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ABSTRACT 

Solar energy attracts more and more attention to serve as a substitute energy source of 

traditional fossil fuel due to the fast increase of demand for global energy and rapid reduction of 

the reserve of fossil fuel. As an energy source, solar energy is clean and renewable without the 

generation of greenhouse gases or air pollution, which are the productions of the burning of fossil 

fuel. Meanwhile, it has huge potential and is available in many areas in the world. Therefore, Solar 

energy is universally considered as one of the best renewable energy sources with great 

unexploited potential and minimum adverse effects on the environment.  

CSP (concentrated solar power) technology is considered the most feasible method to 

economically provide power converted from. Heat transfer fluid is the key factor to carrier heat 

from solar receiver to heat exchanger, power turbine, or thermal storage system. Thermal oil and 

Nitrite/nitrate have been successfully using as heat transfer fluid (HTF) in CSP plants for decades. 

However, they are not stable and will decompose at a temperature higher than 400 oC and 560 oC, 

correspondingly. With the development of material of science, it is available to manufacture better 

solar receiver that withstands a temperature as high as 1000 oC. Therefore, the new challenge is to 

find better material with good and desirable thermal and transport properties to serve as HTFs to 

increase the efficiency and performance of the CSP plant. 

Eutectic mixtures of chloride molten salts have been considered as suitable heat transfer fluid 

(HTFs) and thermal storage media in large scale CSP application. NaCl, KCl, MgCl2, and CaCl2 

are the candidates for chloride salts mixture formation due to their physical and chemical stability 

and low vapor pressure at ultra-high temperatures up to 1400 oC and the relatively lower cost 

compared to other salts. After investigation of the phase diagrams of six binary molten salts from 
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above four single pure chloride salt, The KCl-MgCl2 was found to have a eutectic composition 

with the lowest melting point at 423 oC at the mole ratio of 68%-32%. Furthermore, to lower the 

melting temperature and decrease the cost, NaCl was introduced and four ternary molten NaCl-

KCl-MgCl2 compositions with different molar ratios were selected to study in this work. Their 

remarked names, compositions and theoretical melting point are NKM-#1 (Mole: 27.5%-32.5%-

40%) at 383 oC, NKM-#2 (Mole: 30.9%-21.2%-47.9%) at 390 oC, NKM-#3 (Mole: 28.39%-

27.25%-44.36%) at 382 oC and NKM-#4 (Mole: 20%-52.5%-27.5%) at 390 oC. However, the 

NKM-#4 salt was not considered for further study in this work due to the melting point is found 

to be not a eutectic point from DSC experiments. Moreover, A new eutectic chloride molten salt, 

MgCl2-KCl-NaCl (wt.% 45.98-38.91-15.11), has been recognized as one of the most promising 

high-temperature heat transfer fluids (HTF) for both heat transfer and thermal storage for the 3rd 

Generation concentrated solar thermal power (CSP) systems were studied in this work.  

For the first time, some essential thermophysical and transport properties of these eutectic 

chloride molten salt needed for basic heat transfer and energy storage analysis in the application 

of concentrating solar power systems have been experimentally tested in the range from 450 oC to 

800 oC. The studied properties include heat capacity, melting point, the heat of fusion, viscosity, 

vapor pressure, density, and thermal conductivity. The experimental results indicate the following 

properties: melting points are found to be from 386.7 oC to 424.4 oC; The heat of fusion is in the 

range of 207 - 284.38 kJ/kg. the heat capacity is in the range of 0.9-1.2 J/(g•K). The density 

decreases linearly with the increase of temperature and falls in the range of 1471 - 1751 kg/m3. 

The viscosity decreases exponentially from 6 cP to 2.2 cP with the increment of temperature. The 

thermal conductivity was calculated by the experimental data of thermal diffusivity, density, and 

specific heat capacity and in the range of 0.32 - 0.55 W/(m•K). The vapor pressure of those chloride 
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molten salt mixtures is lower than 20 kPa at a temperature as high as 1000 oC. The correlations of 

those properties as functions of temperature are also provided. The property equations provide an 

essential database for engineers to use to calculate convective heat transfer in concentrated solar 

receivers, heat exchangers, and thermal storage for concentrated solar power plants. Theoretical 

and empirical correlations for the prediction of those properties are also investigated and the 

calculated properties are used to compare with the experimental results.  

The existence of water in the salt is found to be the major reason for the corrosion of molten 

chloride salts to the piping materials. The candidate salts MgCl2 and ZnCl2 from previous work 

have the hygroscopic property and it is proven that the happening of the hydrolysis reaction of 

MgCl2 and ZnCl2 in the existence of moisture during the heating process. Therefore, newly 

designed experiments were conducted to study the kinetic process of water uptake and water 

removal on the molten salt mixtures. The results imply that the wet binary or ternary chloride 

molten salts need to be dried at least 240 oC to remove all the absorbed water. Acid production is 

generated during the drying process.  

The prediction of heat transfer coefficient (h) from four correlations of Nusselt number 

indicates were conducted in this work. The Reynolds number was found to increase with the 

increase of temperature for the five candidate chloride eutectic molten salts in the temperature 

range of 450 - 850 oC. There is a peak value of the heat transfer coefficient for each candidate 

molten salt in the considered temperature range, which means h increases with temperature from 

450 oC and reaches the highest value at some temperature, then decreases with the increase of 

temperate. The corresponding temperature is in the range of 600 - 650 oC, 550 - 650 oC, 450 - 500 

oC, 500 - 600 oC for KM, NKM-#1, NKM-#2, and NREL salt, separately. The heat transfer 

coefficient of the ternary Na-K-Mg chloride molten salts is in the range of 2000 - 2500 W/(m•K), 
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which are calculated when the velocity and pipe diameter set as 1.2 m/s and 0.025m, and higher 

than the binary KCl-MgCl2 molten salt from 450 - 800 oC. For NKM-#1 salt, the heat transfer 

coefficient increase with the increment of working fluid velocity from 0.6 m/s to 2 m/s, and the 

agreement of values from the different correlations of Nu becomes worse when the velocity 

increases. Increasing the pipe size from 0.025 m to 0.1 m will cause a reduction in the heat transfer 

coefficient. In the temperature range of 450 - 750 oC, the five chloride molten salts have better 

heat transfer performance than the NaCl-KCl-MgCl2 and Alkali carbonate salts. 
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Chapter.1 Introduction 

1.1 Background 

The demand for global energy keeps growing due to the continuous growth of the world 

population and the fast development of the industry. From the report of the International Energy 

Agency (IEA), worldwide primary energy consumption has increased by 38.07% in 2017 from 

2000, which is a 3.21% increase compared to that in 2015 from 2000 [1, 2]. IEA also predicts 

energy consumption in the world will rise by 28% between 2015 to 2040 [3]. Mekhilef et al. [4] 

show the energy consumption in the global industrial sector is expected to reach 71961 ZW during 

2030 in their research. Since fossil fuels are still the major source of energy supply in the world 

(around 80% global energy consumption in 2019 [5]) and they are non-renewable, the rapid 

reduction of the reserve of traditional fossil fuels and the concern about environmental pollution 

became major issues in the world. The first effect of using fossil fuels on the environment is the 

fact that the greenhouse effect becomes more severe with the increment of carbon dioxide 

emissions from the burning of fossil fuels [6, 7]. Based on the information from the Key World 

Energy Statistics (KWES) report, the emission of CO2 from fuel combustion increase year by year 

with the increase rate of 0.07%, 1.62%, and 2.05% during the year of 2015 - 2016, 2016 - 2017 

and 2017 - 2018, respectively [8-11]. It indicates that more and more CO2 is emitted into the 

atmosphere, which causes the increase of the Earth’s global temperature a little higher than 1 °C 

(2 °F) since 1880 [12-14]. The other influence is the air pollution and health problem caused by 

the side-productions from the combustion of coal, such as dust. Therefore, the investigation of 

alternative energy sources becomes more important and attractive.  

Renewable energy is a good candidate to serve as the energy supply source in the world. 
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Renewable energy is a kind of energy that is obtained from renewable sources, which are 

continually numerous existing in nature in the human timescale. It can be classified into three 

different categories: First type, energy can be derived directly from the sun, such as solar-thermal, 

photo-electric (photovoltaic) and photo-chemical; second type classification can be expressed by 

the energy are not obtained directly from the sun, including wind, hydropower and photosynthetic 

energy stored in biomass; the third classification indicates the energy from other natural 

movements and mechanisms of the earth, such as geothermal energy [15]. These natural energy 

sources can be converted into utilizable forms of energy, including heat, electricity, et al. 

Compared to traditional energy sources, renewable energy sources are clean environmentally 

friendly, and sustainable. In the future, utilizing renewable energy will be the best way to obtain a 

reliable and cost-effective energy supply and decrease global warming by reducing emissions of 

greenhouse gas. 

Solar energy is universally considered as one of the best renewable energy sources with great 

unexploited potential and minimum adverse effects on the environment [16, 17]. It is abundant, 

free of cost, and clean which does not generate any noise. The sun provides continuous solar 

radiation to the earth with a power of 170 billion MW, which is much higher than the demand for 

living and manufacturing on the earth. Therefore, solar energy attracted a lot of attention in the 

past decades [4, 7, 18, 19].  

There are two major technologies to utilize solar energy. Solar thermal technology and Solar 

electricity technology. The former transforms solar energy into heat directly used in the field of 

low-to-high temperature applications such as active and passive water, space heating and cooling, 

industrial process heat, solar cooling and solar desalination [20-25].  

Solar electricity technology includes direct conversion from solar to electricity and the 
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transformation of solar-to-mechanical and then to electricity. Direct Solar-to-electricity 

technology is an early step utilization of solar energy by converting solar energy into electricity 

directly based on the photovoltaic (PV) effect [26]. It is cheap and easy to operate to obtain power 

from solar energy. However, the PV system has some disadvantages. First, the conversion 

efficiency from incident solar energy to electricity is low, only 15-20%, and will decrease without 

a tracking system [27]; Secondly, its performance highly depends on the condition of sunlight, but 

the irradiation of sunlight is not stable. The efficiency of PV will reduce under cloudy weather and 

the power generation will discontinue at night.  

The second way to generate electricity from solar energy is to convert solar energy to thermal 

energy, then use thermal energy to generate electrical power. It is known as solar thermal 

electricity (STE) or concentrating solar power (CSP), which is distinctive compared to other 

renewable energy sources because it can be coupled with thermal energy storage (TES) as well as 

conventional fuels, making it highly dispatchable [28]. In CSP technology, the solar radiation 

beams are concentrated onto a receiver with a ‘small’ area (compared to the field of solar reflectors) 

to be converted to heat, then the heat is gained by the heat transfer fluid (HTF) that pass through 

the receiver. Subsequently, the energy is finally transferred to the steam from HTF in the heat 

exchanger. The high-temperature steam is then used to generate electricity by an electric generator 

that is driven by a steam turbine.  

1.2 CSP technology 

The CSP technology has the superiority as higher utilization efficiency of solar energy; 

extension of the energy operating period from day to nighttime or from sunny to cloudy weather 

due to the capability to store energy in the thermal storage system and use when required; shorter 

payback time which is less than 1 year; and most solar-field materials and structures can be 
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recycled and used again for further plants [29-31]. Moreover, the cost of energy stored in TES in 

the type of thermal energy is relatively low compared to a backup system that uses batteries, which 

is able to increase the capacity factor (ratio of annual electricity generation to potential electricity 

generation) of a CSP plant and thus increase its viability as a baseload generator [32]. Currently, 

CSP is considered as the most feasible method to economically provide power converted from 

solar energy [33]. But it has disadvantages as solar thermal technology will take higher initial costs 

and have complex operation conditions compared to PV technology.   

The first commercial utility-scale CSP power plant in the USA was been operating since 1982, 

which generated electricity with a thermal power cycle - Rankine cycle similar to that used in 

conventional fossil fuel power plants, which is a pilot plant that was named as Solar One [34-36]. 

The construction of the Solar One project was completed in 1981 near Barstow, California USA. 

It includes two phases: the experimental test and evaluation phase, which took around two years 

and validated the feasibility of this technology; and the power production phase, which was 

operated around 3 years to demonstrate the 10 MWe operational capability of the Pilot Plant to 

reliably supply electrical power.  

By the end of 2019, around 27.3% of global electricity production generated from renewable 

energy sources and solar energy represents around 3.2%, where 2.8% provided by PV (increase 

0.4% from the end of 2018) and 0.4% offered by CSP [37, 38]. Fig. 1 shows the electricity capacity 

for operational, under construction, and development CSP plants in various countries. The data is 

obtained from a project called  SolarPACES - Solar Power and Chemical Energy Systems, which 

hosts by NREL (National Renewable Energy Lab) and has compiled data on concentrating solar 

power projects around the world [39]. By the end of 2019, the total capacity of the global CSP 

market is 8550.54 MW, being with 6633.54 MW from the operational plant and 1917 MW under 
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construction. Compared to the data as of March 2015 (5840 MW), the electricity capacity of CSP 

increases by 46.4%. Spain has the highest operational capacity and leads the CSP market in the 

world. There is still 6076 MW capacity under development around the world. Depending on the 

requirement of electricity generation and the development of CSP technology, IEA (International 

Energy Agency) expects that the CSP technology could provide 630 GWe of electricity by 2050. 

Therefore, there is a big potential market for CSP technology.  

 

 

Fig. 1 Global CSP capacity by the end of 2019 

     *S.A. and U.A.E represents South Africa and the United Arab Emirates, separately 

 

Depending on the way of concentrating the sunlight and the mobility of the receiver (fixed or 

mobile), four major CSP technologies have been identified in the past decades: parabolic trough 

collector (PTC) [40-44], linear Fresnel reflector (IFR), parabolic dish system (PDS), and solar 

power tower (SPT). Among these four types of CSP technologies, PTC and IFR are considered as 

a line-focus system, meanwhile, PDS and SPT are designed as a point-focus system. The 
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conceptual drawings of those four technologies are shown in Fig. 2. 

 

 

Fig. 2 Conceptual diagram for common CSP technology [20] 

 
Parabolic trough collector (PTC) is considered the most reliable, well-known, and 

commercially developed technology available for solar concentration technology [45]. By 2014, 

more than 90% of energy from CSP systems is provided by PTC technology [46, 47]. Generally, 

A PTC consists of parallel rows of reflectors curved like a parabolic shape in two dimensions and 

installed along a linear straight line in the third dimension, as shown in Fig. 2a. The sunlight is 

reflected and concentrated onto a receiver positioned along the reflector's focal line. Then a 

working fluid is pumped to pass through the tube and heated by the concentrated solar radiation. 

The receiver is a tube located directly above the symmetrical line of the parabolic mirror. The 

collector and the tube receiver in PTC are designed to be able to follow the movement of sun and 

keep toward it during the daylight hours by a single axis tracker. 

The concentration ratio is a very important parameter when a parabolic trough collector is 

designed. In Wang’s study [41], the theoretical maximum concentration ratio (CRmax) of a PTC is 

derived and found at 107.3, where the values of relative aperture (n) and rim angle (ψ) is 1.6569 
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and 44.9, respectively. However, the concentration ratio in a real operation plant is less than 30% 

of the value of CRmax under the same condition. This is because of the errors that happened in the 

real application, such as tracking error, pointing error, surface error, and alignment error [41]. 

The tube receiver, which is also called a heat collector element (HCE), is commonly made of 

stainless steel with selective coating. The coating is employed to maximize the absorption of solar 

energy on the pipe absorber, at the same time, minimize the infra-red radiation from the tube 

receiver [48, 49]. Besides the above properties, such coating materials should also stay stable at 

higher temperature [50]. To achieve this purpose, several coating materials were developed by 

researchers. Du et al [51] investigated a type of Mo-Al2O3 coating and studied its performance to 

serve as a selective coating in the PTC system. At room temperature, the solar absorptance and 

normal emittance of this cermet coating are 0.92 and 0.19, respectively. After being heated to the 

range of 300 - 800 °C, the absorptance of the coating material varied between 0.9 and 0.92. The 

emittance increased to 0.23 when the temperature reached 650 °C. However, after being heated to 

a temperature higher than 650 °C, some defects were found in the Al2O3 layer, including cracks, 

holes, and extended boundaries. To improve the strength and stability of this cermet coating, 

Cheng [52] prepared a denser Mo-Al2O3 layer on stainless steel tube by a technique called ‘direct 

current and radiofrequency magnetron sputtering’ and found that the thermal stability was 

significantly enhanced. Klochko [53] studied a new type of coating material made of ZnO-Ni 

cermet using the sequential electrodeposition method. According to the characterization of atomic 

force microscopy (AFM), the coating material has a good performance of moth-eye antireflective 

effect since the top of the 1D ZnO arrays has a parabolic shape and was not plated with Ni. Another 

merit of this coating material is the high absorption of visible light combined with comparatively 

low thermal losses. Generally, the pipe is covered by a glass envelope with air or vacuum in the 
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space to reduce the convective heat loss and allow for thermal expansion. 

Linear Fresnel reflectors (LFR) is another technology that uses the line-focus method. It has 

a similar design with parabolic trough systems but the mirrors (reflectors) are flat or slightly curved 

that array along longer rows [54, 55], as shown in Fig. 2b. The parallel beams of sunlight are 

reflected onto a linear straight fixed receiver with a downward-face. Benefiting from the simple 

design, the major advantage of this CSP application is the low area requirement of land field. The 

Fresnel design uses less-expensive reflector materials and absorber components. Therefore, the 

investment, operation, and maintenance costs are much lower than other CSP applications [56]. 

However, the solar-to-electricity converting efficiency of LFR is less than parabolic troughs and 

it is hard to integrate thermal storage system into the design [49, 57, 58]. The major reasons for 

the low efficiency are the followings:  

(a) adjacent arrangement of mirrors blocks the reflected solar radiation  

(b) shading of incoming solar radiation from low sun positions;  

(c) due to the low concentration ratio of the mirror in the horizontal plane, the ideal parabola 

cannot be achieved.; 

(d) shading by the fixed receiver.  

 Compared to the mobile receiver in PTCs, the design of fixed collectors in LFR allows for 

easy installation and maintenance and increasing the flexibility in the selection of working fluids. 

Since the mobile receivers in PTCs are considered technically challenging and required a lot of 

maintenance [57, 59].  

LFR technology is still under development and unusual in the commercial market. The 

principle of LFR was first introduced and studied around the 1960s [17, 57, 60]. Then it is under 

development in the past decades[61-63]. A more recent design, named compact linear Fresnel 
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reflectors (CLFRs) attracted more attention from researchers. compared to the traditional Fresnel 

system, it has an additional linear receiver for each row of mirrors. If considered in a large scale 

of LFR solar filed and the receiver towers are close enough, the reflected solar beams from 

interleaving reflectors have the choice to direct to at least two absorbers. This additional variable 

in reflector orientation will lead to much more densely packed arrays because the patterns of 

alternating reflector inclination can be set so that closely packed reflectors can be positioned 

without shading and blocking [64]. This is excellent design improves the concentration ratio and 

allows the LFR system to use less land than parabolic troughs to produce the same output. The 

world's largest CLFR plant is known as ‘DHURSAR’, which was built in India in November 2014 

with a land area of 840 acres and has a turbine capacity of 125 MW [65, 66]. Kimberlina Solar 

Thermal Energy Plant is the first commercial compact Fresnel reflector plant in North America, 

which is located in Bakersfield, CA. It occupies 12 acres and has a net capacity of 5 MW, which 

is enough to provide the power supply for up to 3500 central Californian households [67, 68].   

Different from the above two CSP technologies, the Parabolic dish system is a point focusing 

system. PDSs are individual units with a receiver located at the focal point of the parabolic dish-

shaped concentrator. The sunlight radiation is reflected and concentrated onto the absorber to be 

converted to thermal energy. Subsequently, the thermal energy is transferred to a Stirling engine 

or collected by a heat transfer fluid that carries the heat to a plant to generate power [69-71]. 

Similar to PTCs, the entire device of PDS tracks the movement of the sun, but with a two-axis 

tracking system [72, 73]. Parabolic dishes system are usually considered to have the highest 

concentration ratios, the highest optical efficiency, and the highest overall conversion efficiency 

during all the CSP technologies [71, 74]. The theoretical maximum concentration ratio of PDS is 

square of that of a parabolic trough, which is 11513 (=107.32). It will produce high-temperature 
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heat, which is above 1000 °C. Generally, The efficiency of PDS with the Stirling engine is found 

to be around 25% to 30% [75]. The main drawback of PDS technology is that it cannot be 

integrated with a thermal storage system and has less possibility of hybridization with other 

sources of energy. 

