.15K and 773.15K. Compare to LMP 

systems, HMP salt mixtures show much higher upper limit temperatures, which enable them to 

be applied as heat transfer fluid for high temperature solar energy collection systems. Similar to 

other properties, the novel systems were ranked based on their upper limit temperature for 

thermal stability. As shown in Table 5.4.6, from the view of thermal stability, LiNO3-NaNO3-
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KNO3-KNO2 and LiF-NaF-KF are considered as best heat transfer fluids among LMP and HMP 

systems. 

Table 5.4.6 Rankings of salt systems based on thermal stability 

Ranking Low Melting Point (LMP) System 
Upper Limt 

Temp. /(K) 

1 LiNO3-NaNO3-KNO3-KNO2  713.15 

2 LiNO3-NaNO3-KNO3   708.15 

2 LiNO3- NaNO3- NaNO2-KNO3- KNO2    708.15 

3 LiNO3- NaNO3- KNO3- NaNO2    698.15 

4 LiNO3-NaNO3-KNO3-MgKN   658.15 

Ranking High Melting Point (HMP) System 
Upper Limt 

Temp. /(K) 

1 LiF-NaF-KF 1273.15 

2 LiF-Na2CO3-K2CO3 1194.15 

3 LiF-NaF-K2CO3 1177.15 

4 Li2CO3-Na2CO3-K2CO3 1130.15 

5 MgCl2-KCl N/A 

 

5.5 Thermal conductivity determination of LMP and HMP salt mixtures in solid state using 

simplified inverse method 

5.5.1 Theoretical analysis 

The thermophysical properties of solid salts are strongly dependent on temperature. In this 

dissertation, the thermal conductivities of eutectic salt mixtures were determined in the solid 

state. Fourier’s second law for unsteady state conditions was applied to calculate the thermal 
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conductivity as a function of temperature. The governing equation for heat conduction in 

cartesian coordinates is expressed as:  

 

   
  

  
                                                                                                                       [5.13] 

where Δ is the Laplace operator   
  

    
  

    
  

   , ρ is the density of the solid, Cp is 

specific heat capacity, λ is thermal conductivity, t is time, and qv is heat generation per unit 

volume during phase transition. The conduction equation in cylindrical coordinates has the 

following form: 

 
   

  

  
 

 

 

 

  
   

  

  
  

 

  

 

  
  

  

  
  

 

  
  

  

  
    

                                                         [5.14]
 

where r is the radial distance, φ is the angular coordinate, and Z is axial position. Since 

measurements were conducted in the solid state in the absence of phase transitions, the heat 

generation per unit volume (qv) is zero. Since the thermal conductivity of salts is isotropic, heat 

transfer may be considered to be axi-symmetric. Consequently, Eqn. 5.14 can be simplified to a 

two-dimensional axi-symmetric form as following:  
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Since thermal conductivity is only a function of temperature, Eqn. 5.15 can be expanded as 

follows:  
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Rearranging Eqn. 5.16 yields  
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Now, Eqn. 5.17 can be further simplified as:  

       
 
  

  
 

 
 

 

  

  
 

   

    
                                 [5.18] 

The thermal conductivity of each solid salt mixture was calculated based on the measured 

density and specific heat capacity, the measured cooling rate, and the measured radial 

temperature gradient in each sample, using Eqn. 5.18. First, the temperature profile as a function 

of the radial thermocouple position (r) was plotted and fitted to a cubic polynomial. The thermal 

gradient T/r and the second derivative 
2
T/r

2
 were determined from the curve at each 

thermocouple position. The cooling rate T/t was determined from the temperature vs. time 

data. The thermal conductivity of the sample was then calculated by substituting the relevant 

parameters into Eqn. 5.18.  

5.5.2 Results and discussion 

5.5.2.1 Determination of sample dimensions 

The simulation software package ProCAST
® 

was used to determine suitable sample 

dimensions for the thermal conductivity measurement of the eutectic salt mixture in this study 

[73]. The criterion of the sample size determination is to maintain sufficient isothermal range in 

the Z direction. ProCAST simulation predicts the temperature profile for any given sample 

whose density, heat capacity and thermal conductivity are known. Literature data of density, heat 

capacity, and thermal conductivity of nitrate group salts [56-62, 74] were used in the ProCAST 

simulation to study the temperature profile along the Z-direction of the cylindrical eutectic salt 



 

 

112 

 

samples. Based on the predicted temperature profiles, suitable sample dimensions are chosen to 

cast the cylindrical samples for LMP salt mixtures of this study. The simulation was conducted 

on a chosen eutectic salt mixture with arbitrary dimensions of 50 mm in diameter and 50 mm in 

length. Starting from some initial temperature lower than the melting point of the salt mixture, 

the temperature profile was collected after certain time along the Z axis. The isothermal range in 

the Z axis is less than 4 mm when the length is set as 50 mm for the cylindrical sample. When 

the length of the cylindrical sample was increased to 75 mm, the isothermal range was 9 mm as 

illustrated in the temperature profile along the Z axis in Fig. 5.5.1.  

 

 

Figure 5.5. 1 Temperature profile as function of Z-axis coordinate (cylinder length: 75 mm) 

 

The isothermal temperature range did not change much when the cylindrical length of the 

sample was increased beyond 75 mm. On the basis of the observation, the length of the 

cylindrical sample was set as 75 mm for the thermal conductivity measurements of the eutectic 

salt mixture in this study. The heat conduction conditions for different materials were also 
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predicted using the ProCAST simulation and the isothermal ranges with the same sample length 

are listed in Table 5.5.1.    

Table 5.5. 1 Isothermal range along Z-axis of different solid samples with 75 mm cylinder length 

Solid sample Zero gradient zone (mm) 

Alumina 36-42 

SS-Austenitic 36-42 

AL-3004 36-39 

Solid salt 33-42 

Zinc 36-40 

 

The thermal gradient along the radial direction is the determining parameter in the 

calculation of thermal conductivity of solid samples in 1-Dimensional inverse method. Therefore, 

sufficient temperature difference between the selected spots along the radial direction of the 

cylindrical sample is necessary to ensure the accuracy of the calculated thermal conductivity 

using Eq. (6). Since the thermal conductivity of salts in solid state is very low, the thermal 

gradient along the radial direction can be expected to be maintained. For the cylinder with 75 

mm length and 50 mm diameter, the temperature distribution along the radius after certain time 

in the simulation process is given in Fig. 5.5.2. It is observed that the temperature difference 

between the outer and inner surfaces of the sample was over 60K. Since the thermal gradient 

within the solid sample is so large that the thermocouple error ( 0.5K) can be neglected in these 

measurements. Thermal gradient measurements for the cylindrical sample cast for each eutectic 

salt mixture were repeated at least three times to ensure reproducibility. Based on the 
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temperature distribution as seen from Fig. 5.5.2, a cylindrical sample with a diameter of 50 mm 

was considered to be large enough for this study.  

 

Figure 5.5. 2 Thermal gradient of cylindrical sample along the radial direction 

 

5.5.2.2 Thermal conductivity of 304L stainless steel and aluminum 6061 alloy 

Two metallic alloys with significantly different thermal conductivities, 304L stainless steel 

and aluminum 6061 alloy, were used to verify the measurement of thermal conductivity using 

the simplified inverse method.  Normally, the temperature profile which is used for the 

evaluation of thermal conductivity can be acquired by either heating or air-cooling process. 