There are many factors that can affect the performance of a parabolic dish system, such as the 

material and the size of the aperture area of the concentrators; dimension, focal Length, and focal 

point diameter of the parabolic dish; the size of the aperture area and the receiver; geometric or 

area concentration ratio; and rim angle [76-84]. 

Nuwayhid et al. [85] studied and tested the performance of simple design, low cost, and small-

scale parabolic dish concentrators. The one made of aluminum with a diameter of 1.6 m and a 

focal length of 0.6 m provided a focal temperature of around 250 °C. Another six-piece type dish, 

which was covered with a 0.4 mm stainless steel sheet, with a diameter of 2 m generated a peak 

temperature of about 500 °C. The actual concentration ratio of the concentrator turns out to be 

around 9. Lovegrove et al. [79] designed a new large-scale paraboloidal dish solar concentrator 

with an area of 500 m2, a focal length of 13.4 m, rim angle of 50.2° in their study. The concentration 

ratio is approximately 1600 by reflecting the sunlight to a 1.25 m2 square target. The targeted 

temperature was found to be higher than 1200 °C. Kaushika and Reddy [86] developed a low-cost 

solar parabolic dish steam generator that is made of an aluminum frame of a paraboloidal satellite 

dish. The focal length, aperture diameter, and rim angle of the dish were 0.96 m, 2.405 m, and 65°, 

separately. The performance characteristics showed that the solar to steam efficiency was 70 - 80 % 

at the receiver temperature of 450 °C with a concentration ratio of 295. A rim angle of around 45° 

was considered the optimal value by many researchers since it will yield the highest concentration 

ratio and the best solar-thermal performance [87-89].  
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Radiation and convection heat transfer losses from the receiver is an important factor that will 

influence the thermal performance of the concentrator. Wu et al. [90] summarized the types of 

convection heat losses and detailly investigated the mechanisms of different heat losses from the 

cavity receiver of solar PDS in their review paper. It was found that the radiation and convection 

heat transfer losses increased with the increment of aperture in Ngo’s study [91].  

Solar power tower, which is also known as central receiver systems (CRS), is another type of 

point-focus CSP technology. Hundreds of thousands of small mirrors – which are also known as 

heliostats - are arrayed and located around the tower to reflect and concentrated the direct normal 

irradiation (DNI) onto a central receiver which is located on the top of the tower. By concentrating 

the sunbeam hundreds of times, the concentrating power of the tower is able to achieve a very high 

temperature [57]. Then the solar energy is absorbed and carried by working fluids that pass through 

the receiver and then used to generate power or saved in thermal storage systems. The higher 

temperature will increase the efficiency at which heat is converted into electricity and reduce the 

cost of thermal storage [49].  

Generally, the mirrors in heliostats filed use two-axis tracking systems to track the sun [92, 

93]. There are some patterns to array the heliostats, including vertical plane receiver with a north-

facing heat transfer surface, cylindrical receiver with exterior heat transfer surface, and enclosed 

receiver with enclosed heat transfer surface [57, 94, 95].  

The first central receiver plant, named EURELIOS, with a capacity of 1 MWe was built in the 

1980s in Europe [96]. The sun’s beams were reflected onto the central receiver on the tower with 

the height of 55m by 182 mirrors arrayed on a 6200 m2 heliostats field. The radiative power onto 

the receiver was 4800 kW and the temperature of fluid from the outlet of the receiver reached 

512 °C [97]. It successfully generated power up to 5 kWh/m2, 7 kWh/m2, and 4 kWh/m2 during 
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spring, summer, and winter, respectively [98]. Following this successful operation, a growing 

number of commercial SPT plants have been established around the world. Solar one, the first 

commercial central receiver solar power plant built in the U.S., was built in California in 1982. it 

comprised of 1818 mirrors each with an area of 40 m2 mounted on a 72650 m2 solar field [34]. 

The plant has an electric capacity of 10 MWe and the working fluid was heated to 304 °C [99]. In 

1996, the Solar Two power plant was constructed by adding 108 mirrors each with a 95 m2 area 

and an aperture area of 10200 m2 on the Solar one project. The temperature of the working fluid 

increased from 285 °C to 565 °C after passing through the receiver [100]. The Solar two power 

plant provided 1633 MWh power, which exceeded the expected goal of 1500 MWh power 

production in one 30-day period [101]. Ivanpah Solar power facility, construction completed in 

2014, is the world’s largest CSP plant that uses solar power tower technology [102, 103]. Ivanpah 

solar electricity generating system consists of a total of three separate units, one of them has a total 

capacity of 126 WM and the other two have a total capacity of 133 MW each. There are 173, 500 

heliostats arrayed on a heliostat solar field with an aperture area of 2, 600, 000 m2. The inlet and 

outlet temperature of the receiver is 249 °C and 1050 °C, separately [104, 105].  

The concept of a power tower has been confirmed to be highly technically flexible, a wide 

variety of heliostats, receivers, working fluids, and power blocks can be chosen to design an SPT 

plant [106, 107]. Although solar power tower technology occupied less in the current market than 

the parabolic trough collector, SPT is considered to be the most feasible technology for the future 

CSP market [108, 109].  

As motioned above, working fluid is one of the most important keys to the successful 

operation of a concentrated solar power (CSP) system, such fluids are also called heat transfer 

fluid (HTF). It is needed for a CSP system to collect and deliver heat from the solar receiver to the 
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power block. Generally, there are three different destinations for varied application purposes. 

Firstly, some fluids can be directly transferred to the turbine to generate electricity power; 

Secondly, some heat HTFs are delivered to the heat exchanger to interchange heat to other working 

fluid those then will be transported to the turbine; The latest type of destination is a thermal storage 

tank, where the heat can be stored and extracted once needed. Therefore, HTFs play a significant 

role in the modern solar thermal power system.  

Thermal Energy Storage (TES) is an important component in CSP technologies because it is 

one of the few technologies that provide dispatchable power at the megawatt level with no 

additional requirements on the existing electrical grid, making CSP-TES a perfectly integrated 

solution [110]. Gadd and Werner summarized and introduced the typical integration concepts of 

TES within contemporary district heating and cooling systems. Usually, the thermal energy storage 

system is connected to both the solar collector and the thermal cycle - a gas turbine for power 

generation or a heat exchanger for interexchange of heat to other working fluid. During the 

operation time of the CSP plant with enough sunlight, the thermal energy converted from solar 

energy can be used to generate electricity directly as well as stored in the TES system. During 

discharging time, such as nighttime or peak energy demand period, thermal energy is carried out 

from the TES unit by working fluids that are delivered the thermal cycle to generate electricity. 

The integration of the CSP-TES system offers such advantages as the increase of capacity factor 

by 40-60% compared to the CSP plant without TES, the reduction of part-load operation, and 

extension of operation period [110, 111].  

In accordance with the relevant physicochemical mechanisms, the working principle of TES 

is typically classified into three types, including sensible heat storage, latent heat storage, and 

thermochemical heat storage. Sensible heat storage (SHS) systems store energy through the 
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variation of the temperature of the heat storage material for short and long-term storage, which can 

be either a liquid (e.g., rocks, ceramics, building fabric, metals)or a solid material (e.g., water, 

thermal oil, molten salt) [20, 112-115]. Latent heat storage (LHS) store energy for a short period 

through the latent heat involved in a phase change process. Solid-liquid transitions are the most 

prevalent instance, where the heat energy is stored when the media, which is also known as phase 

change materials (PCMs) (such as paraffin, fatty acids, salt hydrates, molten salts), changes phase 

from solid to liquid [116-119]. The latent heat TES system using PCMs is an effective way of 

storing thermal energy due to the high storage capacity and near-constant-temperature heat 

recovery. Thermochemical heat storage (TCS) is based on reversible chemical reactions [120-122]. 

The energy is stored in the form of chemical compounds created by an endothermic reaction during 

the ‘charging’ step and it is recovered again by an exothermic backward reaction within the 

‘discharging’ step. The energy storage density is approximately 8-10 times higher than storage 

density over SHS and two times higher over LHS materials when compared under the same 

condition [123]. 

Ideally, such an HTF should be capable of operating at high temperature with desirable 

thermal and transport properties including: 

a) Widely operating temperature range, which means low melting point to reduce the 

utilization of heat tracing equipment to protect the molten salt from freezing (solidification) 

in pipes; high boiling point and good physical and chemical stability at high temperature 

to increase the efficiency of thermal cycles.  

b) Low vapor pressure. Since higher vapor pressure can increase the potential risk of 

explosion and leakage of the pipes with running HTFs. On the other hand, the low working 

pressure allows the use of thin tube walls, which is cost-saving and reduces the 
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temperature gradient and mechanical stress caused by the temperature in the tube wall. 

c) Low viscosity, high thermal conductivity, and. Lower viscosity is good to increase the 

Reynolds number, decrease the value of pressure drop, and save the power cost of the 

pump device. Higher thermal conductivity facilitates increased heat transfer coefficient. 

Both of these two good properties will increase the heat transfer performance of HTFs to 

carry heat from the solar receiver and/or transfer heat to other working fluid. An 

appropriate temperature difference between the HTFs and the solar receiver will allow the 

fluid to be heated to high temperatures without putting too much pressure on the receiver 

surface. 

d) Large specific heat capacity, which is beneficial to increase the energy storage in the TES 

system. In addition, it is an important property to be used to calculate the heat transfer 

coefficient.  

e) Low toxic, corrosive properties, and good material compatibility. The corrosion of HTF 

should be as low as possible when in contact with structural metal so that pipes and thermal 

storage tanks are safe from damaging corrosion and have a sufficiently long lifetime.  

f) Low production and maintenance costs. 

In the next section, the major types of heat transfer fluids available in the commercial market 

and underdevelopment are reviewed and investigated. 

1.3 Currently available heat transfer fluids 

Many media can be served as heat transfer fluid. Depending on the states, HTF can be 

classified into three categories. (1) water and steam (2); Gas heat transfer fluid, including air, 

supercritical CO2, helium, and nitrogen [124]; (3) Liquid heat transfer fluid, such as thermal oils, 

molten salts, and liquid metals [125]. 
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1.3.1 Water/steam  

The overall efficiency of the CSP plant is affected by the installed heat exchangers, turbines, 

and condenser/cooling system [126]. To reduce the cost of electrical power and improve the 

efficiency of the CSP plant, researchers invented several technologies. One of the most promising 

and technically proved method is invented - direct steam generation (DSG) [127-129]. DSG is a 

process that water is fed to the solar field to be directly pre-heated, evaporated, and then 

superheated. This method can be used in parabolic trough collector [130-132], Linear Fresnel 

reflector [133-135], and solar tower system [136-139].  

In the 1990s, the research & development (R&D) process of DSG to use water as HTF for 

PTC-driven steam Rankine cycles was conducted in Europe [140, 141]. In 1996, a project named 

DISS (Direct Solar Steam) was published with the goal to investigate the basic DSG processes 

under the real solar condition and studied its technical and commercial feasibility [142]. The solar 

field consists of 40 parabolic trough modules with 3000 m2 of the total surface of reflecting mirrors, 

50/70 mm of absorber pipe inner/outer diameter, and a total row length of 550 m. The mass flow 

of steam per row is 0.8 kg/s. This DISS facility can heat the steam up to 400 °C with the pressure 

of 100 bar at the outlet of the receiver tube. The optical and thermal efficiency is 35% [143]. This 

successful project provides many experiences for future development and application of DSG 

technology.  

After the DISS project, the first pre-commercial DSG solar power plant with a designed 5 

MWe power generation was established, which is named INDITEP. The inlet water, at 115 °C and 

80 bar, were heated up to steam status with a temperature of 410 °C and pressure of 70 bar at the 

outlet of tube receiver under the condition of DNI of 875 W/m2 and water flow rate of 1.42 kg/s. 

The yearly gross electricity generation of this plant is 10452.7 MWe with an efficiency between 
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60.8% in summer and 30% in winter [144]. Xu et al. [134] evaluate the performance of DVG 

(Direct Vapor Generation) SORC (Supercritical Organic Rankine Cycle) driven by linear Fresnel 

reflector. The simulation results show that its performance is highly dependent on the mass flow 

rate of heat transfer fluid. Meanwhile, higher solar radiation and a larger flow rate can provide 

more power and higher efficiency. S.D. Odeh et al [128] developed a model to analyze the 

performance of the PTC (parabolic trough collector) - DSG (direct steam generation) system and 

studied the effect of radiation level, inlet temperature, water saturation, and feedwater flow rate on 

the efficiency of the collector. Hirsch et at. [145] summarized and investigated the advancements 

of DSG in linear solar concentrators and discussed in detail about the concepts of flow patterns, 

internal heat transfer, pressure loss, flow distribution in parallel tubes and plant layout in his paper. 

Andrea Giglio et al. [129] reviewed the development and thermo-economic analysis of PTC-DSG 

technology. Elsafi [130] reviewed and discussed the exergy and exergoeconomic analysis method 

for sustainable DSG solar power plants. Montes et al. [146] studied the effect of solar multiple on 

the performance of the solar plant with DSG driven by PTC. Alexandre et al. [147] 

comprehensively investigated the development of integration of DSG in the linear solar 

concentration plant from both experiment and modeling aspects. 

The DSG technology has the following advantages: [145, 148-154] 

a) Very low cost.  Water is easy to obtained and abundant in nature. 

b) Reduce cost due to the elimination of most pricey device and piping materials of heat 

transfer synthetic oil; 

c) Reduce heat loss from heat exchanger; 

d) Water/steam can be used both on the solar field and power block. therefore, there is only 

one fluid cycle. 
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e) High specific heat and low viscosity at high temperature. 

f) Using water as the heat transfer fluid makes it feasible to increase the operating temperature 

of CSP up to 550 °C and then increase the efficiency of the solar plant. 

g) Very low corrosion to piping materials.  

The major drawback of employing water/steam is the shortage of water in water-starved 

regions and the pressure of supercritical steam is too high which increases the potential risk. In 

addition, steam can’t be used as the thermal storage media in the thermal energy storage system 

and it is hard to combine DSG and TES systems using other thermal storage materials. Therefore, 

this system can’t provide power at nighttime, which also lowers its overall efficiency.  

1.3.2 Gas heat transfer fluid 

1.3.2.1 Air 

Air is another type of working fluid with a gas status that can be used in the CSP plant. Because 

of its cost-benefit and the fact of without phase change to serve as an HTF, air attract many 

attentions of researchers in the CSP field. Several papers were published by R. Bader’s team to 

demonstrate the study of a novel air-based cavity receiver for solar trough concentrators from both 

experimental and numerical methods [155-158]. The simulation result of a 50 m long and 9.5 m 

wide receiver showed that the temperature of air increased from 120 °C to a range of 260 °C - 

601°C, which is higher than the maximum temperature of water/steam, with pressure drop in the 

range of 0.023 - 1.184 kPa under the condition of 0.1 - 1.2 kg/s air mass flow rate and peak 

absorption efficiency of 60% [155]. After that, Bader’s team built a 45 m long receiver installed 

on a 9 m aperture solar trough concentrator to experimentally test its performance and validate the 

heat transfer model. In the experiment, The air was heated to a temperature range of 250 - 450 °C 
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from 120 °C and a maximum receiver efficiency of 45% for 280kW solar power input was 

observed [158]. In 2015, the author’s team designed a large span PTC with the combination of a 

parabolic primary concentrator with a non-imaging secondary concentrator on four different 

configurations receivers [156]. The results from the numerical model simulation show that the 

concentration ratio can reach 97.5 with a peak receiver efficiency of 65%.  

Philipp Good et al. [159] designed and built up a novel solar receiver using PTC technology, 

where the air was selected as the working fluid, with 7 absorber tubes in 1 m length on the 

concentrator with 4.85 m aperture and test its performance experimentally. The air passed through 

each receiver can reach a temperature higher than 600 °C and the peak receiver efficiency is 64% 

with 0.012 kg/s mass flow rate of the feeding air. In morocco, a 9 m2 parabolic trough collector 

employing air as heat transfer fluid has been constructed [160]. It has a peak thermal output of 3.9 

MWe, a maximum air temperature on the hot side of 550 °C, and a round-trip efficiency of 89%. 

Julich Solar tower, which was put into operation in German in 2008, is a high experimental CSP 

tower using air as HTF [161].  It consists of 2153 dual-axis sun-tracking mirrors arrayed on a solar 

field of 17625 m2. The air can be heated to 680 °C to provide a total electric power output of 1.5 

MW. Jacek [125] studied the feasibility of combined cycle gas turbine (CCGT) power plant 

integration with adiabatic compressed air energy storage (ACAES) and found it would provide an 

additional 47.5% of power boost over the registered capacity of CCGT plant during peak times.  

Served as an HTF, the air has the following promotions [162, 163]: 

a) Easy to obtain. It is abundant in nature and free of cost; 

b) No substance for environmental pollution;  

c) No phase change and keeping the gaseous state at atmospheric condition; 

d) Practically no limitation of operating temperature; 
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e) No degradation 

f) Prevent the loss of performance and restrictions of operating temperature from physical or 

chemical instability of other HTFs; 

g) Can be used to transfer heat directly to a packed-bed thermal storage system.  

1.3.2.2 CO2 

Supercritical carbon dioxide (sCO2) is a state when the temperature and pressure of the CO2 

working fluid exceed the critical point (7.38 MPa, 31 °C). sCO2 cycle is an ideal working fluid for 

closed-loop power generation and has been considered as a boosting technology to increase 

flexibility and overall efficiency [164-167]. Compared to the steam Rankine cycle, this type of 

closed Brayton cycle have the promotions as smaller size and weight, lower thermal mass, simpler 

power blocks, higher fluid density, and simpler design of cycle [164, 168]. The utilization of 

supercritical CO2 cycles has been proved by different applications and thermal sources [169-172]. 

The sCO2  cycle has been used in the application of nuclear reactors due to the advantage of high 

efficiency with keeping simple design [173, 174]. 

Besides been used in a thermal cycle, sCO2 worked as an HTF in high-temperature CSP 

applications is supposed to be a promising technology with better cost-benefit and higher 

conversion efficiency [175]. A novel technology of solar water heater using sCO2 as working fluid 

was discussed by H. Yamaguchi’s team [176, 177]. From their observation, the flow rate of CO2 

is stable at 10 kg/h when it is only driven by solar radiation heating. The results also indicate that 

the efficiency of collector and heat recovery is 66% and 65%, separately. In the direct sCO2 CSP 

plant, the maximum operating temperature of the turbine can reach 750 °C [178].  Yu Qiu et al. 

[179] studied the thermal performance of a PTC using sCO2 as HTF and they found that the 

collector efficiency was 81.93 - 84.17% for Rankine and 18.78 - 84.17 % for Brayton cycle under 
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the condition of the mass flow rate of 1.5 kg/s and DNI of 200 - 1000 w/m3. The result also 

indicates that the efficiency increases with the decrease of inlet temperature and the increase of 

inlet fluid flow rate. Singh et al. [180] investigated the performance of a direct-heated closed 

Brayton power conversion system (PCS) with sCO2 as the working-fluid. The simulation results 

imply that the thermal efficiency decrease with the increment of the mass flow rate of CO2. 

Glatzmaier and Turchi’s research found that the efficiency of a PTC plant combined with sCO2 as 

HTF was similar to DSG in the temperature range of 450 - 550 °C [181]. Ma [182] studied the 

case of sCO2 operated in a closed-loop recompression Brayton cycle and found it had the potential 

to provide equal or higher cycle efficiency than steam during the operation temperature range of 

the CSP plant. Meanwhile, the pressure is lower than supercritical steam. 

There are several advantages for Supercritical CO2 to be employed as a heat transfer fluid in 

the CSP plant [178, 183].  

a) The cost of carbon dioxide is relatively low because it is easy to obtain from the 

atmosphere; 

b)  The critical pressure of sCO2 is only one third that of s-steam, which allows a lower 

operating temperature; 

c) sCO2 is stable and inert at high operating temperature;  

d) The sCO2 has good chemical properties of safe and non-toxic; 

e) The sCO2 has good thermophysical properties as high heat capacity and density as a liquid 

and low viscosity as a gas. 