However, since the typical thermal conductivity of aluminum 6061 and 304L stainless steel 

alloys are one or two orders of magnitude higher than that of nitrate salt mixtures, neither 

processes mentioned above can provide sufficient thermal gradient for the calculation of thermal 

conductivity. To eliminate the error caused by thermocouple and increase the accuracy of 
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thermal conductivity measurement, the quench method was introduced to generate the high 

radial thermal gradient. The alloy samples were quenched in water after being heated to a 

temperature below the melting point. Then, the thermal conductivity was determined as a 

function of temperature using Eqn. 5.18. Figures 5.5.3 (a) and 5.5.3 (b) show the thermal 

conductivity data from two sets of measurements obtained in the present study for 304L stainless 

steel alloy as function of temperature along with the literature data [75]. The thermal 

conductivity varies linearly with temperature for the stainless steel alloy. Excellent agreement 

was observed with the literature data and the difference in the thermal conductivity data for 304L 

stainless steel alloy was less than 3%. Figures 5.5.4 (a) and 5.5.4 (b) show the thermal 

conductivity data obtained in the present study for aluminum 6061 alloy as function of 

temperature along with the literature data [76]. Similarly, the thermal conductivity varies linearly 

with temperature for the aluminum 6061 alloy. The difference between the literature data and the 

present study in the thermal conductivity data for aluminum 6061 alloy was less than 3%. Some 

thermal conductivity data for 304L stainless steel alloy and aluminum 6061 alloy showed 

deviation larger than 3% but less than 7% from the linear fit lines, such as the values at 833.15K 

for 304L stainless steel alloy and 494.15K for aluminum 6061 alloy. It can be concluded from 

the results shown in Figs. 5.5.3 and 5.5.4 that the inverse method employed in the present 

investigation to determine the thermal conductivity of alloys yields reproducible results within 

acceptable experimental deviations. 
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Figure 5.5. 3 Comparison of thermal conductivity of 304L stainless steel alloy between literature 

values and (a) experiment #1 measured values as a function of temperature (b) experiment #2 

measured values as a function of temperature 
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Figure 5.5. 4 Comparison of thermal conductivity of aluminum 6061 alloy between literature 

values and (a) experiment #1 measured values as a function of temperature (b) experiment #2 

measured values as a function of temperature 
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5.5.2.3 Thermal conductivity of HITEC
®
 salt 

The thermal conductivity of a commercially available HITEC
®
 heat transfer salt was 

determined in this study using the simplified inverse heat conduction equation. For the poorly 

conducting solid salts, the thermal gradient inside the sample body can be established either by 

heating process or air-cooling process. Unlike in the case of highly conductive metals/alloys, the 

starting temperature of the measurement is significant for solid salts mixtures. This is because all 

the selected spots for thermocouples must have same starting temperature to ensure the initial 

condition and the accuracy of the temperature plot as function of radial coordinate. If the cooling 

process is chosen for solid salts, it would be difficult to bring all the points inside the sample to 

reach the same expected temperature which is above the room temperature. Alternately, this can 

be easily achieved in a heating process from the room temperature.   

In the experiment, at least three sets of measurements were made to check the reproducibility 

of the data. Fig. 5.5.5 shows the thermal conductivity data for the HITEC
®
 salt as function of 

temperature along with those available in the literature [58] for the salt. Thermal conductivity 

calculated for HITEC
®
 salt in the present study varies non-linearly with temperature. The 

experimental data of Turnbull [58] for the HITEC
®
 salt were measured by the transient hot wire 

method. The results from this work were 20 % higher than those from the literature at 303.15K, 

and the deviation is still acceptable for the conductivity measurement of salt. It is also observed 

from Fig. 5.5.5 that the difference was lower at higher temperatures. The thermal conductivity 

data obtained for HITEC
®
 salt by this method shows relatively large deviation from that 

available in the literature at temperatures lower than 333.15K. In salt mixtures, especially in 

binary and higher order mixtures, the thermal gradients are much lower than those expected in 

metals or alloys, particularly at low temperatures. Small errors in the measurement of 
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temperature at low temperature for salt mixtures can lead to significant errors in the calculated 

thermal conductivity values. However, at higher temperatures, the thermal gradients are higher 

which reduces the errors in measurement.  It can be concluded that the presented inverse method 

is a reliable method for the determination of thermal conductivities of salt mixtures at high 

temperatures than at low temperatures due to low thermal gradients.  

 

Figure 5.5. 5 Thermal conductivity of HITEC® salt measured as a function of temperature 

Fig. 5.5.6 (a) shows the experimental thermal conductivity data for the HITEC
®
 salt as 

function of temperature up to 383.15K along with the literature data available for the salt at its 

melting point (415.15K). The thermal conductivity values of the salt decreases with increase in 

temperature. However, the variations of the thermal conductivities become very small beyond 

363.15K as can be seen from Fig. 5.5.6(b). Therefore, the thermal conductivity data variation 

from 363.15K to 383.15K can be assumed to be linear. As a result of this trend, the thermal 

conductivity data beyond 363.15K can be extrapolated to the salt melting point (415.15K) using 

a linear fit as shown in Fig. 5.5.6(c). At 415.15K, the extrapolated data is 2% higher than 
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literature data and the excellent agreement of thermal conductivity beyond the studied 

temperature range further verifies the feasibility of application of 1-Dimensional inverse method.  
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Figure 5.5. 6 (a) Comparison of extrapolated and literature data of thermal conductivity of 

HITEC® salt near melting point, (b) linear variation of experimental thermal conductivity in the 

temperature range of 363.15 – 383.15K (c) extrapolated linear variation of thermal 

Table 5.5.2 lists the comparison between the experimental thermal conductivities of 304L 

stainless steel, aluminum 6061 alloy, and HITEC
®

 salt and the corresponding data from the 

literature.   

Table 5.5. 2 Comparison of thermal conductivities of the two alloys 304L Stainless steel and 

Aluminum 6061 alloy and HITEC® salt in the solid state 

S. No. System Temperature (K) 
Thermal Conductivity (W/m

.
K) 

Present Study Literature Reference 

1 304L Stainless steel 
373.15 15.8 16.2 [75] 

773.15 21.8 21.4 [75] 

2 
Aluminum 6061 

alloy 
298.15 176.4 180.5 [76] 

3 HITEC
®
 salt 

328.15 0.81 0.75 [58]  

366.15 0.58 0.59 [58]  

415.15 0.49 0.50 [58]  
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5.5.2.4 Thermal conductivity of LMP and HMP salt mixture 

Thermal conductivity in the solid state was determined for the both low melting point and 

high melting point eutectic mixture. Take LiNO3–NaNO3–KNO3 salt mixture as an example, the 

salt mixture was prepared into cylindrical sample based on its eutectic composition as mentioned 

above. The temperature data was collected at least three times for each salt sample and the 

results are shown in Fig. 5.5.7. Since all the experiments were conducted under identical 

conditions and the samples were homogeneous, there is excellent reproducibility of the data 

(within 3% variation). Similar to that in the case of HITEC
®
 salt, the thermal conductivity values 

of ternary salt mixture decreased as function of temperature. The similarities of the temperature 

dependence of thermal conductivity are likely due to the identical thermal conduction 

mechanism and similar groups of constituent ions. In the solid state, heat transfer in salt is 

mainly controlled by phonon vibrations. Unlike metals, heat conduction due to free electrons is 

negligible due to ionic bonding in salts. Thermal conductivity in this condition is highly 

depended on the mean free path of phonons within the studied temperature range. As the 

temperature increases, the random vibration inside the crystal is enhanced, which increases the 

chance of collision of neighboring phonons. As a consequence, the mean free path decreases and 

so does the thermal conductivity.    

For nitrate mixture, at lower temperatures the thermal conductivity decreases non-linearly 

with temperature. As the temperature approaches the melting point, the decrease in thermal 

conductivity becomes linear and significantly smaller. The thermal conductivity of LiNO3–

NaNO3–KNO3 salt mixture given in Fig. 5.5.8 can be expressed as follows:  

                                       λ (W/m·K) = A +BT + CT
2 

                                                     [5.19] 
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where T(ºC) is temperature, the coefficients A, B, and C are 2.68, 0.0559, and 0.000383 

respectively. The R
2
 value for the least square fit between the calculated and experimental data is 

0.985.  

 

Figure 5.5. 7 Thermal conductivity of LiNO3-NaNO3-KNO3 ternary system 

Similar to the LiNO3-NaNO3-KNO3 system, the thermal conductivity of other systems expect 

LiF-NaF-KF and MgCl2-KCl system have also been experimentally determined. The moderate 

hygroscopic property of LiF-NaF-KF and MgCl2-KCl makes it difficult to prepare the cylindrical 

sample coupon at room temperature. As illustrated in Fig. 5.5.8 and 5.5.9, the thermal 

conductivity of HMP molten salt systems have very similar dependence on temperature as LMP 

systems. As the sample is heated up to the temperature close to its melting point, the thermal 

conductivity tends to reach a constant value. Even though the thermal conductivities in the liquid 

state of salt mixtures cannot be determined directly from inverse method, it can still be roughly 

estimated based on the values at melting point which are listed in Table 5.5.3. 
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Figure 5.5. 8 Thermal conductivity of Li2CO3-Na2CO3-K2CO3 ternary system 

 

Figure 5.5. 9 Thermal conductivity of LiF-Na2CO3-K2CO3 ternary system 
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Table 5.5. 3 Thermal conductivity of LMP and HMP molten salt systems at melting point 

System 

Thermal Conductivity  

(W/m. K)  

at melting point 

LiNO3-NaNO3-KNO3 0.60 

LiNO3-NaNO3-KNO3-NaNO2 0.55 

LiNO3-NaNO3-KNO3-KNO2 0.63 

LiNO3-NaNO3-KNO3-MgKN 0.53 

LiNO3-NaNO3-KNO3-NaNO2-KNO2 0.54 

Li2CO3-Na2CO3-K2CO3 1.48 

LiF-Na2CO3-K2CO3 1.17 

LiF-NaF-K2CO3 1.53 

LiF-NaF-KF NA 

MgCl2-KCl NA 

 

5.5.3 Conclusions and summary 

Thermal conductivities in solid states of salt mixtures were also tested using inverse method. 

Compared to metallic samples, both LMP and HMP systems have much lower thermal 

conductivities and the values decrease as function of temperature. Based on the dependence of 

thermal conductivity on temperature, the liquid state thermal conductivity can be roughly 

estimated. Although on the lower side, the thermal conductivities of novel systems are 

considered to be reasonable.  
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5.6 Corrosion in molten salt systems 

5.6.1 Corrosion mechanism in LMP molten salt systems 

5.6.1.1 Corrosion rate determination of SS316L in LMP molten salt systems 

The potentiodynamic polarization curves of SS316L in the LMP molten eutectic salt 

mixtures at different temperatures were determined and they all demonstrate similar tendency as 

shown in Fig. 5.6.1 for LiNO3-NaNO3-KNO3 system. In Fig.5.6.1, the polarization curves were 

similar at all the temperatures indicating that the corrosion mechanism stayed the same at all 

temperatures. The anodic polarized branches presented active corrosion period at the beginning 

of oxidizing for each curve and then were polarized to passive region where the current density 

changed a little with increase in potential. This portion of curve signifies the formation of a 

protective film in the corrosion process. The corrosion products were adherent to the surface of 

sample and slowed down the electron exchange between the oxidizing agent in the molten salt 

and alloy sample. The corrosion potential Ecorr was changed from –0.62V to 0.0 V as the 

temperature increased. Essentially, the increase in the Ecorr is caused by the change of 

temperature which is identified by Nernst equation [77].  

     
  

  
                                                                       [5.20] 

where E is the corrosion potential at certain temperature, Eo is the standard potential, T is the 

absolute temperature, z is the number of moles of electrons transferred in the half cell reaction, 

F is the Faraday constant, R is universal gas constant and K is the reaction rate coefficient.  

The corrosion rate at every temperature can be extrapolated by taken the Tafel slope from the 

polarization curves. Corrosion rate (r) for uniform corrosion can be expressed by the following 

equation: 
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                                                                           [5.21]                                            

where r is corrosion rate in micrometers per year, Wi is equivalent weight of the alloy, ρ is 

density of the alloy (g/cm
3
) and icorr is corrosion current density (μA/cm

2
). Density of SS316L 

stainless steel was taken as 7.99 g/cm
3
 and was assumed to remain constant in the present 

experimental temperature range.  

The effect of temperature on the corrosion rate of SS316L stainless steel in LiNO3-NaNO3-

KNO3 ternary eutectic melt is shown in Fig. 5.6.2. The polarization curves were measured at 

least three times at each temperature in the present study. Since all the experiments were 

conducted under identical conditions, there is an excellent reproducibility of the corrosion rate 

data ( 2%). From Fig. 5.6.2, it can be seen that the corrosion rate has a linear dependence on 

temperature. The increase in corrosion rate with temperature results from the greater mobility of 

oxidizing agent in the molten salt. Similar to LiNO3-NaNO3-KNO3 system, the linear 

dependence of corrosion rate on temperature was observed in the other LMP systems. As a result 

of that, the corrosion rates at higher temperature such as 773.15K (upper limit working 

temperature of solar parabolic trough) can be extrapolated and the results are listed in Table 5.6.1. 
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Figure 5.6. 1 Polarization curves of SS316L in LiNO3 – NaNO3 – KNO3 eutectic melt at 

different temperatures 

 

Figure 5.6. 2 Effect of temperature on the corrosion rate of SS316L in LiNO3-NaNO3-KNO3 

ternary eutectic melt 
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Table 5.6. 1 Extrapolated corrosion rates of SS316L in LMP systems at 773.15K 

                       System  
Corr. Rate /(μm/yr) 

at 773.15K 

LiNO3-NaNO3-KNO3   21.42 

LiNO3- NaNO3- KNO3- NaNO2    N/A 

LiNO3-NaNO3-KNO3-KNO2  17.39 

LiNO3-NaNO3-KNO3-MgKN   14.66 

LiNO3- NaNO3- NaNO2-KNO3- KNO2    20.86 

 

5.6.1.2 Corrosion mechanism determination of SS316L in LMP molten salt systems 

The detailed analysis of corrosion mechanism of SS316L was demonstrated based on the 

results collected when alloy samples were in contact with LiNO3-NaNO3-KNO3-NaNO2 

quaternary system. Due to the similar corrosive agents and salt compositions, the following 

corrosion mechanism was also observed from the other LMP systems.  

5.6.1.2.1 Study of as-received SS316L sample  

 

Fig. 5.6.3 shows the SEM image of the sample surface before the experiment. Smooth and 

uniform colored surface can be observed without any obvious defects. The elemental 

composition of the alloy before the corrosion experiment was detected using the EDS and listed 

in Table 5.6.2.  
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Table 5.6. 2 Elemental composition of the as-received SS316L stainless steel coupon surface 

Element wt % at % 

 Mo 2.17 1.27 

 Cr 16.55 17.81 

 Mn 0.22 0.22 

 Fe 70.80 70.92 

 Ni 10.26 9.78 

 Total 100 100 

 

 

Figure 5.6. 3 Scanning electron micrograph of surface of SS316L before corrosion 

 

5.6.1.2.2 Study of potentiodynamic polarization  

 

The potentiodynamic polarization curve of SS316L in the LiNO3-NaNO3-KNO3-NaNO2 

molten eutectic salt mixture at 695K is shown in Fig. 5.6.4. The potential was scanned with 

respect to the platinum reference electrode with a scanning rate of 10mV/min. In the cathodic 

region, the smooth polarization curve implies the simple transformation inside the molten salt, 

which can be expressed as the anodic and cathodic reactions given below: 
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Cathodic polarization region: Anodic reaction:     
 

 
                                             [5.22] 

                                          Cathodic reaction:    
          

                          [5.23] 

The above reactions were demonstrated by accumulation of gas bubbles on the counter electrode 

in the cathodic polarization process.   