Even though high-temperature gases served as HTFs have the advantage of cost-benefit and 

the gas can’t decompose at operating temperature range, the disadvantages include the potential 

risk due to the high-pressure during operation and the requirement of larger effective heat transfer 
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area and higher volumetric flow rate in CSP application due to the lower volumetric heat capacity, 

thermal conductivity, and convective heat transfer coefficient [156]. Moreover, if using high-

temperature gases as the material in a thermal energy storage tank, it will need a very large volume 

of TES system because of those bad properties.   

1.3.3 Liquid heat transfer fluid 

1.3.3.1 Thermal oil 

Thermal oils are the initial generation of HTFs that have been used in the CSP plant. The 

major types of thermal oils include synthetic oils, mineral oil, and silicone oil. They have been 

developed and proved by commercial CSP applications in past decades. So far, synthetic oil is 

used as HTF in the receiver tubes of solar fields. It restricts the temperature of the power cycle to 

less than 370 °C and results in an efficiency of around 38% [184]. Therminol VP-1 is a commercial 

synthetic oil that is served as HTF currently in large-scale commercial CSP applications, it contains 

biphenyl and diphenyl as a eutectic mixture. The upper operating temperature of this type of oil is 

400 °C. Kenda et al. [185] investigated the performance of JaCCO (Jatropha curcas crude oil) as 

HTF and energy storage material in CSP plant and found that it was a good and suitable candidate 

for small-scale CSP plants with the highest operating temperature limited to 210 °C. Malika 

Ouagued et al. [186] investigated the effect of different thermal oils as heat transfer fluids on the 

thermal performance of solar PTC under the Algerian climate. The results show that the limitation 

of operating temperature is 700 - 800 k for Syltherm 800; 600 - 750 K for Marlotherm SH, 

Therminol D12, and Santotherm 59; lower than 700 K for Concerning Santotherm LT, Marlotherm 

X, and Syltherm XL. With the aim of improving the performance and reducing the operation cost, 

D. Cabaleiro experimentally investigated the thermophysical properties of the mixture of biphenyl 

https://www.sciencedirect.com/topics/chemistry/eutectic-mixture


43 
 

and diphenyl with different molar ratios [187]. Nkwetta et al. experimentally studied the thermal 

performance of different solar collectors with silicone oil as HTF under in-door controlled 

conditions. They concluded that using silicon oil improved the heat collection features with a low 

saturation rate compared to water and provided more efficiency [188].  

There are many operational commercial CSP plants using thermal oils as HTFs in the world. 

Most of them are coupled with PTC technology. For instance, several Spanish PTC solar power 

plants – La Risca, Palma del Río I and II, and Majadas I – use Biphenyl/Diphenyl oxide mixture 

as working fluid to transfer heat [189, 190]. There are two PTC CSP plants in Arizona in the USA 

are using Therminol VP-1 and n-pentane as HTF [191]. Except those, there are also two CSP plants 

using the LFR method coupled with thermal oil to carry the heat from solar filed, one is Rende 

CSP Plant operating in Italy use diathermic oil [192] and the other one is Urat CSP project in China 

use thermal oil [193].  

A good key feature of thermal oils is they can serve as both heat transfer fluid and thermal 

storage system materials. The major limitation of the thermal oil is the upper operating temperature, 

which is less than 400 °C [194]. After being heated to a temperature higher than the limitation, 

hydrogen will be produced from the decomposition of the hydrocarbon mixture [195]. 

1.3.3.2 Molten salt 

Molten salts, which are from the fusion of inorganic salts, are engineering fluids that can be 

used in a very large range of applications [196]. They were first utilized as the coolant in nuclear 

reactors [197]. Most recently, molten salts are considered as feasible substitute materials for 

thermal oil with an operating temperature higher than 400 °C in CSP plants. Generally, molten 

salts heat transfer fluid are eutectic molten salts composed of two or more components from nitrites, 

fluorides, carbonates, and chlorides. 
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1.3.3.2.1 Nitrate/nitrite molten salts 

Benefiting from its low melting point, nitrate eutectic molten salts are the first type of molten 

salts to be wildly used in large scale CSP plant. The primary advantages of molten nitrate salt 

serving as the heat transfer fluid in a solar tower power plant include a lower operating pressure, 

better heat transfer, and higher allowable incident flux than a water/steam receiver. Depending on 

the composition, there are three major types of nitrate/nitrite molten salts being used in the 

commercial application: Solar salt, Hitec salt, and Hitec XL salt [198].  

Solar salt is a binary mixture of NaNO3 and KNO3 in a molar ratio of NaNO3-KNO3: 60%-

40%. It has a melting point of 220 °C and it is stable under 585 °C. At 300 °C, the specific heat, 

density, and viscosity of solar salt are 1.495 kJ/(kg•°C), 1899 kg/m3, and 3.26 cp, respectively 

[120]. Solar salt has the maximum operating temperature at 585 °C, which is much higher than 

thermal oil. Solar salt has been widely studied and commercially proven in past decades. Bauer et 

al. [120] summarized and compared the thermophysical properties of solar salt from different 

pieces of literature. This work provides accurate information for the modeling and dimensioning 

of the design of the CSP plant. In commercial applications, the Solar Two project in the USA 

successfully produced 1633 megawatt-hours over one 30-day period by using solar salt as heat 

transfer fluid and thermal storage system media [100].  

Hitec salt is the second type of commercial molten nitrate/nitrite salt, which is a ternary 

mixture consisting of 7% NaNO3, 53% KNO3, and 40% NaNO2 in molar percentage. The adding 

of NaNO2 effectively reduces the melting point to 142 °C but also leads to a reduction in the 

maximum operating temperature to 538 °C. From the SNL’s (Sandia National Laboratory) report, 

the Hitec molten salt can be operating at 538 °C for a short period [199]. The heat capacity of Hitec 

salt is in the range of 1.39 -1.56 kJ/(kg•°C) from different researches, which is close to the heat 
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capacity of solar salt [200]. The density and dynamic viscosity of Hitec salt has a relationship with 

temperature expressed in Eq. (1) and (2), separately.  

 

 ρs[kg/m3] = 219 + 275.32* (1-T[K] / 2503.7) + 511.58*(1-T[K] / 2503.7) (1) 

 Log(μs[Pa•s]) = -6.4406 – 0.3958*log(T[K]) + 556.835 / T[K] (2) 

 

Another ternary salt mixture, which is named Hitec XL, includes 48% of Ca(NO3)2, 7% of 

NaNO3, and 45% of KNO3. Compared to solar salt and Hitec salt, it has the lowest melting point 

of 120 °C and the lowest upper limit operating temperature of 500 °C [35, 201]. The specific 

capacity, density and viscosity are 1.447 kJ/(kg•°C), 1992 kg/m3 and 0.2 cp, correspondingly [202].  

For a long-term period, chemical stability is a key concern to utilize nitrate molten salt mixture. 

Since molten nitrate salts may undertake several reactions due to the temperature and the property 

of the cover gas. The primary reaction is the decomposition of nitrate to nitrite and oxygen [203]. 

This thermal dissociation process is reversible, which can be represented by Eq. (3): 

 

 NO3 ⇋  NO2(l) + 0.5O2(g) (3) 

 

Corrosion of molten salt to the material of pipe and storage tank is another important factor 

for molten salts to serve as HTFs. The corrosion behavior of the above three nitrate/nitrite molten 

salt was studied by Fernandez’s team [204-206]. From the corrosion test of Solar salt on stainless 

steel, no corrosion products were observed at 390 °C. For Hitec salt, three plates of steel (A516, 

T11, T22) showed excellent behavior against corrosion with 0.35 mg/cm2 mass gains.  From the 

experiments, the author found that stainless steel had very good corrosion resistance to Hitec XL 



46 
 

salt. The corrosion rate was 0.00075 μm/h without any corrosion production during the 2000 h test 

period.  

1.3.3.2.2 Carbonate molten salts 

Alkali carbonate eutectic molten salt has also been studied to serve as HTF and thermal energy 

storage (TES) media by many researchers [207-210]. Wu et al. [211] used experimental methods 

to find the optimized composition of the mixture of potassium carbonate, lithium carbonate, 

sodium carbonate. Olivares et al. [208] experimentally studied the thermal stability of molten 

lithium-Sodium-Potassium carbonate salt with a mass ratio of 32.1%-33.4%-34.5%. The melting 

point of this ternary carbonate molten salt was found to be around 400 °C to 410 °C. The 

experimental result showed that this ternary carbonate molten salt was stable at a temperature as 

high as 1000 °C under a gas atmosphere of CO2 and started to decomposition at 710 - 715 °C with 

Argon as the atmosphere gas. An et al. [212] studied the thermophysical properties of eutectic 

carbonate salt consisting of Li2CO3-Na2CO3-K2CO3 in a weight ratio of 32.12%-33.36%-34.52% 

through experimental tests. The result indicated this eutectic carbonate molten salt was stable at a 

temperature below 658 °C under Argon as contacting gas, which is lower than Olivares’s 

observation. The experiment results showed that this ternary carbonate had the following 

promising thermophysical properties: during the temperature range of 450 to 600 °C, the heat 

capacity is around 1.612 kJ/(kg•°C); The density, viscosity and thermal conductivity are in the 

range of 2071 - 2007 kg/m3, 29.2 - 10.7 cp and 0.454 - 0.492 W/(m•K). However, the large demand 

and relative high cost of the component, Li2CO3, restricts the application of this eutectic carbonate 

salt in large scale CSP application. 
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1.3.3.2.3 Fluorides molten salts 

Fluoride salt is an alternative type of molten salts that can be served as HTFs. A considerable 

amount of literature about the study and development to use fluorides molten salt as the coolant in 

nuclear plant or molten salt reactor (MSR) has been published [213-215]. Fluoride molten salt can 

be operated from 385 - 450 °C to a temperature higher than 700 °C [216]. The thermophysical 

properties in the temperature range of 500 - 700 °C of the ternary fluoride molten comprising of 

LiF, NaF, and KF with a weight percentage of 29.21%-11.69%-59.10% were investigated by An’s 

team using the experimental methods [217]. The results imply that its heat capacity is almost 

constant and around 1.88 kJ/(kg•°C), which is a little higher than that of Li2CO3-Na2CO3-K2CO3 

molten salts. The density, viscosity, and thermal conductivity are in the range of 1997 -1880 kg/m3, 

12.9 - 4 cp, and 0.95 - 1.16 W/(m•K) during the considered temperature range, respectively. The 

viscosity of this fluoride molten salt is much lower than carbonate molten salts but it has a much 

larger heat capacity which is almost twice of carbonate molten salts. However, the major concerns 

of fluoride molten salts served as HTFs are the high cost and the high corrosive property to alloy 

[212, 218]. 

1.3.3.2.4 Chlorides molten salts 

Chloride molten salts attracted much attention due to their good stability at ultra-high 

temperature. They have been used as the material of the thermal storage system for a while [219, 

220]. The phase diagrams of multiple binary and ternary molten salts from NaCl, KCl, MgCl2, 

CaCl2, MnCl2, FeCl2, CoCl2, NiCl2, ZnCl2, LiCl, RbCl, and CsCl are evaluated and optimized by 

Robelin and Chartrand by employing Modified Quasichemical Mode [221-223]. The results 

indicate that many eutectic molten salts have the potential to serve as HTFs in the future. Myers 



48 
 

[220] investigated the melting temperature, the heat of fusion, and cost for 17 pure chloride salts 

and 162 binary eutectic mixture systems taken from the single chloride salts. But the 

thermophysical properties of those eutectic molten salts were not discussed.  

Chloride molten salts also have the potential to serve as heat transfer fluid in the solar thermal 

application. Armijo et al. [224] from SNL discussed operational modes of a 2.0 MW pilot-scale 

solar thermal system using chloride molten salts as heat transfer fluid in their paper. Vignarooban 

et al. [225] studied the corrosivity of NaCl-KCl-ZnCl2 (13.4 mol% - 33.7 mol% -52.9 mol%) salt 

to three different alloy metals. The experimental results showed that all three materials had good 

resistance against corrosion. The corrosion rates can be noticeably reduced when the materials and 

salts are keeping away from oxygen. The entropy generation of chloride molten salts consisting of 

NaCl, KCl, and ZnCl2 were calculated and compared to solar salt and carbonate salts by Xu et al. 

[226]. The entropy generation of these chloride salts was found to be much lower than carbonate 

salts and a little higher than solar salt at the same condition. It indicates that the Carnot cycle 

efficiency of using chloride salt is close to employing solar salt and much higher than carbonate 

salts.  

Wei’s team designed a novel ternary chloride salts with the compound of NaCl, KCl, and 

CaCl2 by calculating the phase diagram and studied its thermophysical properties [227-230]. The 

melting point and heat of fusion of this ternary salt were found to be 420.83 °C and 201.5 J/g [227], 

separately. The results of TG (Thermal Gravimetry) show that the mass loss of this eutectic salt 

increases rapidly when the temperature is higher than 700 °C. Long-term isothermal stability tests 

indicate the salt is stable by holding 70 hours at the temperature of 500 - 650 °C, but the mass loss 

is obvious when the salt is kept at 700 °C. The heat capacity of this ternary chloride molten salt 

was measured to be 1.19 – 1.40 kJ/(kg•°C) during the temperature range of 486 °C to 616 °C [231]. 
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The experimental results show the density and viscosity of this NaCl-KCl-CaCl2 eutectic salt are 

2630 - 1940 kg/m3 and 3.78 - 3.10 cp in the temperature range of 500 - 750 °C and 500 - 650 °C, 

respectively [231]. Liu et al. [232] experimentally studied the corrosion behavior of these ternary 

molten salts to Ni-based alloys. After conducting the test at 600 °C for 3 weeks, the results indicate 

the Inconel 625 has a better resistance against corrosion than Hastelloy and Hastelloy B-3 in the 

presence of air with the corrosion rate (in the unit of μm/year) of 121.09, 153.16, and 144.59, 

correspondingly.  

The major advantages of utilizing chloride molten salts as HTFs in CSP plants are listed as 

follows:  

a) Good physical and chemical stability at high temperature up to 1000 °C; 

b) Low cost due to the abundant reserves in nature; 

c) Relative low vapor pressure at ultra-high temperature; 

1.3.3.3 Liquid metals 

In order to promote the conversion efficiency, and subsequently reduce the cost, future CSP 

plant need larger scale, higher concentration ratio, and higher working temperature [233-235]. 

Recently, Liquid metals and their mixture, which have been successfully used as coolants for 

nuclear power [236], attracted much attention to serving as HTFs in CSP because of their wide 

operating temperature range [234, 237]. Lorenzin and Abanades reviewed and investigated the 

properties and feasibility of liquid metals to serve as HTF in CSP technologies. They selected five 

candidates among Alkali, heavy and fusible metal groups including molten tin (Sn), gallium (Ga), 

lithium (Li), sodium (Na), and lead-bismuth (PbBi). Yuan et al. [238, 239] introduced a new design 

of a solar fuel reactor depending on liquid metal heat transfer fluid and the simulation results 

indicated that it can promote more than 80% heat recuperation of sensible heat. Bachelier and Jager 
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[240] evaluated and compared the thermal and hydraulic performance of molten and liquid metal 

operating in an LFR solar collector and the results showed that compared to molten salt, employing 

liquid sodium as HTF had the benefits of wider operation temperature range, faster start-up 

procedures, the quicker response of the control system and ultimately potentially higher energy 

yield. Prabu and Sekar [241] studied and compared the performance of the hybrid solar system 

using GaInSn liquid metal, air, and water as heat transfer fluid. The simulation results designate 

that use of liquid metal provides the highest exergy efficiency.  

Liquid Na can be operated in a temperature range of 98 - 883 °C, and it will vaporize when 

the temperature is higher than this upper limitation. Sodium was first employed as a working fluid 

in the CSP project called Plataforma Solar De Almeria (PSA) in Spain in the 1980s [242]. However, 

it stopped running due to a sodium fire during maintenance. To avoid this failure, Armijo and 

Andraka from Sandia National Laboratories summarized the safety rule for the operation of 

sodium in CSP application [243]. Following this instruction, the Jemalong CSP station, which was 

built in Australia with 3500 heliostats, is the only CSP plant under operation that uses liquid 

sodium as both HTF and medium in thermal energy storage systems [244, 245].  It starts in 2017 

and generates 2200 MWh per year. Coventry et al. [246] reviewed and summarized the experience 

of the operation of CSP with sodium receiver and discussed the feasibility of this technology. 

Liquid sodium has several disadvantages: high combustibility when connecting with water and 

high cost, which is much higher than nitrite salt [201].  

Sodium-potassium alloy, which is marked as NaK, is identified as an alternative heat transfer 

fluid with the melting and boiling temperature of -12.8 °C and 785 °C, respectively [247]. Kotze 

et al. [248] discussed its feasibility to serve as HTF in CSP technology in their paper. Another 

alternative heat transfer fluid is liquid Pb-Bi, which is a eutectic alloy that was studied to use in 
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the nuclear sector. It has an operation temperature range from 125 to 1533 °C. Compared to liquid 

Na, it has the advantage of safer when it connects with water and air. However, it presents higher 

corrosivity to piping materials than liquid Na and the cost is also higher [249].  

Major advantages of liquid metals to serve as HTFs in CSP plant includes [250]: 

a) High upper limitation of operating temperature; 

b) Good physical and chemical stability at high temperature; 

c) Superior thermal conductivity, high heat transfer coefficient. 

It is a fundamental thermodynamic principle that a higher temperature of the central solar 

receiver will yield higher efficiency for heat transferred to heat transfer fluid (HTF), then will 

increase the Carnot efficiency in the power cycle [251]. From Clifford’s investigation, the 

combined solar-to-electric efficiency will increase with the increment of temperature, then start to 

decrease while the heat losses from radiation and convection of the receiver are higher than the 

gains from the power generation [252]. The combined efficiency will be highest when the 

temperature of the receiver reaches 800 °C with a solar concentration ratio equal to 2000. Freddy 

[253] designed two types of high temperature (1350 °C) solar receivers with different geometries, 

U-Tube and Cup-Cone. The efficiency can reach 67.1% and 83.3% for those two receivers 

separately. The development of modern technology makes the design of high-temperature solar 

receivers more practical. The remaining challenge is to find a heat transfer fluid with desirable 

thermal and transport properties to transport heat at temperatures up to 800 °C to the thermal power 

system for power generation. If this HTF could also be employed as the thermal storage media in 

a CSP system would have the benefit of using one fluid for two essential tasks and hence it is cost-

effective. Meanwhile, the higher temperature difference between inlet and outlet of thermal energy 

storage system will increase the efficiency and decrease the cost of CSP. Kolb’s [254] study 
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indicates that the cost will reduce by 0.5 if the difference increase twice.  

 

 

Fig. 3 Operating temperature range for different liquid HTFs 

 
Depending on the above review about HTFs, pressured gases are hard to serve as the media 

of the thermal energy storage system because of their high pressure at superheat or supercritical 

state. For liquid heat transfer fluid, the comparison of the operating temperature range is shown in 

Fig. 3. Thermal oils are good HTFs for low operating temperature range but will decompose when 

the temperature is higher than the upper limit (less than 400 °C). Liquid metals and their eutectic 

alloys have the advantages of a large operation temperature range and low viscosity. However, the 

disadvantages are still significant, much higher cost restricts the application in large scale CSP 

plant. Therefore, employing molten salts to serve as both HTFs and TES media is a more feasible 

way. Because the upper limit operating temperature of nitrate molten salts is less than 600 °C, the 

higher corrosivity of fluoride molten salts, and the lower reserves of carbonate molten salts, 

chloride molten salts are desirable candidates to serve as heat transfer fluid and thermal storage 

system media in large scale concentrated solar plant.  
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1.4 Previous results and drawbacks 

Based on the review for the properties of single and mixture halide salts [255], NaCl-KCl-

ZnCl2 molten salts were selected and studied in the previous work in our group due to the low 

melting point. The thermophysical properties of three types of NaCl-KCl-ZnCl2 eutectic molten 

salts with different molar ratios were experimentally investigated in the previous work by our team 

[256]. During the temperature range of 230 - 800 °C, the results indicate that the viscosity of the 

molten salts is lower than fluoride salts and carbonate salts but a little higher than nitrate/nitrite 

salt (shown in section 1.3.3.2.1 to 1.3.3.2.3), which is around 4 - 5 cP above 700 °C and 15 cP 

around 300 °C. The density of those salts is in the range of 1900 - 2300 kg/m3 and decreases 

linearly with the increase of temperature. The heat capacity is almost constant which is around 

0.91 kJ/(kg•K). The thermal conductivity is in the range of 0.28 - 0.38 W/(m•K). From the above 

properties. these three molten salts are acceptable to serve as high-temperature HTFs and TES 

media. However, even though the existence of ZnCl2 decreases the melting points of those ternary 

eutectic molten salts to around 200 °C, it causes the vapor pressure of those ternary eutectic molten 

salts close to 1 atm around 900 °C and increases the cost due to the high price of ZnCl2. Therefore, 

it is essential to find other eutectic chloride molten salts to serve as HTFs and TES media with low 

cost, desirable thermal and transport properties, and low corrosion to pipe and thermal energy 

storage tank materials.  