       In the anodic region, the passivation of alloy occurs with typical active-passive corrosion 

behavior. The passive region in the anodic polarization curve indicates the formation of 

protective oxides layer on the sample surface. The electrode reactions that occurred in this period 

are shown as follows: 

Anodic polarization region:   Anodic reaction:                                                   [5.24] 

                                         Cathodic reaction:    
          

                           [5.25] 

On the basis of the electrode reactions described above, iron oxides were formed in the 

anodic region. The passivation is possibly attributed to the protective LiFeO2 layer [78-80]. After 

the passive region, the alloy was fully passivated.  
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Figure 5.6. 4 The potentiodynamic polarization curve of SS316L in the molten eutectic salt 

mixture at 695K 

5.6.1.2.3 Surface analysis   

 

The samples extracted from the molten salt at each time interval were investigated using 

scanning electron microscope (SEM) and energy dispersive spectrometer (EDS). Fig. 5.6.5(a) 

shows the morphology of the corroded sample at 695K after 748hr immersion in molten salt. It is 

evident that the oxide layer formed directly onto the surface of SS316L and the surface was 

roughened. High magnification micrograph of corroded sample is shown in Fig.5.6.5(b) which 

illustrates that the oxide crystals pack together and form oxide film. The elemental composition 

distribution was determined using the EDX spot analysis on the corroded sample surface. The 

atomic percentage of each element was listed in Table 5.6.3 which reveals that the sample 

surface was corroded uniformly according to the very similar elemental compositions between 

any two arbitrarily selected testing spots. By comparing the cation distributions before and after 

the 748hr immersion with the average element ratio of Fe:Cr:Ni = 7.25:1.82:1.00 and Fe:Cr:Ni = 
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11.25:2.64:1.00, respectively, it is indicated that more Fe and Cr elements diffuse outward and 

form oxides covering the surface. Moreover, the higher Fe/Cr ratio after the immersion is 

possibly attributed to the formation of lithium iron oxides and iron oxides which contain no 

chromium element. The presence of lithium iron oxide is consistent with the description in 

previous section.  

Table 5.6. 3 Elemental composition of the SS316L stainless steel coupon surface after 748 hrs 

immersion in LiNO3-NaNO3-KNO3-NaNO2 molten salt 

Element Weight% Atomic% 

O  32.73 62.69 

Si  0.51 0.54 

Cr  10.81 6.37 

Mn  1.15 0.64 

Fe  49.41 27.11 

Ni  4.61 2.41 

Mo  0.78 0.25 

Totals 100 100 

             

 (a)                                                                                       (b) 

Figure 5.6. 5 Scanning electron micrograph of products adherent on the surface of SS316L after 

immersion in LiNO3 – NaNO3 – KNO3 – NaNO2 molten salt after 748hrs (a) 1500× 

magnification (b) 10000× magnification 
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With longer immersion time, the morphologies of the corroded sample surfaces are observed 

to be rougher. As illustrated in Fig. 5.6.6(a), the sample after 5088hrs immersion exhibits white 

color humps which resulted from the coalescence and enrichment of oxide crystals. Fig. 5.6.6(b) 

presents the higher magnification image of the corroded surface. It is viewed that the surface is 

composed of coarse octahedral oxide crystals which are densely stacked.  

             

(a)                                                                                 (b)  

Figure 5.6. 6 Scanning electron micrograph of products adherent on the surface of SS316L after 

immersion in LiNO3 – NaNO3 – KNO3 – NaNO2 molten salt after 5088hrs (a) 2000× 

magnification (b) 10000× magnification 

 

5.6.1.2.4 Corrosion phases and growth mechanism determination    

X-ray diffraction was used to identify the particular phases in the oxides layer for each 

sample with different immersion time. Fig. 5.6.7(a) shows the XRD pattern for the SS 316L 

coupon immersed at 695K in the molten salt for 48hrs. Three major phases identified from the 

pattern are base alloy, Cr2O3 and Fe2O3. In the corrosion process, the active elements Fe and Cr 

were oxidized at high temperature. No lithium iron oxides were detected in the sample after 48hr 
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immersion, which implies that the formation reaction of lithium iron oxides cannot be activated 

within in a short period and the initial corrosion for the alloy sample is not passive.  

According to the XRD pattern for the SS316L sample with 748hr exposure time in molten 

salt, as shown in Fig. 5.6.7(b), it can be concluded that LiFeO2 and LiFe5O8 phases are 

synthesized simultaneously after certain time of immersion. The LiFeO2 detected is formed by 

the solid state reaction as shown below: 

                                                                                                                              [5.26] 

The most intense peak located at 43.4
o 
in Fig 5.6.7(a) shrunk significantly in Fig 5.6.7(b) due to 

the growth of LiFeO2 which has surmount over the SS 316L base metal peak. Further 

consumption of Fe2O3 leads to the formation of LiFe5O8 on the basis of LiFeO2, and the reaction 

is expressed as follows: 

                                                                                                                      [5.27]                 

Since the LiFeO2 is not soluble in the molten salt mixture, it can form dense and protective 

layer. Consequently, the continuous layer composed of octahedral oxide crystals that observed in 

the section 5.6.1.2.3 can be experimentally identified as the LiFeO2 protective layer. The peaks 

of Fe3O4 phase were also detected in the XRD pattern as shown in Fig. 5.6.7(b). In Fig 5.6.7(b), 

the absence of Fe2O3 peaks can be explained by the reactions mentioned above which convert all 

the Fe2O3 in the forms of lithium iron oxides and spinel iron oxide.  

The composition of oxide layers of sample with 5088hrs immersion time is presented in Fig. 

5.6.7(c), which exhibits LiFeO2, LiFe5O8, Fe3O4 and base alloy phases in the XRD pattern which 

were also observed in Fig. 5.6.7(b). However, Cr2O3 phase vanishes along with the presence of 

FeCr2O4 observed in the pattern. It is indicated that the Cr2O3 was transferred to FeCr2O4 
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completely in the period between 748hr to 5088hr. Also, the relative intensity of oxide phases 

increase with respect to that of base alloy, which implies that the oxide scales were thicken in the 

period. After 5088hr, the SS 316L sample exhibits very similar XRD pattern as observed in Fig. 

5.6.7(c). It is revealed that after 5088hr, the oxide scale development was almost stable due to 

the complete formation of dense and protective LiFeO2 oxide layer.  

 

Figure 5.6. 7 XRD patterns for the SS 316L coupons extracted from LiNO3-NaNO3-KNO3-

NaNO2 molten salt after (a) 48hrs (b) 748hrs (c) 5088hrs 

Combining the results from XRD, elemental mapping, and the following cross-sectional line scan, 

the major reactions in each time interval can be extrapolated in the following sequence: 

Step #1(0-48hrs): 

                 

                 

Step #2 (48-748hrs): 
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Step #3 (748-5088hrs): 

                      

                      

5.6.1.2.5 Study of cross-sectional SS316L sample    

 

To quantitatively evaluate the development of each layer and the structure of the oxide scale, 

the cross-section of the sample was investigated. The cross sectional analysis of SS316L sample 

after 48hr exposure was performed. Since the formed oxide layer is too thin to be detected using 

neither SEM nor the cross sectional EDX, the result is not discussed in this section. The cross 

section of the sample after 748hr immersion was illustrated in Fig. 5.6.8. The mean oxide scale 

thickness is 2.5µm whereas the maximum thickness is 3.0µm. The oxide scale exhibits non-

uniform color distribution suggesting the presence of different phases in the scale. The shape of 

interface between the oxides on the surface and SS316L coupon indicates the penetration of 

molten salt into the base metal.  
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Figure 5.6. 8 Cross section of SS316L sample after 748hr immersion in LiNO3-NaNO3-KNO3-

NaNO2 

For the samples immersed in molten salt for 5088hrs, the cross section exhibits the structure 

as shown in Fig. 5.6.9. The oxide scale adherent to the sample with 5088hrs exposure time 

demonstrates very dense and uniform appearance. It is most likely resulted from the well-

developed the oxide layers after long time exposure in the molten salt. The mean thickness and 

maximum thickness of oxide scale in this case is measured to be 5.0µm and 7.0µm, respectively. 

Compared to the sample with 748hrs immersion, the oxide scales were significantly thicken, 

which is consistent with the observation of XRD analysis as discussed in section 4.6.1.2.4.  
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Figure 5.6. 9 Cross section of SS316L sample after 5088hr immersion in LiNO3-NaNO3-KNO3-

NaNO2 

To determine the structure of oxide scales, the line scan along the cross section of the sample 

was conducted. It is found that after 2160hrs immersion, different layers started to be separated 

within the oxide scale and the intensity distribution of each element along an arbitrarily selected 

line is shown in Fig. 5.6.10. Intensity distribution of elements along the cross section varies 

significantly. Conversely, in the bulk alloy intensity of each element showed little variation as 

function of distance.  Up on close observation of the elemental distribution, it can be seen that 

the intensities of O and Fe are predominant up to 1.7µm oxide thickness with small intensity of 

Cr element. On the basis of that, it is reasonable to conclude the 1.7µm layer located in the 

outermost scale can be composed of lithium iron oxides and Fe3O4. Moreover, the intensities of 

Fe and O increase as function of thickness initially with the same fashion from the surface to 

0.7µm thickness and gradually reach stable condition up to 1.0µm. This relation suggests 

possible consistent ratio between Fe and O throughout the initial 1.0µm. Below the 1.0 µm, the 

intensity of O drops, whereas that of Fe remains on almost the same level, which implies the 
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decrease of ratio of O to Fe. It is known that the LiFeO2 is not soluble in molten salt and has high 

ratio of O to Fe, thus the outermost 1.0µm is assumed to be dominated by LiFeO2, which is 

consistent with findings of other literatures [81]. On the basis of the stoichiometric ratios of Fe 

and O elements in LiFeO2, LiFe5O8, and Fe3O4, it is indicated that the oxide scale within the 

range from 1.0µm to 1.7µm is mainly composed of LiFe5O8 and Fe3O4. The intensity peak of Cr 

element was observed thereafter and some Ni element was detected at the end of the oxide scale. 

Hence, (Fe, Cr)3O4 and (Fe, Ni)3O4 phases were determined to have formed in this region from 

1.7µm to 4.0µm. Since all the samples with longer exposure times in the molten salt follow the 

identical stacking sequence, the schematic of the oxide layer structure is illustrated in Fig. 5.6.11. 

 

 

 

 

 

 

 

Figure 5.6. 10 Line scan of the cross section of SS316L sample after 2160hr immersion in LiNO3-

NaNO3-KNO3-NaNO2 (a) cross section of the SS316L sample with arbitrarily selected line (b) element 

distribution along the selected line 
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Figure 5.6. 11 Schematic of oxide scale structure of samples with 2160hrs or longer exposure 

times 

 

5.6.1.2.6 Diffusion mechanism analysis    

On the basis of the XRD and cross section analysis, the dense and protective LiFeO2 layer 

was formed which suggests the possible diffusion-controlled oxide formation mechanism. The 

elemental mapping method was used to determine the diffusion mechanism in the corrosion 

process and diffusion paths of elements. The elemental maps for the cross sections of samples 

after 48hrs and 748hrs exposure in molten salt are not discussed here because the oxide scales 

are too thin to be analyzed for the elemental distribution. Fig. 5.6.12 is the elemental map for the 

sample with 2160hrs immersion. The oxygen enriched zone is found to be throughout the entire 

oxide scale. The Cr is enriched with some Ni at the lower portion of the oxide scale. Moreover, 

the Cr depleted zone is present underneath the oxide scale and the Ni enriched zone is 

demonstrated exactly in the same region. On the basis of the observation, it can be concluded 

that the Ni containing oxide, namely, (Fe,Ni)3O4 was formed by diffusion of Ni element from the 

metal substrate. The enrichment of the Cr towards to the outer layer suggests the selective 
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diffusion mechanism in the corrosion process. The further diffusion towards to the outermost 

surface of the scale is inhibited by the protective LiFeO2 layer. Different from the Cr and Ni 

elements, Fe is depleted in the oxide scale. The depletion indicates the Fe element is partially 

dissolved to the molten salt. The elemental maps for the corroded sample with longer exposure 

time exhibit similar results.  

 

 

 

 

 

 

 

 

 

The SS316L samples were also immersed in ternary and quinary LMP systems to check the 

reliability of the mechanism and very similar oxide scale structures were detected from all the 

tests. On the basis of these findings, it can be concluded that the dense and protective oxide layer 

forming on the sample surface inhibits further severe corrosion in LMP molten salt systems. 

5.6.2 Corrosion mechanism determination Ni based alloys in HMP molten salt systems 

5.6.2.1 Long-term corrosion of Haynes 230 at 1273.15K in HMP LiF-NaF-KF molten salt 

Figure 5.6. 12 Elemental mapping of the cross section of SS316L sample after 2160hr immersion in 

LiNO3-NaNO3-KNO3-NaNO2 
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By using the experimental set-up described in chapter 4, the 1000hr corrosion tests were 

conducted on Haynes 230 alloys. Three coupons were selected for long-term corrosion test to 

check the reproducibility of the measurements. Weight and dimension of each alloy sample was 

carefully measured before experiment and listed in Table 5.6.4.  

Table 5.6. 4 Initial information of alloy sample coupons 

Alloy L(mm) W(mm) T(mm) Surface(cm
2
) Weight(g) 

Haynes 230 #1 11.80 9.72 1.00 2.72 1.1172 

Haynes 230 #2 11.75 9.87 1.10 2.80 1.2170 

Haynes 230 #3 11.80 9.81 1.02 2.76 1.1732 

 

In this section, the corrosion analysis has focused on the corrosion behavior of alloys in LiF-

NaF-KF molten salt system since the LiF-NaF-KF was found to be the most corrosive heat 

transfer medium [82]. During the corrosion tests, all the HMP molten salts and Ni based alloy 

samples were placed inside several Ni crucibles. After 1000hr corrosion test, Ni-crucibles were 

taken out of the test chamber. No obvious corrosion or oxidization was observed on the surface 

as shown in Fig. 5.6.13. The crucibles were almost the same as they were first time placed inside 

the chamber, which indicates the high purity argon atmosphere maintained in the corrosion test.  
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Figure 5.6. 13 Ni crucibles after 1000hr corrosion test 

After the corrosion test, tested coupons will be buried in solidified salt as shown in Fig. 

5.6.14. The salt was removed from the sample using DI water followed by 1M aluminum nitrate 

cleaning solution. The cleaning procedure was repeated for 3 times before all the residual salt 

was removed. Then, the corroded coupons were photographed and weighted for weight loss 

determination.  

 

Figure 5.6. 14 The solidified salt taken out of the Ni crucible after corrosion test 
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5.6.2.1.1 Post-corrosion sample analysis of Haynes-230 

The Haynes 230 sample after corrosion test was given in Fig. 5.6.15. The shape and the size 

of the samples were not significantly changed. Compare to the pre-corrosion sample, the surface 

of corroded sample still presents metallic appearance while the color is dulled. Dark areas and 

lines were observed throughout the entire surfaces of Haynes 230 samples, which reveals that the 

corrosion occurred on the surfaces was uniform at high temperature.  