In previous work, some drawbacks were found from the experiment process. First of all, the 

procedure of molten salt preparation was found to be hard to remove moisture contained by the 

single salts. Therefore, one of the objectives of this work is to redesign and improve the procedure 

of molten salt preparation to minimize the existence of water in molten salts. The second problem 

is the observation of thermal drift of the balance used in density measurement at high temperatures. 
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On the other hand, the old design of the experimental setup for density measurement had a complex 

operation process and a high chance of failure due to the broken of platinum wire. Another issue 

observed in previous experience is the experimental setup for vapor pressure measurement have 

small defects, which lowered the repeatability and increased the chance of broken of the quartz 

tube. To increase the reliability and accuracy of the experiments for thermophysical and transport 

properties measurement, several improvements were conducted.  

1.5 Selection of novel binary and ternary eutectic chloride molten salts 

NaCl, KCl, MgCl2, and CaCl2 are the new candidate chloride salts considered in this work. 

The advantages of choosing these chloride salts are as follows: 1) the costs of these salts are lower 

than other types of molten salts because they are abundant in nature. They are the major 

components of sea salt. therefore, they can be easily obtained from mining or the products of 

seawater desalination. (2) these halide salts have good physical and chemical stability at high 

temperatures up to 900 °C. (3) The vapor pressure of these pure chloride salts is less than 1kPa at 

800 °C [257]. The basic thermal properties of each single chloride salt are listed in Table 1.  

 

Table 1 Basic properties of single chloride salt [258-260] 

Chemical formula NaCl KCl MgCl2  CaCl2  
Melting point (°C) 801 770 714 772 

Boiling point (°C) 1413 1420 1412 1935 

Molar mass (g/mole) 58.44 74.55 96.21 110.98 

Heat capacity @ 820°C (kJ/(kg•°C)) 1.215 0.987 0.971 0.953 

Vapor pressure @ 820°C (kPa) < 0.8 < 0.6 < 1 < 0.5 

Viscosity @ 820°C (cp) 1.008 0.815 1.74 2.72 

Density @ 820°C (kg/m3) 1547 1512 1653 2066 

Thermal conductivity @ 820°C (W/(m•K)) 1 0.856 0.55 0.54 
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The thermodynamic evaluation of the binary molten salt systems from NaCl-KCl-MgCl2 -

CaCl2 was studied by many scholars [223, 261-265]. The eutectic point of NaCl-KCl binary salt 

was reported to be from 634 °C to 668.6 °C with the mole fraction of NaCl in the range of 47% - 

50.6% by different kinds of literature [263, 264, 266]. Coleman and Lacy [263] used the hot-stage 

microscope technique to study the phase equilibrium diagram of the NaCl-KCl system and found 

a eutectic composition with a melting temperature of 645 °C. Pelton and Gabriel [264] employed 

the coupled thermodynamic-phase-diagram analysis method and found the lowest melting 

temperature of this binary salt to be 657 °C at composition with 50.6 mol% of NaCl. Mohammad 

et al. [266] found that their eutectic point is 634 °C when the mole percentage of NaCl is 48%.  

Kenisarin [267] investigated and listed the melting points of different eutectic compositions 

for NaCl-MgCl2 molten salts. The eutectic temperature is in the range of 430 - 450 with the mole 

percentage of NaCl from 48% to 56.2%. Williams [213] reported a phase diagram of binary NaCl-

MgCl2 salt, which showed a eutectic point when the mole fraction of NaCl was 58.5% with a 

melting temperature of 445 °C.  

The melting points of two different eutectic compositions for NaCl-CaCl2 molten salts were 

reported by Kenisarin [267]. Both of them are 500 °C with the mole fraction of NaCl at 47.2% and 

48.3%, separately. Igarashi et al. [268] constructed the phase diagram of the NaCl-CaCl2 binary 

system by DTA measurement and reported a eutectic temperature of 508 °C with 49.9 mol% of 

NaCl.  

A phase diagram of the binary KCl-CaCl2 system with two eutectics was reported by Perry 

and Fletcher in 1993 [269]. The one with 74% KCl has a lower melting temperature at 600 °C. 

Clark and Reinhardt [270] employed the DTA method to build the phase diagram of the KCl-CaCl2 

binary system and found the lowest eutectic temperature at 594 °C with a mole percentage of 74.3% 
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KCl. 

Perry and Fletcher [271] summarized the phase diagrams of KCl-MgCl2 from different 

publications and found the lowest eutectic temperature was located in the range of 426 - 431 °C 

with around 69% mole fraction of KCl. Then the authors redetermined the phase diagram by 

cooling curve analysis and determined the lowest melting point at 427 °C when the mole 

percentage of KCl is 69%. In 2000, the phase diagram of KCl-MgCl2 was optimized by Pelton et 

al. by thermodynamic analysis using a modified quasichmeical model and found the eutectic 

temperature at 427.6 °C with 69.2 mol% of KCl [272]. The next year, Chartrand and Pelton [223] 

reported a lower melting point at 423 °C when the mole ratio was 68% KCl: 32% MgCl2 in their 

published paper. 

 

Table 2 eutectic melting temperature for six binary salts 

Composition Eutectic temperature (°C) Mole fraction 

NaCl-KCl 634 - 668.6  47% - 50.6% NaCl 

NaCl-MgCl2  430 - 450 48% - 58.5% NaCl 

NaCl-CaCl2  500 - 508 47.2 - 49.9% NaCl 

KCl-CaCl2  594 - 600 74.3% - 74% KCl 

KCl-MgCl2  423 - 431 69% - 69.2% KCl 

MgCl2 -CaCl2  611 - 621 39.1% - 47.2% MgCl2  

 

The phase diagram of MgCl2-CaCl2 binary salt was calculated by Grjotheim et al. [265] using 

several methods, which include thermal analysis, differential thermal analysis, microscopic, high-

temperature X-ray. The author found the eutectic temperature of the MgCl2-CaCl2 system was 

620 °C with 52.8 mol% of MgCl2 and the relative difference was within 2% compared to other 

published results.  
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The reported eutectic temperature of the above six binary chloride systems with corresponding 

mole fractions are listed in Table 2 and the phase diagrams of the above six binary systems were 

shown in Fig. 4. From the above investigation, KCl-MgCl2 binary system was found to have the 

lowest eutectic melting point around 423 °C. To further decrease the melting point and cost, NaCl 

is introduced into the KCl-MgCl2 binary system to study the feasibility of ternary NaCl-KCl-

MgCl2 molten salt to serve as heat transfer fluid and thermal storage system medium. The phase 

diagram calculated by Chartrand [223] and Factsage [273] are shown in Fig. 5. In Fig. 5a, there 

are three compositions with melting points at 383 °C, 388 °C, and 390 °C, respectively. All of 

these three temperatures are lower than the lowest melting point of KCl-MgCl2 binary molten salt. 

Later, a new phase diagram of the NaCl-KCl-MgCl2 system was found by the simulation of 

Factsage software, as shown in Fig. 5b. A new composition with a melting point at 382.01 °C was 

also selected and considered in this work. The composition, remark name, and theoretical melting 

points of these five molten salt mixtures are listed in Table 3. Some of the thermal and transport 

properties of the binary KCl-MgCl2 molten salt with similar composition were surveyed by Sohal 

[215], those good properties indicate this binary molten salt has the potential to serve as HTF and 

TES media in CSP application. However, those properties are given in values or the forms of 

empirical equations without experimental results. Mohan et al [274] found a eutectic melting point 

at 383 °C for the composition of NaCl-KCl-MgCl2 with a molar ratio of 32.96%-21.62%-45.42% 

by the simulation of Factsage. The author experimentally studied its thermal stability at high 

temperatures. Nevertheless, there is no published data of the thermophysical and transport 

properties for those candidate ternary molten salts listed in Table 3 at a liquid state yet. Therefore, 

some essential thermophysical and transport properties of those candidate chloride molten salts 

were studied in the present work by experimental methods for the first time. These properties 
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should include heat capacity, melting point, the heat of fusion, viscosity, vapor pressure, density, 

and thermal conductivity, which are essentially needed for the calculation of the convective heat 

transfer performance in CSP application, and the design of heat exchangers, as well as a thermal 

storage system in the concentrated solar power plants.  

 
Table 3 Compositions of binary and ternary mixtures 

Chemical formula NaCl KCl MgCl2  Theoretical melting point (°C) 

KM 
Molar fraction 0% 68.0% 32.0% 

423 
Mass fraction 0% 62.5% 37.5% 

NKM-#1 
Molar fraction 27.50% 32.50% 40.00% 

383 
Mass fraction 20.50% 30.91% 48.59% 

NKM-#2 
Molar fraction 30.9% 21.2% 47.9% 

390 
Mass fraction 22.72% 19.89% 57.39% 

NKM-#3 
Molar fraction 28.39% 27.25% 44.36% 

382 
Mass fraction 20.96% 25.67% 53.37% 

NKM-#4 
Molar fraction 20.0% 52.5% 27.5% 

388 
Mass fraction 15.18% 50.82% 34.0% 
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Fig. 4 Phase diagram for six binary systems. 

 

  

Fig. 5 Phase diagram for ternary NaCl-KCl-MgCl2 molten salt 
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After the determination of the composition of each candidate molten salt, a simple cost 

comparison was conducted. The unit price of each pure chloride salt was obtained from Alfa Aesar 

with the lowest price. The cost in the unit $/kg is calculated from these unit prices depending on 

the mass fraction listed in Table 3. The energy cost in the unit $/MJ is calculated by the value of 

the cost of mass divided by the heat of fusion. The comparison result of cost between all candidate 

molten salts and NaCl-KCl-ZnCl2 (mole: 8.09%-31.33%-60.58%) and commercial Solar salt is 

shown in Fig. 6. It can be seen that, compared to the NaCl-KCl-ZnCl2 ternary molten salts and 

commercial Solar salt, the cost of KCl-MgCl2 binary molten salts reduces significantly. The 

ternary NaCl-KCl-MgCl2 molten salts are cheaper than KCl-MgCl2. NKM-#2 (NaCl-KCl-MgCl2 

with the molar ratio of 30.9%-21.2%-47.9%) has the lowest cost during all candidate molten salts 

considered in this work. 

 

 

Fig. 6 Comparison of cost 
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From the previous experiment tests, condensed water was seen inside the top of the 

measurement system during the vapor pressure test. Meanwhile, the results of some tests showed 

a little high deviation, which is caused by the existence of water. The water was also reported as 

one of the most important factors that result in the increment of corrosion rate of chloride molten 

salt to the alloy materials, which means the presence of water kindly reduce the performance of 

chloride molten salt to serve as heat transfer fluids and materials of the thermal storage system 

[275]. The results of the tensile strength test of two different alloys after exposing to eutectic 

chloride molten salts under different environments indicate that the existence of water and oxygen 

increases the corrosion rate [276, 277]. ZnCl2 and MgCl2 are both easy to absorb water from the 

surrounding atmosphere due to their hygroscopic property [278]. During the dehydration process, 

hydrolysis reaction may happen for the chloride salts in the existence of water in the form of Eqs. 

(4) and (5) [279, 280]. Therefore, it is necessary to study and understand the kinetic process of 

water uptake and removal from the candidate chloride molten salt mixtures to design how to 

protect the eutectic molten salts during storage away from water or remove contained water from 

the pre-melted salt mixture before being used in CSP plant. However, there is no available relevant 

literature for reference.  

 

 ZnCl2 + H2O ⇌ Zn(OH)Cl + HCl (4) 

 MgCl2 • n H2O + H2O → MgOHCl + (n-1) H2O + HCl (5) 

 

Another possible concern to use chloride eutectic molten salts as HTFs is the emission of 

chlorine. However, as these chloride salts are very highly stable chemicals, there is a very low 

intention to cause the production of chlorine, and leakage to the atmosphere will not produce Cl at 
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low temperatures. 

From the above review and investigation, the major objectives and tasks are listed in the next 

section. 

1.6 Objectives of this work 

a) Design and improve the procedure of molten salt preparation; 

b) Experimental study on the kinetic process of water uptake and removal from candidate 

chloride salts; 

c) Improve the reliability and accuracy of the experiments for thermophysical properties 

measurement;  

d) Measure the essential thermophysical and transport properties of candidate chloride salts by 

experimental methods; 

e) Predict the heat transfer performance of these candidate chloride salts. 
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Chapter 2 Experimental study on the kinetic 

process of water uptake and removal from 

chloride molten salts 

2.1 Details of experimental setup and procedures 

In addition to the salts of KM, NKM-#1, NKM-#2, NKM-#4 listed in Table 3, six ternary 

chloride salt mixtures from NaCl-KCl-MgCl2 and NaCl-KCl-MgCl2 systems with different 

compositions were also considered in this chapter. The marked names, compositions, and 

theoretical melting point are listed in Table 4. 

 

Table 4 Compositions of binary and ternary mixtures 

Chemical formula NaCl KCl 
MgCl
2  

MgCl
2  

Theoretical melting point (°C) 

KMZ-#1 
Molar fraction 0% 61.3% 15.0% 23.7% 

356 
Mass fraction 0% 49.4% 15.5% 35.1% 

KMZ-#2 
Molar fraction 0% 64.0% 16.0% 20.0% 

363 
Mass fraction 0% 52.9% 16.9% 30.2% 

KMZ-#3 
Molar fraction 0% 67.5% 15.0% 17.5% 

367 
Mass fraction 0% 56.9% 16.1% 27.0% 

NKZ-#1 
Molar fraction 13.8% 41.9% 0% 44.3% 

229 
Mass fraction 8.1% 31.3% 0% 60.6% 

NKZ-#2 
Molar fraction 18.6% 21.9% 0% 59.5% 

213 
Mass fraction 10.0% 15.1% 0% 74.9% 

NKZ-#3 
Molar fraction 13.4% 33.7% 0% 52.9% 

204 
Mass fraction 7.5% 23.9% 0% 68.6% 
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2.1.1 Molten salt preparation 

In this work, molten salt samples were prepared by high purity anhydrous salts NaCl (>99%), 

KCl (>99%), MgCl2 (>99%), and ZnCl2 (>98%). All single chloride salts were purchased from 

Alfa Aesar. To prepare binary salts KCl-MgCl2 and ternary salts NaCl-KCl-MgCl2, those needed 

single components were weighed using a balance (model MS104S /03 by Mettler Toledo) based 

on the mass composition provided in Table 3 and Table 4. All weighted single salts were put into 

a mortar to be ground and mixed. The procedure of weighting, grinding, and mixing were operated 

inside a glove box, where the relative humidity (RH) was controlled to be less than 3% to minimize 

the absorption of moisture by salts. A psychrometer (Model 69008 by Yellow Jacket) was 

employed to monitor the relative humidity inside the glove box. After mixing well, a glass flask 

(Pyrex, 500 mL) was used to hold the and moved from the glove box into the furnace (Model 3K 

by Bartlett) quickly. Then a quartz tube with a sealing joint was connected to the flask. The 

schematic of the improved setup is shown in Fig. 7. The top side of the quartz tube is closed by a 

rubber stopper with two quartz tubes. One of them is connected with dry ultra-high purity (UTP) 

argon (purity > 99.999%) tank and able to be moved up and down. The other one is linked to a 

water bath and fixed to serve as the path of exhaust gas. There are two functions of the water bath: 

to absorb possible acidic products generated during the pre-melt process and to ensure the 

continuous passage of argon gas through the system. Before heating the furnace, the longer quartz 

tube was moved to make its lower end above the surface of the solid salt mixture and conducted 

the UHP argon to flow through the space to remove oxygen and moisture for 30 minutes. Then the 

temperature of the furnace was increased to 120 °C and hold for 2 hours. After this process, the 

salt samples were heated to 500 °C and the longer quartz tube was moved down to submerge its 

lower end into the liquid salts after the salts fully melted. The liquid salts were treating for two 
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hours by sparging method with argon to remove bounded water and HCl generated from hydrolysis 

reaction. When the holding time was over, the longer tube was lifted up to move its bottom out of 

liquid samples. The samples were then naturally cooled down and covered by UHP argon gas by 

keeping the bottom of the longer tube above the sample surface. Then the samples were ground 

into small sizes and stored in a drying oven for further use. The grinding process was also done 

inside the glove box with RH lower than 3%.  

 

 

Fig. 7 Improved design of experiment setup for molten salt preparation 

 

2.1.2 Experimental setup for water uptake and removal 

In the water uptake experiment, all the samples were weighed 5 g using a high-resolution 

balance (Mettler Toledo MS104S with a readability of 0.0001 g) and put into different glass dishes 

with the same surface area of 32.76 cm2. The thickness of each sample was less than 0.15 cm, 

which was a small value compared to the surface area, so the mass transfer of water in salt on the 

thickness direction was neglected. To eliminate the effect of particle size on the experimental result, 

the particle size of samples was selected in the range of 250 - 500 microns. For comparison on the 
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same basis, all sample holders were placed on a desk surface to expose to air and tested at the same 

time. The humidity of the working area was not controllable during the experiment, but it was 

monitored. The weight of each wet sample was measured by MS104S balance. The percentage 

change in mass was calculated by Eq. (6). 

 

 percentage change in mass (%) = 
∆m
mi

 * 100% (6) 

 

where Δm = mm – mi, mm = measured weight at a different exposing time, and mi = initial weight. 

In the water removal study, wet samples were put into a tube furnace and dried at two different 

temperatures, 120 °C, and 150 °C, respectively. Pre-dried high purity nitrogen gas was utilized to 

pass through the tube to protect the samples from oxygen and water. Sample weight was measured 

every by MS104S balance at different drying times in the furnace. Fig. 8 shows the schematic 

diagram of the water removal experiment. The percentage change of mass was also calculated by 

Eq. (6), but Δm = mm - mw and mm is the measured mass at different drying times and mw is the 

mass of the wet sample from the water uptake experiment.  

 

 
Fig. 8 Schematic of water removing experiment setup 

 



67 
 

The resolution uncertainty and linear uncertainty of the balance are uR = 0.0001 g and uL = 

0.0002 g, respectively. The overall system uncertainty was calculated by the following equation: 

 

 us=±√uR
2 +uL

2=±0.00022 g (7) 

 

The uncertainty of Δm and overall uncertainty in this study were calculated by Eq. (8) and (9), 

respectively. 

 

 𝑢∆𝑚 = ±√(
𝜕∆𝑚
𝜕𝑚𝑚

)
2

∗ 𝑢𝑚𝑚
2 + (

𝜕∆𝑚
𝜕𝑚𝑖

)
2

∗ 𝑢𝑚𝑖
2    (8) 

 
𝑢 = ±√(

𝜕𝑅𝑃
𝜕∆𝑚

)
2

∗ 𝑢∆𝑚
2 + (

𝜕𝑅𝑃
𝜕𝑚𝑖

)
2

∗ 𝑢𝑚𝑖
2  

(9) 

 
where umm = umi = us = ±0.00022 g. 

2.2 Results and discussions 

2.2.1 Water absorption by salts 

2.2.1.1 Pure single chloride salts 

The photographs of four pure single chloride salts during exposure to ambient air captured at 

different exposure times are shown in Fig. 9. It can be seen that there is no obvious change in the 

powder samples of NaCl and KCl salts with increasing exposure time, as shown in Fig. 9a and 

Fig. 9b. the photos of the MgCl2 sample at different exposing time are shown in Fig. 9c. A “bump” 

surface is generated and enlarged with the increase of the amount of absorbed water. The reason 
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should be the increase of mass and the change of solid structure that caused volume change or the 

surface tension increase due to absorbed water [281]. The kinetic changes of ZnCl2 salt powder 

with the increment of absorbed water are shown in Fig. 9d. It was obvious that most of the salts 

changed from solid powder to aqueous state after being exposed to air for 13.5 hours and the solid 

powder samples were then fully dissolved in absorbed water as shown in the picture taken at the 

time of exposing to air for 24 hours. This recorded phenomenon reflects the high hygroscopic and 

deliquescent property of ZnCl2 salt. 