 

Figure 5.6. 15 Haynes-230 alloy after 1000hr corrosion test at 1273.15K 

 

5.6.2.1.2 Weight loss analysis 

The weight loss results for all the tested alloys were given in Table 5.6.5. All the three tested 

samples showed very similar weight loss rates, which indicate the similar corrosion mechanism 

for same type of material in the LiF-NaF-KF salt. Compared with data collected at different 

temperatures as listed in Table 5.6.6, it is found that as the temperature increases the corrosion 

rate also increases. For Haynes 230 alloys, the corrosion rates were approximately doubled when 

temperature increased from 1123.15K to 1273.15K. Similar increases were also observed when 

temperature increased from 1023.15K to 1123.15K. On the basis of the linear dependence of 

corrosion rate on the temperature as shown in Fig.5.6.16, possible extrapolation can be applied to 
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calculate the corrosion rate of Haynes 230 alloy in LiF-NaF-KF molten salt system at other 

temperatures. 

Table 5.6. 5 Weight loss of alloy samples after 1000hr corrosion at 1273.15K 

Alloy Surface(cm
2
) 

Initial 

weight(g) 

Final 

weight(g) 

Weight 

loss(g) 

Corr. Rate 

(mg/cm
2
/day) 

Haynes 230 #1 2.72432 1.1172 0.8358 0.2814 2.48 

Haynes 230 #2 2.79509 1.2170 0.9368 0.2802 2.41 

Haynes 230 #3 2.756004 1.1732 0.8645 0.3087 2.69 

 

Table 5.6. 6 Corrosion rate of Haynes 230 alloys at different temperatures 

Temperature/(K)  
Corrosion 

rate/(mg/cm
2
/day) 

1023.15 0.69 

1123.15 1.3 

1273.15 2.52 

 

Figure 5.6. 16 Corrosion rate of Haynes 230 at different temperatures 
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5.6.2.1.3 Scanning Electron Microscopy (SEM) analysis  

After corrosion test, the surface morphology of corroded Haynes 230 alloy was examined 

using SEM and the results are shown below. As illustrated in Fig. 5.6.17(a), the surface of 

Haynes 230 was severely corroded. The Cr depletion in the corrosion process results in the 

pitting of the sample surface. Under higher magnification as shown in Fig. 5.6.17(b), the 

morphology of the sample surface exhibits grain boundary corrosion attack along with pitting. 

                      

Figure 5.6. 17 SEM images of Haynes-230 alloy after 1000hr corrosion test. (a) with 150X 

magnification (b) with 1000X magnification 

The Cr depletion in the corrosion process was verified using EDS. As shown in Table 5.6.7, 

the Ni element was significantly enriched on the corroded surface compared to the pre-corrosion 

sample. Only very small amount of Cr was detected inside the grain, but the depletion was more 

severe along the grain boundaries as noted in Table 5.6.9.  
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Table 5.6. 7 Elemental composition of corroded Haynes 230 sample surface 

Element Weight% Atomic% 

Cr K 3.12 3.78 

Fe K 1.03 1.16 

Ni K 84.28 90.4 

Cu K 1.08 1.07 

W M 10.5 3.6 

Totals 100   

 

Table 5.6. 8 Elemental composition of un-corroded Haynes 230 sample surface 

Element Weight% Atomic% 

Al K 0.26 0.6 

Si K 0.13 0.29 

Cr K 22.67 27.55 

Mn K 0.55 0.63 

Fe K 1.19 1.34 

Co K 0.45 0.48 

Ni K 58.74 63.22 

Mo L 1.23 0.81 

W M 14.79 5.08 

Totals 100  
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Table 5.6. 9 Elemental composition at grain boundary of corroded Haynes 230 

Element Weight% Atomic% 

Al K 1.31 3 

Cr K 2.14 2.54 

Fe K 1.04 1.15 

Ni K 85.55 89.97 

W M 9.95 3.34 

Totals 100  

 

Table 5.6. 10 Elemental composition inside grain of corroded Haynes 230 

Element Weight% Atomic% 

Al K 0.61 1.38 

Cr K 2.94 3.48 

Fe K 0.7 0.77 

Ni K 87.59 91.64 

W M 8.16 2.73 

Totals 100   

 

5.6.2.1.4 Cross-section analysis 

Fig. 5.6.18 shows the SEM image of cross-section of Haynes 230 after corrosion test. Severe 

grain boundary corrosion attack was observed throughout the thickness of the sample. Compare 

to the image of cross-section after 500hr corrosion test at 1123.15K, the higher temperature in 

our test accelerates the corrosion and enhances the dissolution of metallic elements in molten 

fluoride salt.   
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Figure 5.6. 18 Cross-section of Haynes 230 after 1000hr corrosion test 

The EDS X-ray maps of cross-sectional images of Haynes 230 shown in Fig. 5.6.19 reveal 

that the Cr depletion and Ni enrichment were throughout the sample thickness with small amount 

of W precipitated. This observation is consistent with the post-corrosion sample surface EDS 

analysis, which indicates the selective dissolution of Cr element in molten salt occurred over the 

entire sample body after 1000hr test at 1273.15K. 

 

 

 

 

 

 

 

 

Figure 5.6. 19 EDS X-ray maps of cross-sectional images of Haynes 230 after corrosion test 
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5.6.2.2 Long-term corrosion of Ni-201 at 1273.15K in HMP LiF-NaF-KF molten salt 

In the long-term corrosion test, the corrosion mechanism of Ni-201 when in contact with 

LiF-NaF-KF system was determined based on the change of compositions and appreance of Ni-

201 crucibles after the experiments. As a result of that, the dimension of Ni-201 was not 

measured and reported.  

5.6.2.2.1 Post-corrosion sample analysis 

The Ni-201 crucible after corrosion test was given in Fig. 5.6.20. As seen in the fig, the 

crucible was cut to take out the solidified salt after experiment. Compare to the pre-corrosion Ni-

201, no obvious corrosion was observed and the inner surface of crucible is still shiny and 

metallic looking, which indicates Ni-201 is resistant to corrosion even at 1273.15K. 

 

Figure 5.6. 20 Ni-201 before and after 1000hr corrosion test at 1273.15K 

 

5.6.2.2.2 Scanning Electron Microscopy (SEM) analysis 

Fig. 5.6.21 shows SEM images of Ni-201 after corrosion test. Different from the Haynes, no 

obvious corrosion attack was observed on the surface due to the high resistance of Ni to 

dissolution in molten fluoride salts. The negligible corrosion observed in Fig. 5.6.21 is consistent 
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with the finding in Fig. 5.6.20 where the post-corrosion surface was shiny and metallic looking. 

The roughness of the surface attributes to the finish of the Ni-crucible and has nothing to do with 

corrosion.   

 

Figure 5.6. 21 Surface of Ni-201 after 1000hr corrosion test at 1273.15K 

The EDS analysis of Ni-201 after 1000hr corrosion was also completed and the results were 

given in Table 5.6.11. The almost identical elemental composition of Ni-201 sample before and 

after corrosion test further verifies the negligible corrosion attack on the sample surface.  

Table 5.6. 11 Elemental composition of Ni-201 after 1000hrs corrosion 

Element Weight% Atomic% 

Fe K 0.23 0.24 

Ni K 99.77 99.76 

Totals 100  

 

5.6.2.2.3 Cross-section analysis 

Similar to Haynes 230 alloy, cross-section area of Ni-201 alloy after corrosion test was 

analyzed and shown in Fig.5.6.22. Similar to the 1123.15K and 500hr corrosion test conducted 
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by SRNL [83], the alloy exhibited very little corrosion attack. Very smooth cross-section was 

observed throughout the thickness due to the high resistance of Ni to dissolution in the molten 

FLiNaK salt.  

 

Figure 5.6. 22 Cross section of Ni-201 after corrosion test 

The EDS line scan was performed on the Ni-201 sample and the result is given in Fig. 5.6.23. 

Throughout the thickness, Ni is the predominant element with trace amount of Fe, which is 

identical to the initial composition of Ni-201. The stable Ni element intensity curve plotted along 

the arbitrarily selected line indicates the negligible corrosion attack on sample. Due to the high 

corrosion resistance of Ni-201 to molten fluoride salt, Ni crucible is suitable to be chosen as the 

FLiNaK salt container at ultra high temperature. By using the similar methods, the corrosion 

mechanism determinations of other alloys such as 800H and Hastelloy NS-163 alloys are in 

progress and the results will be discussed in the future. 
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5.6.3 Conclusions and summary 

Life cycle information such as the corrosion behaviors of various metallic samples in contact 

with molten salt systems were determined using both electrochemical method and isothermal 

dipping method. When dipping inside the LMP systems, protective and dense oxide scale formed 

on the sample surface prevents any further severe corrosion. For HMP systems, Ni-201 alloy has 

excellent resistance to high temperature corrosion and can be considered as the molten salt 

container. 

5.7 Energy storage density 

Energy storage capacity is viewed as one of the most essential parameters of thermal energy 

storage system which determines the capacity and efficiency of the molten salt used in the 

application. After obtaining melting point, heat capacity, density and upper limit of working 

temperature, the thermal energy storage capacity can be calculated using the equation below: 

                                                              E = ·Cp. (Tlim-Tm)                                                     [5.26] 

where Tlim and Tm are the upper limit of thermal stability and melting point for salt mixture, 

respectively; Cp is the extrapolated heat capacity at upper limit temperature,  is the density 

Figure 5.6. 23 Line scan of Ni-201 after 1000hr corrosion 



 

 

155 

 

value at upper limit temperature. For LMP molten salt systems, the upper limit working 

temperature is 773.15K which is identical to the maximum temperature of solar parabolic trough. 

Since the HMP molten salt systems can be utilized as heat transfer fluids in solar dish and solar 

tower systems, their upper limit temperature can be defined as high as 1273.15K. Table 5.7.1 

summarizes all the properties for energy storage density calculation. On the basis of their, 

melting points, heat capacities and densities, the energy storage density of LMP and HMP 

molten salt systems have been determined and listed in Table 5.7.2.   

Compared to existing heat transfer fluids such as solar salt and HITEC salt, the LMP systems 

demonstrate much higher energy storage densities. The average energy storage density value of 

the new developed LMP systems is 52.42% and 31.54% higher than that of solar salt and HITEC 

salt, respectively. As a result of that, the energy conversion efficiency can significantly increased 

by using the novel LMP systems. Moreover, the even higher energy storage densities of HMP 

systems can bring the solar energy utilization efficiency to a new level, which makes it possible 

to eventually replace the conventional energy sources by using concentrating solar power.  
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Table 5.7. 1 Properties of LMP and HMP molten salt systems  

System  
Expt. Tmp 

Working Temp. 

Range 

Heat 

Capacity  Density 

(K) (K) (J/g.K) (g/cm
3
) 

LiNO3-NaNO3-KNO3 390.55 382.6 1.63 1.79 

LiNO3-NaNO3-KNO3-NaNO2 372.17 400.98 1.66 1.71 

LiNO3-NaNO3-KNO3-KNO2 369.71 403.44 1.63 1.79 

LiNO3-NaNO3-KNO3-MgKN 374.53 398.62 1.67 1.78 

LiNO3-NaNO3-KNO3-NaNO2-

KNO2 368.75 404.4 1.58 1.80 

Li2CO3-Na2CO3-K2CO3 670.45 602.7 1.75 1.84 

LiF-NaF-KF 741.05 532.1 1.96 1.84 

MgCl2-KCl 704.35 568.8 1.12 1.56 

LiF-Na2CO3-K2CO3 694.56 578.59 1.90 1.83 

LiF-NaF-K2CO3 703.89 569.26 1.77 1.84 

 

Table 5.7. 2 Energy storage density of LMP and HMP systems 

System  
Energy storage 

density/(MJ/m
3
) 

Solar Salt 756 

HITEC Salt 876 

LiNO3-NaNO3-KNO3 1116.3 

LiNO3-NaNO3-KNO3-NaNO2 1138.22 

LiNO3-NaNO3-KNO3-KNO2 1175.41 

LiNO3-NaNO3-KNO3-MgKN 1182.01 

LiNO3-NaNO3-KNO3-NaNO2-KNO2 1149.7 

Li2CO3-Na2CO3-K2CO3 1940.6 
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LiF-NaF-KF 1918.97 

MgCl2-KCl 1140.33 

LiF-Na2CO3-K2CO3 2014.03 

LiF-NaF-K2CO3 1850.91 

As the most significant operation parameter, the energy storage density was used as the 

criterion to rank all the novel molten salt systems. Based on the results shown in Table 5.7.3, 

LiNO3-NaNO3-KNO3-MgKN and LiF-Na2CO3-K2CO3 are best heat transfer fluid from the 

perspective of energy storage density.  

Table 5.7.3 Rankings of salt systems based on energy storage density 

Ranking Low Melting Point (LMP) System 
Energy Storage 

Density/(MJ/m
3
) 

1 LiNO3-NaNO3-KNO3-MgKN 1182.01 

2 LiNO3-NaNO3-KNO3-KNO2 1175.41 

3 LiNO3-NaNO3-KNO3-NaNO2-KNO2 1149.7 

4 LiNO3-NaNO3-KNO3-NaNO2 1138.22 

5 LiNO3-NaNO3-KNO3 1116.3 

Ranking High Melting Point (HMP) System 
Energy Storage 

Density/(MJ/m
3
) 

1 LiF-Na2CO3-K2CO3 2014.03 

2 Li2CO3-Na2CO3-K2CO3 1940.6 

3 LiF-NaF-KF 1918.97 

4 LiF-NaF-K2CO3 1850.91 

5 MgCl2-KCl 1140.33 
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CHAPTER 6: CONCLUSIONS, SUMMARY AND SUGGESTIONS 

 

6.1 Conclusions and summary 

Novel eutectic multi-component salt systems have been developed by using thermodynamic 

modeling. On the basis of the melting points, the novel systems were categorized into LMP and 

HMP systems. LMP can be used to serve as heat transfer fluid for solar parabolic trough system 

while the HMP can be used in solar tower or dish systems.  

Both LMP and HMP systems were tested for their melting points using DSC and the 

experimentally determined values have excellent agreement with the predicted melting points. 

Therefore, the thermodynamic modeling was verified to be a suitable method for novel eutectic 

salt system development. For LMP systems, all the commercial sample pans can be used in the 

melting point determination experiments while aluminum pan is not suitable for the HMP 

melting point determination due to the corrosion effect. Moreover, the temperature measurement 

should be conducted under low scanning rate such as 5K/min to reduce the thermal gradient and 

maintain the equilibrium state inside the chamber. Heat capacities of both LMP and HMP 

systems were determined using DSC with ‘iso-scan-iso’ measuring steps. Due to the similar heat 

flow collection process, the heat capacity plots as function of temperature demonstrate same 

shapes as the DSC curve in the melting point determination experiments. In molten state, the 