 

 

   

Fig. 9 Photographs of single chloride salt taken at different exposure time:  

a) NaCl, b) KCl, c) MgCl2, d) ZnCl2  



69 
 

The percentage increase of mass varied with exposure time for four single chloride salts are 

shown in Fig. 10. As mentioned above, the relative humidity was not controllable but being 

monitored. The RH varied from 30.1% to 31.7% during the period of experiments. The percentage 

mass change of NaCl and KCl salts is 0.026% and 0.03%, respectively. This result explains the 

phenomenon observed in Fig. 9, which is also in accordance with the fact that the hygroscopic 

property of both NaCl and KCl are very small. 2.83 g water (56.65% of the dry sample weight) 

was absorbed by the 5 g ZnCl2 salts and the sample became saturated after being exposed to the 

ambient air for 52 hours, which can be observed from the curve for ZnCl2 in Fig. 10. The 

percentage variation in the mass of MgCl2 salt was 97.12% after exposing 72 hours, which is 1.7 

times of the increment of ZnCl2 salt. We can see that even though the water absorption rate of 

ZnCl2 salt is faster than MgCl2 salt at the first 10 hours, MgCl2 salt absorbed more water than 

ZnCl2 salt after exposure to ambient air for 72 hours. Referring to the phenomenon seen in Fig. 9, 

the sample of MgCl2 salt absorbed more water but was still in a solid-state. One reasonable reason 

is that the solubility of ZnCl2 (1 g / 0.258 g water) is higher than MgCl2 (1 g /1.81 g water). Based 

on the experimental result, the amount of water absorbed by 1 g of ZnCl2 salt is 1.765 g and 1.030 

g by 1 g of MgCl2 salt. Therefore, the absorbed water is enough to dissolve all ZnCl2 salt. But it 

was not enough to dissolve the MgCl2 salt. The ZnCl2 salt is more deliquescent than MgCl2 salt 

but less hygroscopic. The highest value of overall uncertainty in the measurement of single salt 

was calculated to be ±0.00741%. 

2.2.1.2 Binary salts  

To study the effect of particle size on the kinetic process of water uptake, four KCl-MgCl2 salt 

samples with different particle sizes were selected in this work. The samples were named KM-P1, 

KM-P2, KM-P3, and KM-P4 with the particle size in the range of fewer than 125 microns, 125 to 
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250 microns, 250 to 500 microns, and 500 to 1000 microns, respectively. The curves of percentage 

increase in mass versus exposure time are shown in Fig. 11. It is clear to observe that the sample 

with a larger particle size absorbed more moisture and faster. This is because of the surface area 

exposed to wet air decrease with the increase of particle size. The highest value of uncertainty for 

this part is ±0.00642%.  

 

 

Fig. 10 Percentage increase in mass varied with exposure time for four single chloride salts at 

temperature = 23 °C. 

 

To compare the results of pre-melted molten salts with simply mechanically mixed salts, the 

data of theoretical mechanical mixing based on the experimental results of four single chloride 

salts and the mass ratio of each molten salt mixture can be calculated by Eq. (10). 
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 𝑦 = ∑
𝑏𝑖

𝑚𝑖
∗ 𝑤𝑖% ∗ 𝑚𝑒

𝑛

𝑖

 (10) 

 

where bi is the percentage increase in mass of each dry single salt obtained in section 2.2.1.1, mi 

is the mass of each dry single salt, wi% is the mass fraction of each component in eutectic molten 

salt samples, and me is the mass of these samples. The results of the calculated value are named 

with a symbol “ ′ ”. From Fig. 11, It is can be seen that the results of the calculated value of 

theoretical mechanical mixing are similar to those obtained from the experiment of the KM-P3 

sample. 

 

 

Fig. 11 Percentage increase in mass varied with exposure time for KCl-MgCl2 binary salts with 

different particle sizes at temperature = 23 °C. 
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2.2.1.3 Ternary salts 

The experiment of water uptake of NaCl-KCl-MgCl2 ternary eutectic salts (named as NKM-

#1, NKM-#2, and NKM-#4, separately) with different molar ratio listed in Table 3 were conducted. 

The results of the percentage increase in mass varied with exposure time are shown in Fig. 12. It 

can be seen that the sample containing more MgCl2 absorbed more moisture with a faster 

absorption rate. Referring to the results of single chloride salts, the absorption of water by NaCl 

and KCl salts is neglectable, and then MgCl2 salt is the major component that absorbed water in 

this ternary molten salt system. Therefore, the experimental results are reasonable. The calculated 

values of the mechanical mixture are very close to experimental results for NKM-#1 and NKM-

#2 salt within the first 55 hours of exposure and slightly lower after that, as shown in Fig. 12. The 

percentage increase in mass is 45.12%, 54.32%, and 26.38% for NKM-#1, NKM-#2, and NKM-

#4 samples, separately after being exposed to air for 72 hours. The highest value of uncertainty for 

this part is ±0.00661%. 

The comparison of variation of percentage change in mass of wet NaCl-KCl-ZnCl2 ternary 

eutectic molten salts with different mass ratio 8.1%-31.3%-60.6% (NKZ-#1), 10%-15.1%-74.9% 

(NKZ-#2) and 7.5%-23.9%-68.6% (NKZ-#4) are shown in Fig. 13. NKZ-#2 sample absorbed the 

most moisture from the surrounding and had the highest rate of water absorption. It is reasonable 

due to the amount of absorbed water mostly resulted from the hygroscopic property of ZnCl2 salt 

in the NaCl-KCl-ZnCl2 system and NKZ-#2 has the highest ZnCl2 mass fraction. Compared to the 

NaCl-KCl-MgCl2 molten salts, NaCl-KCl-ZnCl2 ternary salts absorbed less moisture. The results 

based on the calculation of theoretical mechanical mixture from the experimental results of single 

chloride salts are much higher than experimental data, as shown in Fig. 13. The highest value of 

uncertainty for this part was found to be ±0.0063%. 
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Fig. 12 Percentage increase in mass varied with exposure time for ternary NaCl-KCl-MgCl2 

molten salts with different compositions at temperature = 23 °C. 

 

Fig. 13 Percentage increase in mass varied with exposure time for ternary NaCl-KCl-ZnCl2 

molten salts with different compositions at temperature = 23 °C. 
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Fig. 14 shows the results of the percentage variation in weight for KCl-MgCl2-ZnCl2 eutectic 

salts. The total amount of water absorption and water absorption rate of three of the samples were 

close. Compared to other eutectic molten salts studied in this work, KCl-MgCl2-ZnCl2 eutectic 

salts absorbed the least water. It is easy to see that all three curves are much lower than the curves 

of the calculated value of mechanical mixing. The structure of NaCl-KCl-ZnCl2 and KCl-MgCl2-

ZnCl2 eutectic salts may restrict the hygroscopic of ZnCl2 salt, which needs to be verified by other 

characterization methods in the future. The highest value of uncertainty of the water absorption 

experiment for KCl-MgCl2-ZnCl2 salt was calculated to be ±0.00619% by Eq. (7) to Eq. (9). 

 

 

Fig. 14 Percentage increase in mass varied with exposure time for ternary KCl-MgCl2-ZnCl2 

molten salts with different compositions at temperature = 23 °C. 
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2.2.2 Water removal from salts 

2.2.2.1 Dried at 120 °C 

To study the effect of drying temperature on the process of removing water from wet salts, 

two heating temperatures 120 °C and 150 °C were selected. Fig. 15 shows the effect of drying 

time on water removal of single chloride salts. The curves for NaCl and KCl salts were almost flat 

even after drying for 30 hours, which reflected that these two samples contained a very small 

amount of moisture after exposure to wet ambient. This result is consistent with the conclusion 

obtained from the water uptake study in section 2.2.1.1. The weight of the wet ZnCl2 sample 

dropped very fast in the first drying hour and then the mass reduction was very slowly after that, 

as shown in Fig. 15. There was still 0.64 g (12.8% of the dry sample mass) of the absorbed water 

remaining in the ZnCl2 sample after drying 22 hours. This because a ‘film’ was observed on the 

sample surface after the first drying hour, as shown in Fig. 16, which is formed by the 

crystallization of ZnCl2 and caused the remaining water hard to evaporate. From Fig. 15, it can be 

seen that the kinetic process of water removal on MgCl2 salt is smoother than that of ZnCl2 salt. 

However, a water amount of 13.6% of the initial sample mass was still residual in the MgCl2 

sample after being dried for 22 hours. This is because the bonded water in MgCl2 salt needs more 

energy and time to be removed than ZnCl2, where the water is easy to be removed from an aqueous 

solution. Ferchaud et al. [282] studied the process of thermal dewatering for MgCl2 hydrate and 

found the mass kept constant at 120 °C. The product of MgCl2 ▪2H2O from dewatering of MgCl2 

▪4H2O was hard to decomposition thermally at 120 °C. 

The curves of the percentage decrease in mass of wet NaCl-KCl-MgCl2 ternary salt samples 

with different mole fractions varied with drying time dried at 120 °C are shown in Fig. 17a. NKM-

#3 sample has the fastest water removal rate and lowest relative percentage of the remaining water, 
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while NKM-#2 has the lowest dehydrated rate, as shown in Fig. 17a. Since NKM-#2 salt has the 

highest fraction of MgCl2, which kept most crystallization water in a hydrated state that was hard 

to be removed at 120 °C [260].  

 

 

Fig. 15 Percentage change in mass varied with drying time for wet single chloride salts dried at 

120 °C. 

 

 

Fig. 16 Photograph of ZnCl2 salt sample after being dried 1 hour at 120 °C 
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(a) NaCl-KCl-MgCl2 ternary molten salts            

 

 

(b) KCl-MgCl2 -ZnCl2 ternary molten salts 
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(c) NaCl-KCl-ZnCl2 ternary molten salts 

Fig. 17 Percentage change in mass varied with drying time for wet ternary salts dried at 120 °C. 
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all wet samples when they are dewatered at 120 °C.  

2.2.2.2 Dried at 150 °C 

The curves of the percentage decrease in weight varied with the time of wet single salts dried 

at 150 °C are shown in Fig. 18. Compared to the results of being dried at 120 °C, more amount of 

mass loss in the first hour can be observed from all samples except NaCl and KCl. This is because 

a higher temperature provides more energy that makes water evaporate much easier at 150 °C.  

There is almost no mass change of NaCl and KCl salts, as shown in Fig. 18. Referring to the results 

from the experiments of water uptake and dried at 120 °C, we can conclude that NaCl and KCl 

salts don’t contribute to the water uptake from pre-melted molten salt mixtures. A similar kinetic 

process can be seen for ZnCl2 salt as a result of the sample being dried at 120 °C. There is still 

11.2 percent of water after being dried for 32 hours that is not extracted from the ZnCl2 salt sample, 

which is significantly lower than that dried at 120 °C. Compared with the results of the MgCl2 

sample in Fig. 18 to those shown in Fig. 15, the rate of water removal was faster within the first 

14 hours and there was an additional 9.3 % of water evaporated from the MgCl2 sample dried at 

150 °C.  

Fig. 19 shows the comparison of the percentage variation in mass varied with drying time at 

150 °C of binary KCl-MgCl2 salt samples with four different particle sizes. The rate of water 

removal is almost the same for four samples in the first 4 hours. After that, the water removal rate 

on KM-P4 is the most slowly, which is because of its biggest particle size. The mass of four 

samples was dried back to its initial weight after 10 hours. However, the percentage decrease in 

mass was less than 0 % after being dried for 23 hours. This observation indicates the mass is less 

than the initial dry sample. One reasonable explanation is that the samples are not totally dry before 

the experiments due to the absorption of moisture during the storage or preparation process. 
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Another possible reason is the happening of the hydrolysis reaction of MgCl2 during the drying 

process. B. Smeets et al. [279] reported this reaction would happen when the drying temperature 

is higher than 150 °C. The reason will be figured out in further characterization study. 

 

 

Fig. 18 Percentage change in mass varied with drying time for wet single chloride salts dried at 

150 °C. 

 

Fig. 20a shows the effect of drying time on the change of sample mass for KCl-MgCl2-ZnCl2 

eutectic salts at 150 °C. The curves of three wet samples with different molar ratios are similar and 

the results indicate most of the observed water was removed from three KCl-MgCl2-ZnCl2 samples.  

The remaining water was less than 3% of the dry sample mass after being dried at 150 °C for 10 

hours. 
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removed in the first hours. More water was removed from the NKZ-#1 sample, which has the 

lowest fraction of ZnCl2 content. The remaining amount of water is 2.31%, 3.94%, and 4.21% of 

the initial sample mass, separately. This observation means the water can’t be removed completely 

from wet NaCl-KCl-ZnCl2 ternary eutectic molten salts when they are dried at 150 °C. The main 

reason is the ‘film’ generated and covered on the surface of the aqueous solution, which limits the 

evaporation of remaining water. 

There is a drawback of water removal in the experiment due to the mass of the samples has to 

be measured by taking the sample holders out of the tube furnace, which caused two issues. The 

first one is that the accuracy is affected because the salts are exposed to air during the process. The 

other one is the increase in the difficulty to operate at a temperature higher than 150 °C. Therefore, 

the water removal experiment was improved and the results are discussed in the next section. 

 

 

Fig. 19 Percentage change in mass varied with drying time for wet KCl-MgCl2 salts sample 

dried at 150 °C. 
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(a) KCl-MgCl2-ZnCl2 ternary molten salts 

 

 

(b) NaCl-KCl-ZnCl2 ternary molten salts 

Fig. 20 Percentage change in mass varied with drying time for wet ternary salts samples dried at 

150 °C. 
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2.3 Improvement of the experiment for water removal  

2.3.1 Improvement on the experimental setup 

 

 

Fig. 21 Schematic of improved design of water removing experiment setup 

 
The Schematic diagram of the improved setup for the water removal experiment is shown in 

Fig. 21. A relative humidity meter and pH meter were added to the experiment setup. The relative 

humidity meter (Made by Vaisala with the model number of HMT337) has two probes, one is used 

to measure relative humidity and the other one is used to measure the corresponding temperature. 

They were inserted into a quartz chamber which was connected with the outlet of the tube furnace 

to monitor the variation of relative humidity and temperature of exhaust gas. The chamber and the 

tube linked the chamber with the outlet of the tube furnace were heated by heating tape and 

protected by thermal insulation material from heat loss. The temperature inside the chamber and 

tube were maintained at 110 °C to avoid the condensing of water. The data of relative humidity 

and temperature were recorded by an analog data logger (made by HOBO with model number 

UX120) every 10 seconds. The exhaust gas was then delivered into the buffer solution with a PH 

around 5.1 after removing the moisture by a Drierite drying unit. The variation of the pH value of 
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the buffer solution was monitored by a pH meter (Made by Hanna with the model number of 

HI5221-01). 

2.3.2 Results and discussions 

 

 

Fig. 22 Variation of the relative humidity of exhaust gas with time for dry MgCl2 salt dried at 

different temperature 
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there is only a very small amount of water exists in the dry MgCl2 salt, which can be ignored. This 

observation implies that the salt sample is totally dry.  

 

 MgCl2•6H2O → MgCl2•6H2O + 2H2O 120°C (11) 

 MgCl2•4H2O → MgCl2•2H2O + 2H2O 180°C (12) 

 MgCl2•2H2O → MgCl2•H2O + 2H2O 240°C (13) 

 MgCl2•2H2O → MgOHCl + HCl + H2O 182°C (14) 

 MgCl2•H2O → MgOHCl + HCl 350°C (15) 

 

The result of the relative humidity of exhaust gas varied with drying time for wet MgCl2 

sample with 74.6% absorbed water is shown in Fig. 23a. The red dash line denotes the temperature 

program. The holding time depends on the reading of the RH meter. When the relative humidity 

of the exhaust gas was lower than 0.3%, the holding step was skipped and the furnace was heated 

to the next temperature step. The four peaks indicate the water removed at different temperatures. 

The observation implies that the water can’t be totally removed at 120 °C and 180 °C because 

there are two more peaks appeared at 240 °C and 350 °C, which agree with the results discussed 

in section 2.2.2.  From Fig. 23a, it can be seen most of the water was removed at 180 °C.  

The pH of the buffer solution started to decrease when the temperature of the sample reached 

240 °C, as shown in Fig. 23b, which indicates the happening of the hydrolysis reaction. The pH of 

the buffer solution drop suddenly means the increase of acidity of the buffer solution, which 

indicates the generation of HCl from the hydrolysis reaction. 
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(a) Relative humidity  

 

(b) the pH of buffer solution 

Fig. 23 Variation of the relative humidity of exhaust gas and pH of a buffer solution with time for 

MgCl2 salt dried at different temperature  
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The experiments of water removal from dry and wet KM binary salt samples by new setup 

were conducted with the results shown in Fig. 24.  There are two tine peaks in the curve shown in 

Fig. 24a. The first one indicates the removal of water during the sample is heated to 120 °C, this 

small amount of water is absorbed by the sample during the process of weighting and 

transformation to tube furnace. The second peak implies a tiny amount of water contained by the 

samples but is neglectable. This observation proves that the new procedure of molten salt 

preparation effectively removes the water during the pre-melt process. Fig. 24b shows the result 

of variation of RH of exhaust gases versus time at different drying times for a sample of binary 

KCl-MgCl2 salt with 41% of absorbed water. It can be seen that most of the water was removed at 

the drying temperature of 120 °C and took a much longer time than the wet MgCl2 sample. 

Absorbed water was removed completely at 240 °C. 

The results of variation of the relative humidity of exhaust gas versus time at different drying 

temperatures for dry and wet NKM-#2 samples are shown in Fig. 25. It can be seen that the ‘dry’ 

samples contained a small amount of water that may be from the preparation, storage, or 

transportation process, which can be removed at 180 °C, as shown in Fig. 25a. To minimize the 

effect of preexisting water, the NKM-#2 salts were dried at 180 °C for two hours before exposure 

to wet surroundings to absorb different amounts of water. The variation curve of RH of exhaust 

gas with drying time for NKM-#2 salt with different amount of absorbed water are shown in Fig. 

25b-d. We can see that the holding time of the first drying step (120 °C) increases with the 

increment of absorbed water. Most of the water was removed at 180 °C and the absorbed water 

was removed totally at the drying temperature of 240 °C.  

Depending on the results discussed above, the re-designed water removal experiment 

successfully improved the study of the water removal procedure on chloride molten salts 
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containing MgCl2.   For the samples with a small amount of absorbed water, a drying temperature 

of 180 °C is needed.  The water can be removed totally from NaCl-KCl-MgCl2 molten salt with 

50% absorbed water at 240 °C.  The re-designed experiment proved that the generation of acidic 

products from the drying process of chloride molten salt containing MgCl2.  The existence of acidic 

products will increase the risk of corrosion to the material of the piping and storage tank. 
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(a) Dry KM sample 

 

(b) KM sample with absorbed water 

Fig. 24 Variation of the relative humidity of exhaust gas with time for KM salt dried at different 

temperature  
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(a) Dry NKM-#2 sample  

 

 

(b) NKM-#2 sample with 16.4% absorbed water 
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(c) NKM-#2 sample with 36.5% absorbed water 

 

(d) NKM-#2 sample with 52.6% absorbed water 

Fig. 25 Variation of the relative humidity of exhaust gas with time for NKM-#2 salt with different 

absorbed water dried at different temperature  
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Chapter 3 Investigation of thermophysical 

and transport properties of candidate 

chloride molten salts 

3.1 Correlations and prediction for thermal and transport properties   

In this section, the prediction method, published empirical correlations for heat capacity, 

density, viscosity, and thermal conductivity are surveyed. 

3.1.1 Heat capacity 

The Dulong-Petit equation was considered to be a very good method to predict the heat 

capacity of the liquid molten salts mixture of alkali and alkaline earth halides salts [214]. The 

equation is in the form of Eq. (16) [283],  

 

 cp=8
∑ xi Ni

∑ xi Mi
   (16) 

 

where cp is the heat capacity of the molten salt mixture, in a unit of cal/(g•K), Ni is the number of 

atoms per salt constituent i (g/mole), Mi is molecular weight (g/mol) of the ith component, xi is the 

mole fraction of the ith component. The heat capacity factor 8 (cal/mol K) represents a contribution 

of 8 cal/K per mole of each atom in the salt mixture. This equation shows a cp value that is constant 

and independent of the temperature.  

Another prediction method is the calculation of molar fraction average based on the additive 
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principle, which is introduced by Khokhlov to calculate the properties of the molten salt mixture 

[284]. The expression is shown as follows: 

 

 𝑐𝑝 = ∑ 𝑥𝑖𝑐𝑝,𝑖 (17) 

 

where cp is the heat capacity of the molten salt mixture, in a unit of J/(mol•K), xi is the mole 

fraction of the ith component, and cp,i is the heat capacity of the ith component. The values of cp,i 

can found and calculated from the equations collated by Chartrand and Pelton [223]. 

Sohal et al. [215] reported a constant value of heat capacity of binary KCl-MgCl2 salt at 1.15 

J/(g•K). 

3.1.2 Density  

The approximation prediction of density for molten salt mixture can be found by the additive 

each pure chloride salt. The equation can be written as [285]: 

 

 𝜌 =
1

∑ 𝑤𝑖
𝜌𝑖

 (18) 

 

where ρ is the density of the molten salt mixture, wi, and ρi is the mass fraction and density of 

individual molten salt, respectively.  

Another method is the quasi-chemical model (QCM), which has been studied to predict the 

density for binary and ternary molten salt mixtures [261, 286-288]. The expression of mixture 

density is given in Eq. (19): 
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 𝜌 = ∑
𝑀𝑖𝑛𝑖

𝑉
 (19) 

 

where Mi and ni are the molar mass and the number of moles of each salt, separately. V is the 

volume of the molten mixture and can be calculated by Eq. (1)(20): 

 

 𝑉 = ∑ 𝑛𝑖/𝐶𝑙𝑉𝑚
𝑖/𝐶𝑙(𝑇) + ∑ ∑(𝑛𝑘𝑙/𝐶𝑙/2) ∗ (𝜕∆𝑔𝑘𝑙/𝐶𝑙/𝜕𝑃)

𝑙>𝑘𝑘𝑖

 (20) 

 

where i, k, l represents cations, ni/Cl denotes the number of moles of each pure molten salt, nkl/Cl is 

the number of moles of k-(Cl)-l second-nearest-neighbor cation-cation pairs, Δgkl/Cl is the Gibbs 

free energy change for the second-nearest-neighbor cation-cation pair exchange. It is composed of 

two parts: independence of the hydrostatic pressure, and the pressure-dependent part. 𝑉𝑚
𝑖/𝐶𝑙(𝑇) is 

the molar volume at temperature T for each pure salt and can be computed by Eq. (21): 

 

 𝑉𝑚
𝑖/𝐶𝑙(𝑇) = 𝑉𝑚

𝑖/𝐶𝑙(𝑇𝑟𝑒𝑓) ∗ 𝑒𝑥𝑝 (∫ 𝛼(𝑇)𝑑𝑇
𝑇

𝑇𝑟𝑒𝑓

) (21) 

 

where Tref is the reference temperature of 298.15 K, α(T) is the thermal expansion in the form as: 

 

 𝛼(𝑇) = 𝑎 + 𝑏𝑇 + 𝑐𝑇−1 + 𝑑𝑇−2 (22) 

 

the value of Tref and expression of α(T) can be found in the reference [287]. 

There are two correlations for the density (kg/m3) of KCl-MgCl2 binary molten salt with 

https://www.sciencedirect.com/topics/engineering/molar-mass
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temperature (K) collected by Sohal [215], which are expressed as Eq. (23) and (24), separately.: 

 

 ρ= 2363.84 - 0.474 × T(K) (23) 

 ρ = 2000.7 - 0.45709 × T(K) (24) 

 

3.1.3 viscosity 

The rough-hard-sphere (RHS) model can be used to predict the viscosity of singe salts 

introduced by Wang and Teja[289]. The model depends on the relationship of the reduced viscosity 

of rough hard spheres (RHS) and smooth hard spheres (SHS) derived by Chandler [290], as shown 

in Eq. (25). 

 

 𝜂𝑅𝐻𝑆
∗ = 𝐶𝜂𝜂𝑆𝐻𝑆

∗  (25) 

 

where Cη represents the coupling translational-rotational parameter that contributions to 

the transport properties of spheres, which can be found by the following equation: 

 

 𝐶𝜂 = 𝐴 + 𝐵
𝑇

𝑇𝑚
 (26) 

 

where A and B are two parameters that can found in Wang’s work for each chloride salt component 

[289]. In addition, 𝜂𝑅𝐻𝑆
∗  and 𝜂𝑆𝐻𝑆

∗  can be expressed as:  

 

https://www.sciencedirect.com/topics/chemistry/transport-property
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 ηRHS
*  = 6.035×108(

1
MRT

)
0.5

ηV2/3 (27) 

 log (𝜂𝑆𝐻𝑆
∗ ) = 𝐹𝜂 [

𝑉 − 𝑉𝑚

𝑉𝑠
] = 𝐹(𝜉) (28) 

 

where M is the molecular weight of pure component (kg/mol), R is the gas constant (J/(mol•K)), 

T is the temperature (K), η is the viscosity (Pa•s), V is the molar volume (m3/mol), Vm and Vs are 

the molten salt molar volume (m3/mol) and solid salt molar volume (m3/mol) at the melting point, 

respectively. Argon was used as the smooth hard-sphere fluid to obtain the function F(ξ), which is 

given by: 

 

 F(ξ) = 1.47196 - 2.97429ξ + 6.49614ξ2 - 8.79580ξ3 + 5.13859ξ4 (29) 

 

The viscosity of molten salt mixtures can be found by the polynomial expression, which is 

one earlier model that is used to predict the viscosity for the mixture of eutectic molten salts. It is 

expressed by Eq. (30) [291]: 

 

 𝜂 = [∑(𝑥𝑖 √𝜂𝑖
3 )]

3
 (30) 

 

where xi and ηi are the mole fraction and dynamic viscosity of every single component, 

respectively. 

Katti and Chaudhri’s method [292] is another approach to predict the viscosity of eutectic 

molten salt mixtures, which could be expressed by the following equation: 
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 𝑙𝑛(𝜂𝑉) = ∑ 𝑥𝑖 ∗ 𝑙𝑛(𝜂𝑖) 𝑉𝑖 + ∑ ∑ 𝑥𝑖𝑥𝑗
∆𝐺𝑖𝑗

𝑅𝑇
𝑗(𝑖<𝑗)𝑖𝑖

 (31) 

 

where xi and xj are the mole fraction of each pure component, ηi and Vi are the viscosity and molar 

volume of the ith component, ΔGij is the interaction energy for the interaction of the fluid between 

i and j component. This expression considers not only the viscosity of pure salt but also the 

interaction within binary mixtures. 

The variation of viscosity for molten salt mixtures also is similar to that of nonelectrolyte 

solution, so the viscosity of eutectic molten salt can be obtained by the quadratic equations of 

mobility [293]. 

 

 𝜂−1 = ∑ ∑ 𝑥𝑖𝑥𝑗𝜂𝑖𝑗
−1

𝑗𝑖

 (32) 

 ln (ηij ηij
*⁄ )  = -2.11 + (2.17 × Tij

* T⁄ ) - 0.06 × (T Tij
*⁄ )

8
 (33) 

 (𝜂𝑖𝑗
∗ )−1 =

1
2

[(𝜂𝑖
∗)−1 + (𝜂𝑗

∗)
−1

] (34) 

 
Tij

*=√Ti
*Tj

* [1 - 0.37 × (
|Vi

*-Vj
*|

Vi
*-Vj

* )] 
(35) 

 

where xi is the mole fraction of every single component. T*, V*, * are the characteristic 

parameters of pure component and could be obtained by fitting experimental data of viscosity of 

individual molten salt. 

There are two equations that can be employed to calculate the viscosity (Pa•s) of KCl-MgCl2 

binary molten salt at different temperature (K) in the forms of Eq. (36) and (37), respectively [294, 



98 
 

295]. 

 𝜇 = 9.3463×10-3 - 2.2533×10-5 × T + 2.5006*10-8 × T2 - 10.455×10-12 × T3 (36) 

 μ = 1.408×10-4 exp (
2262.979

T
) (37) 

 

3.1.4 Thermal conductivity 

Average ionic weight (IW) correlation was introduced by Cornwell to calculate the thermal 

conductivity of different families of molten salts. The equation for pure chloride salt is given in 

the form of Eq. (38). 

 

 λi = 1.81Mi
-0.4435 (38) 

 

Where Mi is the mean ionic weight (molecular weight divided by the number of ions) for the ith 

component. Since the effect of temperature is not considered in IW correlation, the calculated 

thermal conductivity is not accurate and can only be used to check the general range of the value 

[285].  

Another method that can be used to calculate the thermal conductivity of molten salt is the 

Rough-hard-sphere (RHS) model, which is proposed by DiGuilio [296] and Hossain [297]. The 

reduced thermal conductivity of rough hard-sphere (𝜆𝑅𝐻𝑆
∗ ) can be calculated by the product of a 

translational-rotational coupling parameter (𝐶𝜆) and the reduced thermal conductivity of smooth 

hard sphere (𝜆𝑆𝐻𝑆
∗ ), as shown in Eq. (39). 

 

https://www.sciencedirect.com/science/article/pii/S0038092X17301792#b0030
https://www.sciencedirect.com/science/article/pii/S0038092X17301792#b0035
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 𝜆𝑅𝐻𝑆
∗ = 𝐶𝜆𝜆𝑆𝐻𝑆

∗  (39) 

 

The value of 𝜆𝑆𝐻𝑆
∗  can be found by correlating the properties of argon that is employed as the 

smooth hard spheres. The expression is shown in Eq. (40). 

 

 λSHS
*  = F(ξ) = 0.68285 - 0.84286ξ + 0.6637ξ2 - 0.21015ξ3  (40) 

 

where ξ = (V - Vm)/Vs. V is the molar volume (m3/mol), Vm and Vs are the molten salt molar 

volume (m3/mol) and solid salt molar volume (m3/mol) at the melting point, respectively. Then the 

reduced thermal conductivity of molten salt is calculated by the following equation: 

 

 
𝜆𝑖

∗ =
𝜆𝑖

𝐵(𝑅3/2𝑁𝐴
−1/3) [𝑇𝑚 (𝑀𝑤

𝑛 )
−7/3

𝑣𝑚
−4/3]

0.5 = 𝐶𝜆𝐹(𝜉) 
(41) 

 

where λi is the thermal conductivity (W/(m•K)) for a molten salt, B is a constant that is equal to 

13.28, R is the universal gas constant (J/(mol•K)), NA is the Avogadro’s number (mol-1), Tm is 

the melting temperature (K), Mw is the molecular weight (kg/mol), n is the number of ions in each 

pure molten salt, vm is the specific volume at the melting point (m3/kg). Then the thermal 

conductivity of molten salt mixture can be found from the additive principle: 

 

 
𝜆𝑖

∗ =
𝜆𝑖

𝐵(𝑅3/2𝑁𝐴
−1/3) [𝑇𝑚 (𝑀𝑤

𝑛 )
−7/3

𝑣𝑚
−4/3]

0.5 = 𝐶𝜆𝐹(𝜉) 
(42) 

 

https://www.sciencedirect.com/topics/engineering/universal-gas-constant
https://www.sciencedirect.com/topics/engineering/melting-temperature
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Janz [298] provided the following correlation to calculate the thermal conductivity of the 

binary KCl-MgCl2 molten salt, where λ and T are in the unit of W/(m•K) and K, separately. 

 

 𝜆 = 0.2469 + 5.025 ∗ 10−4 ∗ 𝑇 (43) 

 

In this work, the thermophysical properties of a binary mixture of KCl-MgCl2 and three 

ternary mixtures of NaCl-KCl-MgCl2 with different mole ratios were experimentally investigated 

and compared to the data predicted by the above models. 

3.2 Experimental setup and procedures 

3.2.1 Measurement of melting point, specific heat capacity, and heat of fusion 

The eutectic chloride salt melting point, specific heat capacity, and heat of fusion were 

measured by using a simultaneous differential scanning calorimetry (DSC) and thermogravimetric 

analysis (TG) system (Model STA449 F3 made by NETZSCH). Argon is employed as the 

protective gas. A great amount of effort has been made to calibrate the STA449 F3 system and 

ensure that the repeatability of tested data is rigorously maintained [299]. The systematic error of 

the DSC signal is ±2% of reading; while the temperature measurement, systematic error is 0.2 °C. 

It was interesting that the molten salt in graphite crucibles did not show a creeping effect, which 

however is significant in platinum crucibles. Thus, crucibles made of high-density graphite were 

used in the test for specific heat capacity. ASTM [300] defined standard procedures and 

temperature increasing steps for measurement of specific heat capacity were followed in all the 

tests [301]. Each specific heat capacity measurement was conducted by the following steps: 

1. The test for two empty graphite crucibles was conducted to find the baseline of the test;  

https://www.sciencedirect.com/science/article/pii/S0038092X17301792#b0060
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2. The measurement for a standard sapphire sample as a reference material was conducted;  

3. The test for the molten salt sample was examined.  

All the steps above were conducted under the same conditions: the same temperature program, 

same protection gas, same flow rate, and same graphite crucibles. The sample of each eutectic 

molten salt was selected to have a similar mass with the standard sapphire sample, which is around 

23 mg. The specific heat capacity of molten salt was calculated by the ratio method using Eq. (44) 

[300] and the data was recorded and analyzed by the Netzsch Proteus program. 

 

 𝐶𝑃(𝑠) =  𝐶𝑃(𝑠𝑡)
𝐷𝑠 • 𝑊𝑠𝑡
𝐷𝑠𝑡 • 𝑊𝑠

 (44) 

 

where 

CP(s) = specific heat capacity of the specimen, J/(g•K), 

CP(s) = specific heat capacity of the sapphire standard, J/(g•K), 

Ds     = vertical displacement between the specimen holder and the specimen DSC thermal curves 

 at a given temperature, mW, 

Dst    = vertical displacement between the specimen holder and the sapphire DSC thermal curves 

  at a given temperature, mW 

Ws    = mass of the specimen, mg  

Wst   = mass of sapphire standard, mg. 

3.2.2 Measurement of density 

The density of molten salt was measured by an in-house-developed density meter designed 

based on Archimedes' principle of buoyancy, which is expressed as Eq. (45). 
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 FB = ρ * V (45) 

 

where FB is the buoyancy force experienced by the object, ρ is the density of the fluid and V is 

the volume of fluid displaced by the object. Eq. (45) can be reformulated as Eq. (46): 

 

 𝜌𝑓 =
∆𝑀
𝑀

∗ 𝜌𝑀 (46) 

 

where ρf is the density of the fluid, ρM is the density of the object, M is the weight of the object 

measured in air and ∆M is the weight difference of the object caused by the buoyancy force of 

the molten salt.  

The schematic of an improved density measurement setup is shown in Fig. 26. A bottom-

ended quartz tube was used to hold a molten salt sample (around 50 g each test). After loading salt, 

the tube was put into a furnace which was used to heat the samples to the desired temperatures. 

An object (high purity Nickel cylinder) was used as the object and connected to a gauge by thin 

platinum wire. To increase the variation of mass change due to buoyancy force and minimize the 

uncertainty, a new Nickel rod with a large size was employed. A balance of systematic error of ± 

0.1% of full scale (50g) was employed to measure the initial mass of the Nickel rod (M in Eq. (46)) 

in the air.  After the salt was fully melted, the object was immersed into liquid salt and the mass 

of the rod was measured and recorded at each temperature. Ultrahigh purity Argon gas was passed 

into the container to keep oxygen and moisture away from the salt during the heating process. 

Since a thermal drift of the baseline of the force gauge was observed when the furnace heated to a 

high temperature during the previous experimental process, a small fan was introduced to cool 
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down the force gauge. A data recording program was used to record the data for 10 seconds 

because the value displayed in the force gauge was not constant. Then an average value was 

calculated. 

 

 

Fig. 26 Schematic of the density measurement setup 

 

To validate the effect of the wind generated by the introduced fan on the result of mass 

measurement, a stability test was conducted with and without the existence of the fan. The Nichol 

rod was hung on the balance with Pt wire at room temperature (22 °C) and its mass was measured 

every 5 mins. The results are shown in Fig. 27. It can be seen that the measurement of mass is very 

stable carried by this experimental setup. And the addition of the fan will not affect the accuracy 

of the measurement. The mass at each measured point is very close to the data measured without 

a fan. The average measured mass is 42.455 g and 42.465 g with a standard deviation of 0.011 g 

and 0.009 g for the case with and without a fan, respectively. The relative difference is 0.02%.  

The reliability of the system was checked by conducting the density measurement for water and 
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oil at room 22 °C. The measurement density and relative error compared to theoretical value are 

listed in Table 5. The relative error is 1.1% and 1.69% for water and oil, separately. It implies the 

reliability and accuracy of the density measurement system are very good.  

 

 
Fig. 27 Result of the stability test 

 

Table 5 Measured density of water and oil at 22 °C 

 ρ (kg/m3) Relative Error 
 

Theoretical  Experiment  

water 997.77 986.79 1.1% 

Oil 875.7 860.9174 1.69% 

 

3.2.3 Measurement of viscosity 

The viscosity of high-temperature molten salt was measured using a high-temperature 

viscometer (Brookfield viscometer). The instrument is custom-designed and manufactured by 
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Theta Industrials Inc. Rigorous calibration to the viscometer was conducted using Cannon 

Certified Viscosity Reference Standard Oil for comparison so that the system error is negligible. 

The instrument was also checked by measuring the viscosity of a eutectic molten salt, NaCl-KCl-

ZnCl2 (Mole: 20%-20%-60%), which has available viscosity data in the literature [302]. In our 

previous work for the calibration measurement [303], it showed a deviation of less than ±2% 

between the measured mean data (from multiple tests) and reported data in the literature. In the 

measurement of the eutectic NaCl-KCl-MgCl2 molten salt, three samples of the same compositions 

were prepared, and each of the samples was tested twice. The repeatability of measured data was 

checked, which showed a deviation of the tested data from the tested means data less than ±5% at 

any temperature point. 

3.2.4 Thermal conductivity obtained through measurement of thermal diffusivity, density, and 

specific heat capacity  

The thermal conductivity of high-temperature molten salt is determined through Eq. (47). 

 

 λ = α*ρ*Cp (47) 

 

where ρ and Cp are density and the specific heat, respectively, which are experimentally measured 

through the facilities and approaches described in Sections 3.2.1 and 3.2.2. The thermal diffusivity 

α was directly measured by using Laser Flash Analysis equipment (Model LFA 457, MicroFlash, 

by NETZSCH), which can operate at a temperature as high as 1000 °C. The systematic error of 

the diffusivity measurement is ±3% of reading. The series of measured thermal diffusivity data 

was collected and recorded in the experiment. With the input of the separately tested density and 

heat capacity, the thermal conductivity is analyzed and calculated through the NETZSCH LFA 
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supported software. The uncertainty of the thermal conductivity can be obtained using the partial 

derivative error propagation method referring to Eq. (47) as the basic equation. 