LMP systems present linearly increasing heat capacities as function of temperature while not 

much variation was observed for HMP systems. Compared to LMP systems, the novel HMP 

systems have even higher heat capacities. As a result of that, the HMP systems with better 

energy storage capacities have equally large potential as LMP systems to be used in solar energy 

storage applications, even though they have relatively higher melting points.  
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By using densitometer and Archimedes’ principle, densities of novel LMP and HMP systems 

were determined as function of temperature. All the tested molten salts demonstrate linear 

decreasing densities as temperature increases. As a result of that, the density values can be 

extrapolated to any temperature in liquid state. The relatively higher density values of HMP 

indicate their better energy storage density at maximum working temperature. As a significant 

factor, thermal stabilities of novel molten salt systems were evaluated using TG-DTA. The LMP 

systems present excellent short-term thermal stability in the cyclic operation. In the long-term 

isothermal operation, the weight losses were relatively higher but still in reasonable range. The 

upper limit temperatures of thermal stability were evaluated for LMP and most of values were 

found in the range between 673.15K and 773.15K. Compare to LMP systems, HMP salt mixtures 

show much higher upper limit temperatures, which enable them to be applied as heat transfer 

fluid for high temperature solar energy collection systems. Thermal conductivities in solid states 

of salt mixtures were also tested using inverse method. Compared to metallic samples, both LMP 

and HMP systems have much lower thermal conductivities and the values decrease as function of 

temperature. Based on the dependence of thermal conductivity on temperature, the liquid state 

thermal conductivity can be roughly estimated. Although on the lower side, the thermal 

conductivities of novel systems are considered to be reasonable. Life cycle information such as 

the corrosion behaviors of various metallic samples in contact with molten salt systems were 

determined using both electrochemical method and isothermal dipping method. When dipping 

inside the LMP systems, protective and dense oxide scale formed on the sample surface prevents 

any further severe corrosion. For HMP systems, Ni-201 alloy has excellent resistance to high 

temperature corrosion and can be considered as the molten salt container. 
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On the basis of density, heat capacity and the melting point, energy storage densities of novel 

systems were calculated and compared to the existing binary solar salt and HITEC salt. The 

larger thermal energy density values of current molten salts indicate the better energy storage 

capacity for solar power generation systems. Also, by summarizing the rankings of the novel 

molten salt systems as listed in Table 6.1, we conclude that LiNO3-NaNO3-KNO3-KNO2 and 

LiF-Na2CO3-K2CO3 are the overall best systems which can drastically increase the energy 

conversion efficiency in the solar energy storage applications.  

Table 6. 1 Overall ranking of novel molten salt system 

System 

Ranking 

Melting 

point 

Heat 

capacity Density Stability 

Storage 

Density Overall 

Low 

Melting 

Point 

(LMP) 

system 

LiNO3-NaNO3-KNO3 5 4 2 2 5 5 

LiNO3-NaNO3-KNO3-

NaNO2 3 2 4 3 4 4 

LiNO3-NaNO3-KNO3-

KNO2 2 3 2 1 2 1 

LiNO3-NaNO3-KNO3-

MgKN 4 1 3 4 1 3 

LiNO3-NaNO3-KNO3-

NaNO2-KNO2 1 5 1 2 3 2 

High 

Melting 

Point 

(HMP) 

system 

Li2CO3-Na2CO3-K2CO3 1 4 1 4 2 3 

LiF-NaF-KF 5 1 1 1 3 2 

MgCl2-KCl 4 5 3 5 5 5 

LiF-Na2CO3-K2CO3 2 2 2 2 1 1 

LiF-NaF-K2CO3 3 3 1 3 4 4 
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6.2 Suggestions for future work 

The present work was performed toward understanding the thermodynamic and experimental 

properties of novel heat transfer molten salt systems. Through this work, melting points, heat 

capacities, densities, thermal stabilities, thermal conductivities, and corrosivity of developed 

systems have been evaluated. To have a better understanding of these properties and further 

increase the conversion efficiency of solar energy, future work is suggested as follows: 

1. Development of higher order multi-component systems such as quinary systems to 

further reduce melting points and increase the working temperature range. 

 

2. Determine the optimum amount of lithium nitrate to achieve low melting point, relatively 

high density, high thermal stability and low corrosivity. 

 

3. Development of corrosion mechanism of nickel alloys when immersed in molten salts 

used for high operating temperature heat transfer fluids (HOT HTFs), carbonates, 

chlorides and fluorides specifically, using a combination of experimental measurements, 

theoretical calculations, and thermodynamic predictions.   
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APPENDIX I 

 

Excess Gibbs Energy Expressions for Various LMP Binary Systems 

The partial molar excess Gibbs energies,   
  , derived for various binary systems are listed below. 

The references from which the data was taken are also given for each system. These are the 

expressions that were used in the thermodynamic calculations.   refers to molefraction of ‘i’ and 

the units for Gibbs energies are cal/mol.  

 

LiNO3 – KNO3
[50]

  

      
        

                                  

     
         

                                 

 

LiNO3 – NaNO3
[50]

  

      
         

                                  

      
         

                                  

 

NaNO3 – KNO3
[84]

  

      
        

                      

     
         

                      

 

Partial excess Gibbs energies of the following binary systems were derived from the liquidus 

curves of the two constituents in the respective phase diagrams  

 

LiNO3 – Ca(NO3)2
[85]
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Mg(NO3)2 - NaNO3  

 

         
                 

                                      

      
                    

                                        

 

Mg(NO3)2 - KNO3 

This binary system has two eutectics on either side of the compound nitrate 2KNO3.Mg(NO3)2 

which is referred to as MgK. 

 

Mg(NO3)2 – MgK (E1)  

 

         
                    

                                       

    
                    

                                      

 

MgK – KNO3 (E2)  

     
                

             
                                 

      
               

            
                                    

 

NaNO3 – Ca(NO3)2  

 

      
                  

                                       

         
                 

                                     

 

KNO3 – Ca(NO3)2  
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NaNO2 - NaNO3 

 

      
                 

              
                                     

      
                 

              
                                     

 

NaNO2 - KNO3  

 

      
               

             
                                    

     
              

              
                                     

 

NaNO2 – KNO2  

 

      
                

            
             

                           

         

     
                

              
              

                              

        

 

KNO2 – NaNO3  

 

     
                

              
             

                            

         

      
               

             
                                   

 

LiNO2 – NaNO3  

 

      
                

                                    

      
                

                                   

 

KNO2 – KNO3  
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AgNO3 – Ca(NO3)2 

 

         
         

 

AgNO3 – KNO3 

 

      
             

  

     
             

            
  

 

AgNO3 – LiNO3 

 

      
             

  

 

AgNO3 – NaNO3 

 

      
             

  

 

AgNO3 – TlNO3 

 

      
               

  

      
              

  

 

Ca(NO3)2 – NH4NO3 
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LiNO3 – NH4NO3 

 

      
                

  

       
               

  

 

LiNO3 – TlNO3 

 

      
               

  

 

NaNO3 – TlNO3 
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APPENDIX II 

Excess Gibbs Energy Expressions for Various HMP Binary Systems 

 

LiF-NaF  

 

    
               

                                                           

 

    
               

            
                                  

 

LiF-KF  

 

    
              

                                                         

 

   
               

                                                          

 

 

NaF-KF 

 

    
              

           
                                

 

   
              

                                                           

 

 

LiF – Li2CO3  

 

    
                 

              
               

                              
        
 

       
               

                                                                               

 

 

LiF – Na2CO3  

 

    
                 

               
                                     

 

       
               

            
                                                  

 

 

 

LiF – K2CO3  
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NaF – Na2CO3  

 

    
               

               
                                     

 

       
               

                                                                   

 

 

NaF – K2CO3  

 

    
                

                                     
 

      
              

                                     

 

 

Li2CO3 – Na2CO3  

 

       
                  

                                      

 

       
                  

                                        

 

 

Li2CO3 – K2CO3  

This binary system has two eutectics on either side of the compound KLiCO3. 

 

K2CO3 – KLiCO3 (E1)  

  

         
                 

               
                                     

 

          
                  

                                                                   

 

KLiCO3 – Li2CO3 (E2)  

 

          
                 

                                    

 

          
                 

                                    

 

 

Na2CO3 – K2CO3  
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