3.2.5 Measurement of vapor pressure 

Vapor pressure of the molten salt for thermal storage media is an important factor for the 

operation of a CSP plant. The value of vapor pressure larger than 1.0 atm will cause risk to the 

pipes and containers, particularly at high temperatures. The in-house-developed setup for the high-

temperature eutectic molten salt vapor pressure test is shown in Fig. 28 schematically. The salt is 

enclosed in a sealed quartz test tube. A small condenser with circulated airflow is placed right 

above the liquid salt surface to ensure that molten salt vapor is cooled into the liquid and drops 

back to the bulk liquid, which thus prevents a large amount of salt vapor from solidifying in the 

tube or pressure transducer. A pair of K-type thermocouple protected by a thin quartz tube is put 

into the molten salt to measure temperature. The sealed quartz test-tube is housed in a furnace 

(Bartlett, Model 3K) to keep a desired stable temperature for the molten salt. A vacuum pump was 

employed to make the absolute pressure inside the closed system to close to zero as much as 

possible at the beginning of the test. A pressure transducer with an accuracy of ± 0.08% of reading 

and a full-scale pressure of 50 Psi (3.447×105 Pa) is connected to the test tube to measure the 

absolute pressure in the system. The pressure and temperature data are recorded by a LABVIEW 

supported data-acquisition system during the experiment. The reliability of this system was 

verified by Wang et al. in a previous work28 [303] in the authors’ laboratory. In the calibration 

test [303], the vapor pressure of ZnCl2 was measured using the system. The results of the measured 

vapor pressure of ZnCl2 were compared with literature reported data, and a maximum discrepancy 

was found to be less than ±5 kPa when the pressure is below 100 kPa. For a pressure as high as 

1200 kPa, the maximum discrepancy could be as high as 120 kPa. The overall measured curve of 
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the pressure versus temperature of the molten salt (ZnCl2) from 400 K to 1200 K matched with 

literature-reported data very well. 

 

 

Fig. 28 Schematic of vapor pressure measurement setup 

 

3.3 Results and discussions 

3.3.1 KCl-MgCl2 binary molten salt  

In this section, the thermal properties of KCl-MgCl2 binary eutectic molten salt were discussed. 

The considered thermal properties include specific heat capacity, melting point, the heat of fusion, 

viscosity, vapor pressure, density, thermal diffusivity, and thermal conductivity, which are 

essentially needed for the calculation of convective heat transfer in concentrated solar receivers, 

heat exchangers, as well as thermal storage system for concentrated solar power plants. 
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3.3.1.1 Specific heat capacity, melting point, and heat of fusion of KCl-MgCl2 binary salt 

The theoretical melting point of eutectic salt mixtures was obtained assuming that the 

individual salts have 100% purity. However, commercially available salts have more or fewer 

impurities, and hence a test for the melting point is needed. 

The curves from the TGA signal varying with temperature in the range of 80 - 710 °C are 

shown in Fig. 29 for the KCl-MgCl2 molten salt. Ten separate measurements each with fresh salts 

were conducted. There is an obvious mass loss in the temperature range of 100 - 200 °C, which is 

likely to result from the vaporization of a minor amount of water and other impurities (less than 

1.0%). A small variation of the specific heat capacity caused by this minor mass loss in the same 

temperature range can be also seen in Fig. 29. The mass loss was less than 1%, which was 

reasonable if the purity of constituent salts of 99% is considered. All the TG profiles of ten tests 

indicate that the mass loss in the KCl-MgCl2 eutectic molten salt in the temperature range of 200 

- 710 °C is very small, which is less than 2%. 

The test results of heat capacity against the temperature for binary KCl-MgCl2 molten salt are 

shown in Fig. 30. The curves from ten repeated tests are similar, which implies the good 

repeatability of the Cp measurement. The small “hump” on the Cp-T curve in the temperature 

range of 100 - 200 °C is due to the vaporization of water. This also can be used to explain the 

phenomenon observed in Fig. 29. The peaks between 400 °C and 500 °C give us the information 

about the melting point and heat of fusion. The melting point is determined by the onset position 

of the peak and the heat of fusion is calculated as the area between the peak and the baseline. 

Theoretically, the salt gets melted only at the melting temperature, but in the experiment, the 

melting of the salt takes a certain amount of time in a small range of temperature. The Cp-T curves 

in Fig. 30 indicate that the salt sample can be considered fully melted at the temperature of 450 °C. 



109 
 

The details of the liquid state Cp-T curves in the temperature range of 500 - 710 °C are shown 

in Fig. 31. All the experimental data from ten curves were used to make a linear fit to obtain a Cp-

T correlation in the following form: 

 

 Cp = 0.98764 - 1.0462×10-4 × T (48) 

 

where Cp has a unit of J/(g•K) and T is in °C. Eq. (48) shows that the Cp-T correlation has a very 

small slope, which suggests that the heat capacity of KCl-MgCl2 eutectic salt has a very weak 

temperature-dependency in the liquid state region. Therefore, Eq. (48) should be applicable in the 

temperature range from 450 °C to 800 °C. 

 

 

Fig. 29 Mass loss vs temperature 
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Fig. 30 An overview of Cp – T curves 

 

 

Fig. 31 Cp-T curves for KCl-MgCl2 salt at liquid state. 
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The measurement uncertainties from the ten tested data at each temperature point are 

calculated. The standard deviation and the uncertainty of the mean value are calculated using the 

following equations, respectively, 

 

 𝑆�̅� =
𝑆𝑌

√𝑁
= √

∑ (𝑌𝑖 − �̅�)2𝑁
𝑖=1

𝑁1 − 1
 (49) 

 𝑢1 = 𝑡𝜈1,95% ∗ 𝑆�̅�     (50) 

 𝑢�̅� =  √𝑢1
2 + 𝑢0

2   (51) 

 

where the term Y in Eq.(49) can represent a measured parameter at different temperatures, N1 is 

the number of measurements, which is 10 in this case, t is the adopted student-t number for a 

confidence interval of 95% and degree of freedom, v1 = N1-1. Equation (50) gives the expression 

of measurement uncertainty, where u1 is the random error and u0 is the systematic error. Table 6 

shows the calculated results at several chosen temperatures. The maximum measurement 

uncertainty involving systematic error (±2% of reading) and random errors for the mean value of 

Cp is obtained as ±0.0523 J/(g•K) at a confidence interval of 95%. 

 

Table 6  Measured average values and uncertainties of the specific heat capacity 

T (°C) 500 550 600 650 666 700 

CP̅̅ ̅ (J/g • K) 1.003 0.9874 0.9973 1.004 1.003 1.013 

𝑆CP̅̅ ̅̅  (J/g • K) 0.0139 0.0108 0.0185 0.0212 0.217 0.177 

uCP̅̅ ̅̅  (J/g • K) 0.0370 0.0311 0.0457 0.0512 0.0523 0.0443 

 

The uncertainty of the curve fitting can be calculated as 
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 𝑢𝑐 = 𝑡𝑣2,95%
𝑆𝑐

√𝑁2
= 𝑡𝑣2,95%√∑ (𝑌𝑖 − 𝑌𝑐)𝑁

𝑖=1
2

𝑣2 ∗ 𝑁2
 (52) 

 

where N2 is the number of all the data for regression, Sc is the standard deviation between all the 

data from measurement and the calculated data using the regression equation, t is the student-t 

number at 95% confidence interval, v2=N2 - (m + 1), m is the order of polynomial curve fitting 

equation, Yi is the measured data, Yc is the calculated data from curve fitted equation. The overall 

uncertainty of the obtained correlation of CP-T was calculated through Eq. (53), which counts the 

uncertainty of measurement (systematic and random errors) and the uncertainty from data fitting.  

 

 𝑢𝑡𝑜𝑡𝑎𝑙
𝑚𝑎𝑥 = √(𝑢�̅�

𝑚𝑎𝑥)2 + 𝑢𝑐
2 (53) 

 

The uncertainty from curve fitting is uc (0.118 J/(g•K)), which is higher than the measurement 

uncertainty 𝑢𝐶𝑃̅̅ ̅̅ ,  and thus, the maximum overall uncertainty is 0.129 J/(g•K). The overall 

uncertainty indicates the upper and lower bound of the data-fitted correlation and curve as shown 

in Fig. 31.  

The comparison of the specific heat capacity of KM binary molten salt obtained from 

experimental measurement in this work with the values calculated from predicted equations 

discussed in section 3.1.1 and references are shown in Fig. 32. It can be seen that the data from 

Sohal’s report [215] is over-predicted and the data published by Anderson [304] is underestimated 

to the specific heat capacity of binary KCl-MgCl2 salt at the liquid state. The calculated values 

from the Dulong-Petit method show good agreement with measured results, which are slightly 

lower than the experimental results, as shown in Fig. 32. The heat capacity was also calculated by 
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the additive principle from Eq. (17) at different temperatures. There are two curves, marked with 

Molar fraction 1 and Molar fraction 2 in Fig. 32, with the difference due to the different heat 

capacity values or equations for pure components given in different references. We can see that 

the molar fraction 1 shows better agreement to the experimental data and the data from the Molar 

fraction 2 method slightly increases with the increase of temperature. Both the Dulong-Petit 

method and additive principal method are good paths to predict the specific heat capacity of binary 

KCl-MgCl2 molten salt.  

 

 

Fig. 32 Comparison of Cp between experiment and predicted results for KCl-MgCl2 salt 
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for the KCl-MgCl2 eutectic salt, where the relative error is 1.3% against the theoretical melting 

point of 430 °C. This difference is caused due to the impurities from constituent salts. Compared 

to the ternary NaCl-KCl-ZnCl2 molten salt studied in our previous work [256], the melting point 

is around 2.1 times of the NaCl-KCl-ZnCl2 salt and the heat of fusion is around 3 times. Hence 

this binary salt has less temperature operation range, but it will provide better performance to serve 

as a thermal storage media due to the higher heat capacity. The overall uncertainty of the 

experiment for melting point measurement is found to be ±1.005 °C based on Eq. (53), where the 

systematic error is 0.2 °C.  

The average value of heat of fusion ΔHm̅̅ ̅̅ ̅̅   is 207.01 kJ/kg from the ten measurements, and the 

standard deviation SΔHm̅̅ ̅̅ ̅̅ ̅ and uncertainty utotal (defined by Eqs. (49) and (53), respectively) at a 

probability of 95% are given in Table 8. 

 

Table 7  Measured average values and overall uncertainty of melting point for KCl-MgCl2 salt 

Test ID 1 2 3 4 5 6 7 8 9 10 

Tm (°C) 425.7 425.1 422.5 423.9 422.2 423.4 425.7 423.9 425.5 426.0 

Tm̅̅̅̅  (°C) = 424.4; STm̅̅ ̅̅ ̅ (°C) = 0.442;  utotal (°C) = ±1.005   

 

Table 8  Measured average values and uncertainty analysis of heat of fusion for KCl-MgCl2 salt 

Test ID 1 2 3 4 5 6 7 8 9 10 

ΔHm (kJ/kg) 217.8 190.9 202.6 225.3 211.8 196.6 209.9 200.4 200.8 214.0 

ΔHm̅̅ ̅̅ ̅̅  (kJ/kg) = 207.01; SΔHm̅̅ ̅̅ ̅̅ ̅ (kJ/kg) = 2.72;  utotal (kJ/kg) = ±4.32    
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3.3.1.2 Vapor pressure of KCl-MgCl2 binary salt 

The curves of vapor pressure varied with temperature for binary KCl-MgCl2 salt are shown in 

Fig. 33. Four measurements each with fresh salt were conducted in this vapor pressure test, which 

shows good repeatability at a temperature lower than 700 °C. The vapor pressure of this binary 

molten salt increase with the increment of temperature and the value is less than 20 kPa when the 

temperature as high as 1000 °C, which is much lower than 1 atm and the vapor pressure of NaCl-

KCl-ZnCl2 ternary salt studied in the previous work in our team [256, 303]. The major reason is 

the higher vapor pressure of pure ZnCl2 salt than pure MgCl2 salt. This low vapor pressure also 

implies that the mass loss of KCl-MgCl2 molten salts in an open container is very small. The fitted 

polynomial curve has a format shown in Eq. (54), where P and T are in the units of kPa and °C, 

respectively.  

 

 P = -4.1011×10-8 × T3 + 1.22×10-4 × T2 - 0.0846 × T + 22.11787 (54) 

 

Table 9  The measured average, standard deviation, and uncertainty of vapor pressure 

T (°C) 450 500 600 700 800 900 989 

P̅ (kPa) 3.834 4.164 5.52 7.556 10.608 13.887 17.252 

SP̅ (kPa) 0.219 0.245 0.245 0.391 0.683 1.049 1.340 

uP̅ (kPa) 0.425 0.475 0.476 0.760 1.327 2.038 2.66 

 

The average of vapor pressure, standard deviation, and uncertainty of measurement (based on 

Eqs. (49) and (50)) at each temperature were calculated.  

Table 9 shows the data at several chosen temperatures. The uncertainty of the data-fitted P-T 

correlation (Eq. (54)) is calculated to be ±0.013 kPa from Eq. (52), which is neglectable compared 
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to the measurement uncertainty. Therefore, the overall efficiency is ±2.66 kPa. Similarly, the 

overall uncertainty gives the lower and upper bounds of the data-fitted correlation and curve in 

Fig. 33.  

 

 

Fig. 33 Vapor pressure variation with temperature for binary KCl-MgCl2 salt. 

 

3.3.1.3 Viscosity of KCl-MgCl2 binary salt 

Four measurements, each with fresh salt, were conducted in this test. The result of viscosity 

variation with temperature indicated satisfactory repeatability, as shown in Fig. 34. It could be 

seen that the viscosity exponentially decreases with the increase of the temperature, and the value 

is less than 4 cP (1×10-3 Pa•s) when the temperature is higher than 600 °C. The data-fitted 

polynomial curve has the format shown in Eq. (55), where μ and T are in the units of cP and °C, 

respectively. The standard deviation and uncertainty of measurement at each temperature were 
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calculated, as given in  

Table 10 at some chosen temperatures. The overall uncertainty of the correlation is mainly 

due to the uncertainty of measurement, as the uncertainty of curve fitting is very small, which is 

only ±0.004 cP. The maximum overall uncertainty is ±0.441 cP. 

 

 

Fig. 34 Viscosity variation with temperature for binary KCl-MgCl2 salt. 

 

μ = 5.35×107 × e(-0.03744 × T) + 6.01 × e(-0.001244 × T) (55) 

 

Table 10  The measured average and uncertainty analysis of viscosity for KCl-MgCl2 salt 
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Fig. 35 shows the comparison of the viscosity of KCl-MgCl2 (mole: 68%-32%) salt obtained 

from experiments with different prediction methods. Both of the predictions from Eq. (36) and (37) 

are much lower than the experiment results. We can see that the predicted values from the Poly 

method are close to the measured data in the temperature range of 475 - 600 °C but the deviation 

being larger when the temperature is higher than 600 °C. The RHS method gives better agreement 

to experimental results at a higher temperature range (higher than 575 °C). 

 

 

Fig. 35 Comparison of viscosity between experiment and predicted results for KCl-MgCl2 salt 

 

3.3.1.4 Density of KCl-MgCl2 binary salt 

The curves of five measurements for the density (ρ) of KCl-MgCl2 eutectic salt varied with 
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temperature. All tested data were put together to make a linear fit and obtain the ρ-T correlation, 

which is given in Eq. (56), where ρ and T are in the units of kg/m3 and °C, respectively. The 

uncertainty of curve fitting is ±16.584 kg/m3 according to Eq. (52). The average density measured 

at different temperatures and the result of uncertainty analysis including standard deviation, 

measurement uncertainty (Including random error), and overall uncertainty at a confidence interval 

of 95% were given in  

Table 11. The overall uncertainty gives the lower and upper bounds of curves of ρ-T 

correlation in Fig. 36.  

 

 ρ = 1903.66757 - 0.55201 × T (56) 

 

Table 11  The measured average and uncertainty analysis of density for KCl-MgCl2 salt  

T (°C) 450 500 550 600 650 700 750 800 

�̅� (kg/m3) 1675.6 1620.8 1594.3 1557.3 1541.6 1513.6 1495 1471 

S�̅� (kg/m3) 39.34 21.85 22.46 17.79 14.69 19.5 17.82 16.89 

u�̅� (kg/m3) 42.056 26.402 26.884 23.100 20.761 24.370 23.012 22.267 

utotal (kg/m3) 45.208 31.178 31.587 28.434 26.572 29.477 28.365 27.764 

 

Fig. 37 shows the comparison of density obtained from experiments and calculated from 

predicted methods for KCl-MgCl2 salt at different temperatures. It is easy to see that all the 

prediction results are higher than the data obtained from the experiments and Eq. (23) gives a very 

bad prediction to the density of this binary salt. The data calculated from Eq. (24) is similar to that 

obtained from the QCM method, as shown in Fig. 37. The results from both of those two methods 

are close to tested values with the highest relative difference of 3.3% and 1.7% for Eq. (24) and 

QCM method, respectively. The numbers from the mass fraction method are a little over-estimated 
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with the largest deviation of 6.7%. QCM method is a better way to predict the density of binary 

KCl-MgCl2 salt at liquid state. 

 

Fig. 36 Density variation with temperature for binary KCl-MgCl2 salt 

 

 

450 500 550 600 650 700 750 800
1300

1400

1500

1600

1700

1800

Data-Fit equation:  = 1903.6757 - 0.55201 × T

KCl-MgCl2 (Mole: 68%-32%)

 Test 1                                                                                 
 Test 2                                                                                 
 Test 3                                                                                 
 Test 4                                                                                 
 Test 5                                                                                 
 Average                                                                             
 Linear Fit                                                                           
 Upper Bound (95% Confidience Interval of uncertainty)  
 Lower Bound (95% Confidience Interval of uncertainty) 

 
(k

g/
m

3 )

T (°C)

400 450 500 550 600 650 700 750 800 850
1400

1500

1600

1700

1800

1900

2000

KCl-MgCl2 (Mole: 68%-32%)

 This work                                                                  
 KM-QCM Method                                                    
 KM-mass fraction average                                                            
 Equation (23)                                       
 Equation (24)                                                            


 (

kg
/m

3 )

T (°C)



121 
 

Fig. 37 Comparison of density between experiment and predicted results for KCl-MgCl2 salt 

3.3.1.5 Thermal diffusivity and thermal conductivity of KCl-MgCl2 binary salt 

The measured thermal diffusivity (α) data were shown in Fig. 38. Under each temperature, 

there are ten measurements. The average, standard deviation, and measurement uncertainty at a 

confidence interval of 95% are given in Table 12. It is seen that the thermal diffusivity has a rather 

small variation between 0.27 and 0.29 mm2/s in the temperature range from 450 °C to 800 °C.  

 

 
Fig. 38 Thermal diffusivity variation with temperature for binary KCl-MgCl2 salt 
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uncertainties of α, ρ, and Cp. The calculated values for thermal conductivity λ and its measurement 

uncertainty uλ̅ at several temperatures, points are given in Table 13. A linear data-fitted equation 

is obtained and shown in Eq. (58). where the unit of λ and T are W/(m•K) and °C, separately. From 

the definition in Eq. (47), the measurement uncertainty of thermal conductivity can be derived in 

the form of Eq. (57) based on error propagation analysis, which is related to the uncertainties of α, 

ρ, and Cp. 

 

Table 12  The measured average and uncertainty analysis of thermal diffusivity for KCl-MgCl2  

T (°C) 450 500 550 600 700 800 

α(mm2/s) 0.276 0.28 0.284 0.281 0.288 0.277 

S�̅� (mm2/s) 1.757×10-3 2.369×10-3 7.642×10-3 3.697×10-3 8.452×10-3 1.567×10-3 

u�̅� (mm2/s) 8.927×10-3 9.552×10-3 8.627×10-3 8.464×10-3 8.790×10-3 1.820×10-3 

 

 
𝑢λ = √(

𝜕𝜅
𝜕𝛼

)
2

∗ 𝑢𝛼
2 + (

𝜕𝜅
𝜕𝜌

)
2

∗ 𝑢𝜌
2 + (

𝜕𝜅
𝜕𝐶𝑝

)
2

∗ 𝑢𝐶𝑝
2  

       = √(𝜌 × 𝐶𝑝 × 𝑢𝛼)2 + (𝛼 × 𝐶𝑝 × 𝑢𝜌)2 + (𝛼 × 𝜌 × 𝑢𝐶𝑃)2 

  

(57) 

 λ = -1.3×10-4 × T + 0.52168 (58) 

 

The uncertainty of curve fitting for thermal conductivity is calculated to be ±0.013 W/(m•K) 

based on Eq. (52). The overall uncertainties of the λ-T correlation were obtained from Eq. (53) 

and listed in Table 13. 

The thermal conductivity of KCl-MgCl2 (68 mol%-32 mol%) obtained from the correlation 

of Eq. (58) are compared with the values calculated by the prediction method discussed in section 

3.1.4 and the results are shown in Fig. 40. All the values from the three prediction methods are 
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lower than the experimental results. The calculated values from the Average ionic weight 

correlation are constant and much lower than those from experiments. The predicted thermal 

conductivity from both mole-fraction average and RHS methods show the same tendency as the 

experimental results. However, the deviation increases with the increase of temperature in the 

studied range in this work. The largest deviation is 9.93% at 800 °C. The thermal conductivity 

calculated from Eq. (43) increases with the decrease of temperature, which is opposite to the 

observation of experimental investigation. Therefore, RHS methods are a better way to predict the 

thermal conductivity of binary KCl-MgCl2 molten salts 

  

Table 13  The measured average and uncertainty analysis of thermal conductivity for KCl-MgCl2 

T (°C) 450 500 550 600 700 800 

λ (W/(m•K)) 0.479 0.455 0.446 0.437 0.442 0.436 

uλ̅ (W/(m•K)) 0.0219 0.0179 0.0221 0.0234 0.024 0.0231 

utotal (W/(m•K)) 0.0255 0.0221 0.0257 0.0267 0.0273 0.0265 

 

All the thermophysical properties of the KCl-MgCl2 eutectic salt with a molar ratio of 68%:32% 

are summarized in Table 14. The provided uncertainties at a confidence interval of 95% for heat 

capacity, vapor pressure, viscosity, density, and thermal conductivity are the maximum of all the 

tested points. For the uncertainties of properties at a specific temperature, readers can refer to the 

corresponding figures in section 5.2.1.1 - 5.2.1.5. The figure-of-merit analysis [305] about the 

thermophysical properties of molten salt KCl-MgCl2 and other molten salts such as NaCl-KCl-

ZnCl2 have demonstrated that KCl-MgCl2 can serve as an excellent heat transfer fluid except for 

its high melting point, which may be a concern.  
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Fig. 39 Thermal diffusivity variation with temperature for binary KCl-MgCl2 salt 

 

 

Fig. 40 Comparison of density between experiment and predicted results for KCl-MgCl2 salt 
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Table 14 Summary of thermophysical properties of the KCl-MgCl2 salt 

Property Values or correlations with T (°C) Uncertainties 

@ probability of 95%  

Melting point (°C) 424.4 ±1.005 

Heat of fusion (kJ/kg) 207.01 ±4.320 

Heat capacity (J/(g•K)) Cp = 0.98764 - 1.0462×10-4 × T ±0.129 

Viscosity (cP or 10-3 Pa•s) μ = 5.35×107e(-0.03744 * T) + 6.01e(-0.001244 * T) ±0.441 

Vapor pressure (kPa) P = -4.1011×10-8 × T3 + 1.22×10-4 × T2 - 0.0846 × T + 22.11787 ±2.660 

Density (kg/m3) ρ = 1903.66757 - 0.55201 × T ±31.587 

Thermal conductivity (W/(m•K)) λ = -1.3×10-4 × T + 0.52168 ±0.0273 
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3.3.2 Three NaCl-KCl-MgCl2 ternary molten salts determined in this study 

Based on the above results and discussion for the thermophysical and transport properties of 

binary KCl-MgCl2 eutectic molten salts with a molar ratio of 68%-32%, this binary salt has a good 

and desirable performance to be employed to serve as the heat transfer fluid and media in the 

thermal energy storage system in modern CSP plant. However, the melting point is a little higher 

which might cause the frozen issue when the salts running in the pipe.  As mentioned in section 

1.5, NaCl is introduced to build a NaCl-KCl-MgCl2 ternary molten salt system due to its low cost, 

which has large reserves and easy to obtain from the natural source. In this section, the 

thermophysical and transport properties of NaCl-KCl-MgCl2 ternary molten salt with different 

mole ratios listed in Table 3 are studied by experimental methods and the feasibility to be working 

as HTFs are discussed as well. The experimental data are also compared to the predicted results 

from different methods mentioned in section 3.1. 

3.3.2.1 Melting point, the heat of fusion, and the heat capacity of NaCl-KCl-MgCl2 ternary salt 

Fig. 41 shows the overviews of the specific heat capacity changed with temperature for the 

four ternary NaCl-KCl-MgCl2 molten salts with different molar ratios. The Cp-T curve for NKM-

#1 salt with a composition of  27.5 mol% NaCl-32.5 mol% KCl-40 mol% MgCl2 is shown in Fig. 

41a. The melting point is determined by the onset position of the peak, and the heat of fusion is 

calculated as the area between the peak and the baseline. The eutectic melting point and heat of 

fusion for the NKM-#1 sample are around 402.2 oC and 270 kJ/kg, respectively. The results of the 

melting point and heat of fusion from multiply measurements are discussed later. The measured 

values of Cp varied with temperature for NaCl-KCl-MgCl2 molten salts with a molar ratio of 

30.9%-21.2%-47.9% is shown in Fig. 41b. It can be seen that the specific heat capacity of this salt 
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before the beginning of melting is almost constant. It has a melting point of around 389 oC and 

heat of fusion around 221.45 kJ/kg. Fig. 41c shows the overall curve of Cp varied with temperature 

for NKM#3 salt, which has the values of around 387.2 oC and 270.3 kJ/kg for melting point and 

heat of fusion, separately.  

It is easy to see that there are two continuous peaks in the curve of Cp-T for NKM-#4 sample, 

as shown in Fig. 41d. It means the NaCl-KCl-MgCl2 salt with the molar ratio of 20%-52.5%-

27.5% does not have a eutectic melting point. Similar phenomena were also observed by Vidal 

and Klammer [306] from the experiments of the DSC test. Therefore, this molten salt sample is 

not considered in later work.  

The measured melting point, average value, and uncertainty analysis of NKM-#1, NKM-#2, 

and NKM-#3 samples are listed in Table 26 to Table 28, respectively. The average melting point 

is 403.28 oC, 386.69 oC, and 387.84 oC, separately, which are calculated from ten testes for each 

ternary salt. The relative error compared with theoretical melting points is +5% for NKM-#1 salt, 

-0.33% for NKM-#2 salt, and +1.5% for NKM-#3 salt (‘+’ and ‘-‘ signs indicate the average of 

measured melting point is higher and lower than the theoretical value, respectively). Vidal and 

Klammer [306] reported a value of 385 oC for the melting point of NaCl-KCl-MgCl2 ternary 

molten salt with a composition close to NKM-#3 salt. The melting points of all three ternary NaCl-

KCl-MgCl2 salts are lower than that of the KCl-MgCl2 binary molten salt with the difference of 

21.12 oC, 37.71 oC, and 36.56 oC with NKM-#1 to NKM-#3, separately. Therefore, the additive of 

NaCl salt will effectively decrease the melting point and thus will increase the operating range of 

HTFs in CSP technology. The standard deviation and overall uncertainty (obtained from Eq. (49) 

and (51))) of melting point measurements are shown in Table 26 to Table 28 for each composition. 
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(a) NKM-#1 

 

 

(b) NKM-#2 
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(c) NKM-#3 

 

 

(d) NKM-#4 

Fig. 41 Overview of the specific heat capacity varied with temperature for NaCl-KCl-MgCl2 

molten salts with different mole ratios 
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Table 15 Measured average values and overall uncertainty of melting point for NKM#1 salt 

Test ID 1 2 3 4 5 6 7 8 9 10 

Tm (°C) 402 401.6 402.9 403 402.5 403.4 404.2 404.2 404.5 404.5 

Tm̅̅̅̅  (°C) = 403.28; STm̅̅ ̅̅ ̅ (°C) = 1.05;  utotal (°C) = ±0.519   

 

Table 16 Measured average values and overall uncertainty of melting point for NKM#2 salt 

Test ID 1 2 3 4 5 6 7 8 9 10 

Tm (°C) 386.6 386.9 386.4 386.4 386.4 386.8 386.9 386.9 386.8 386.8 

Tm̅̅̅̅  (°C) = 386.69; STm̅̅ ̅̅ ̅ (°C) = 0.218;  utotal (°C) = ±0.223   

 

Table 17 Measured average values and overall uncertainty of melting point for NKM#3 salt 

Test ID 1 2 3 4 5 6 7 8 9 10 

Tm (°C) 387.2 387.3 387.4 387.4 387.4 388.5 388.4 388.3 388.3 388.2 

Tm̅̅̅̅  (°C) = 387.84; STm̅̅ ̅̅ ̅ (°C) = 0.536;  utotal (°C) = ±0.315   

 

Table 18  Measured average values and uncertainty analysis of heat of fusion for NKM#1 salt 

Test ID 1 2 3 4 5 6 7 8 9 10 

ΔHm (kJ/kg) 286.2 285.5 282.8 281.8 272.8 269.9 261.3 259.7 259.1 257.5 

ΔHm̅̅ ̅̅ ̅̅  (kJ/kg) = 271.66; SΔHm̅̅ ̅̅ ̅̅ ̅ (kJ/kg) = 11.752;  utotal (kJ/kg) = ±7.62    

 

Table 19  Measured average values and uncertainty analysis of heat of fusion for NKM#2 salt 

Test ID 1 2 3 4 5 6 7 8 9 10 

ΔHm (kJ/kg) 281.4 281.2 280.1 280 279.4 277.9 276.6 275.4 306.5 305.3 

ΔHm̅̅ ̅̅ ̅̅  (kJ/kg) = 284.38; SΔHm̅̅ ̅̅ ̅̅ ̅ (kJ/kg) = 11.506;  utotal (kJ/kg) = ±7.73   
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Table 20  Measured average values and uncertainty analysis of heat of fusion for NKM#3 salt 

Test ID 1 2 3 4 5 6 7 8 9 10 

ΔHm (kJ/kg) 272.9 271.3 270.9 270.3 271.6 270.1 271.7 270.7 270.5 271 

ΔHm̅̅ ̅̅ ̅̅  (kJ/kg) = 271.1; SΔHm̅̅ ̅̅ ̅̅ ̅ (kJ/kg) = 0.823;  utotal (kJ/kg) = ±5.43    

 

Table 29, Table 30, and Table 31 show the measured results, average values, and uncertainty 

analysis of heat of fusion for NKM-#1, NKM-#2, and NKM-#3, respectively. The averages of 

measured heat of fusion were calculated from the results of ten measurements for each salt. The 

heat of fusion of NKM-#1 is close to that of NKM-#3 and both are lower than NKM-#2. All these 

three ternary molten salts have a higher heat of fusion than the KCl-MgCl2 binary salt. The overall 

uncertainty of heat of fusion (from Eq. (51)) measurement for NaCl-KCl-MgCl2 salt can be found 

in Table 29 to Table 31. 

The curves of Cp-T for NKM-#1 salt are shown in Fig. 42a. 11 results collected from 3 tests 

each with fresh samples show good repeatability. The Cp of NKM-#1 salt decreases slightly with 

the increase of temperature. The uncertainty of curve fitting is found to be ±0.0008 J/(g•K), which 

is much smaller than the uncertainty of measurement and can be neglected. Therefore, the overall 

uncertainty is ±0.036 J/(g•K) (from Eq. (53)) and used to calculate the upper bound and lower 

bound at a 95% confidence interval. The comparison of experimental results with prediction values 

is shown in Fig. 42b. The difference between Molar fraction 1 and Molar fraction 2 is from the 

sources of data of pure single chloride salts. It can be seen that all three prediction methods give 

values with good agreement to the experiment results. The maximum error is around 11% at 450 

oC. However, the Cp calculated from Molar fraction 2 increases with the temperature increasing, 

which is different from the observation of measured data.   

 Fig. 43a shows the results of Cp varied with temperature for NKM-#2 salt. Its specific heat 
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capacity decreases with the increment of temperature. 5 tests each with a fresh sample were 

conducted to get 16 results. The deviation is larger when the temperature is higher than 600 oC. 

But the increase in the numbers of measurements lowers the overall uncertainty, which is found to 

be ±0.053 J/(g•K). The Dulong-Petit and Molar fraction 1 method provide similar predictions, 

which is independent of the temperature of the Cp for NKM-#2 salt, as shown in Fig. 43b. The 

trend from the Molar fraction 2 method is opposite to that of experimental results.  

Fig. 44a shows the variation of Cp versus temperature for NKM-#3 salt. 15 tests from 5 fresh 

samples were conducted. The specific heat capacity of this ternary salt with a composition of 28.39 

mol% NaCl-27.25 mol% KCl-44.36 mol% MgCl2 decrease from 1.076 J/g•K to 0.951 J/g•K in the 

temperature range of 450 oC to 730 oC. Similarly, the upper and lower bound were calculated 

depending on the overall uncertainty, which is ±0.069 J/(g•K) from Eq. (53). The predicted values 

of the Dulong-Petit method are different from those obtained from the Molar fraction 1 method, 

as shown in Fig. 44b. But they can be used to estimate the range of Cp for NKM-#3 in the 

temperature range considered in this work. 

 

 Cp = A0 - A1 × T (59) 

 

Table 21  Coefficients in Eq.(59) for Cp (J/(g•K)) of NaCl-KCl-MgCl2 salts  

as a function of T (oC) 

Coefficients in Eq. (59) NKM-#1 NKM-#2 NKM-#3 

A0 1.2263 1.3145 1.3402 

A1 *104 3.1539 5.0239 5.3945 

uncertainty at 95% confidence interval (J/(g•K)) ±0.036 ±0.053 ±0.069 

 



133 
 

The correlation of Cp-T for all three ternary salts are obtained in the form of Eq. (59), where 

the units of Cp and T are J/(g•K) and oC, respectively. The coefficients and the maximum overall 

uncertainty at a 95% confidence interval for the three ternary salts considered in this work are 

listed in Table 21. 

3.3.2.2 Density of NaCl-KCl-MgCl2 ternary salt 

The density of NaCl-KCl-MgCl2 ternary molten salts with different mole ratios was measured 

in the temperature range of 450 oC to 800 oC and compared to estimated results from different 

prediction methods. multiple tests from 3 or 4 fresh samples were conducted in the experiment. 

We can see that they showed very good repeatability. The facts show that the enhancement of 

design decreases the chance of failure in this experiment.   

The empirical equations of density versus temperature are obtained from data-fitting of 

accumulated data from multiple measurements. The correlation of ρ-T has the form shown in Eq. 

(60), which indicates a linear change of the density against temperature. The unit of temperature 

is oC and the unit of ρ is kg/m3. The coefficients of the equations and uncertainties with a 

confidence interval of 95% for salt NKM-#1-3 are provided in Table 22. 

 

 ρ = A0 - A1 × T (60) 

 

The variation of density versus temperature for NaCl-KCl-MgCl2 salt (Mole: 27.5%-32.5%-

40%) is shown in Fig. 45a. The density of NKM-#1 salt decreases from 1722 kg/m3 to 1538 kg/m3 

with the increase of temperature from 450 oC to 750 oC, as seen in Fig. 45a. The overall uncertainty 

of the curve-fitting equations with the coefficients given in Table 22 is ±15.587 kg/m3 at a 95% 

confidence interval. 
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(a) Cp-T curves from experiments 

 

 

(b) Comparison of Cp between experiment and prediction 

Fig. 42 The variation of Cp vs temperature for NKM-#1 salt at liquid state. 
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(a) Cp-T curves from experiments 

 

 

(b) Comparison of Cp between experiment and prediction 

Fig. 43 The variation of Cp vs temperature for NKM-#2 salt at liquid state. 
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(a) Cp-T curves from experiments 

 

 

(b) Comparison of Cp between experiment and prediction 

Fig. 44 The variation of Cp vs temperature for NKM-#3 salt at liquid state. 

450 500 550 600 650 700 750
0.0

0.2

0.4

0.6

0.8

1.0

1.2

NaCl-KCl-MgCl2 (Mole:28.39%-27.25%-44.36%)

Data-Fit equation: Cp = 1.3489 - 4.6909*10-4 * T

 S1T1  S1T2  S1T3
 S2T1  S2T2  S2T3
 S3T1  S3T2  S3T3
 S4T1  S4T2  S4T3 
 S5T1  S5T2  S5T3 
 Average     Linear Fit
 Upper Bound (95% Confidence Interval)
 Lower Bound (95% Confidence Interval)

C
p(

J/
(g

*K
))

T (°C)

450 500 550 600 650 700 750

0.2

0.4

0.6

0.8

1.0

1.2
NaCl-KCl-MgCl2 (Mole:28.39%-27.25%-44.36%)

 This Work
 Dulong-Petit
 Molar fraction 1
 Molar fraction 2

C
p(

J/
(g

*K
))

T (°C)



137 
 

The tests of density for molten salt at liquid sate depended on the same procedure and practice 

were conducted for NKM-#1 and 2. Similarly, the density measured at different temperatures for 

NKM-#2 and NKM-#3 salts decreases with the increment of temperature, as shown in Fig. 46a 

and Fig. 47a, respectively. Multiple tests were conducted for each eutectic salt to demonstrate 

repeatability. The measured density is in the range of 1561 - 1758 kg/m3 for NKM-#2 salt from 

450 oC to 750 oC and 1541 - 1760 kg/m3 for NKM-#3 salt from 450 oC to 800 oC. Therefore, the 

densities of these three ternary salts are higher than the KCl-MgCl2 binary salts. This has the cost-

benefit to decrease the size of the tank of TES and to simplify the construction. The uncertainty of 

data-fitting with coefficients listed in Table 22 are ±15.851 and ±18.085 kg/m3, respectively. The 

standard deviation (kg/m3) of the density measurement is 3.2, 5.7, 11.5 for NKM-#1-3, 

respectively, which are much lower than 19.5 kg/m3 for KM binary salt. It proves that the 

improvements successfully increases the accuracy and reliability of the experimental setup for 

density measurement.  

The comparison of density between experiments and prediction methods is shown in Fig. 45b. 

Fig. 46b and Fig. 47b for NKM-#1, NKM-#2, and NKM-#3, separately. It is apparent that the 

RHS method provides a better prediction than the Mass-faction average method for all three salts 

with the maximum deviation of  3.8%, 2.56%, and 1.45% for NKM-#1, NKM-#2, and NKM-#3, 

respectively. The data from the Molar fraction average method is slightly overestimated to NKM-

#1 salt, as shown in Fig. 45b. 

Table 22  Coefficients in Eq.(60) for density (kg/m3) of ternary salts as a function of T (oC) 

Coefficients in Eq.(60)  NKM-#1 NKM-#2 NKM-#3 

A0 1992.73 2010.60 1993.38 

A1  0.60843 0.5862 0.55663 

uncertainty at 95% confidence interval (kg/m3) ±15.587 ±15.851 ±18.085 
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(a) Density-T curves from experiments 

 

 

(b) Comparison of density from the experiment with prediction 

Fig. 45 The variation of density vs temperature for NKM-#1 salt at liquid state. 
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(a) Density-T curves from experiments 

 

 

(b) Comparison of density from the experiment with prediction 

Fig. 46 The variation of density vs temperature for NKM-#2 salt at liquid state. 
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(a) Density-T curves from experiments 

 

   

(b) Comparison of density from the experiment with prediction 

Fig. 47 The variation of density vs temperature for NKM-#3 salt at liquid state. 
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3.3.2.3 Viscosity of NaCl-KCl-MgCl2 ternary salt 

The variation of measured viscosity against temperature for three NaCl-KCl-MgCl2 ternary 

molten salts is shown in  Fig. 48a, Fig. 49a, Fig. 50a, respectively. Fours tests each with fresh 

sample were conducted for both NKM-#1 and NKM-#2 salt. The maximum deviation of the data 

from the average of the four repeated measurements is within 8.14% and 6.67%, separately, which 

reflects the good repeatabilities. Similarly, the highest deviation is 5% for averaged measured 

viscosity to five tests with three fresh samples for NKM-#1 salt. In Fig. 50a, the letter “S” and “T” 

in S1T1 indicate sample and test, correspondingly. The measurement conducted for S1T2 used the 

same sample as S1T1, but the difference is that the sample was heated up to 750  oC to run the 

second measurement after the completion of the first test without replacing the sample with fresh 

salt. It can be seen that the viscosities decrease with the increase of temperature for all three kinds 

of NaCl-KCl-MgCl2 ternary salts. The viscosity varied from 2.3 - 4.4 cP, 3.98 - 2.44 cP, 3.93 - 2.3 

cP in the temperature range of 450 - 750 oC for NKM-#1 to NKM-#3 salt, respectively.  

The viscous flow of substance made of atoms (e.g., molten metals) and simple molecules 

(molten oxides and molten salts) can usually be approximated by a thermally activated process in 

classical mechanics. A potential barrier between neighboring atoms needs to be overcome to make 

the relative motion of atoms, which can be facilitated by high temperature. Therefore, the 

correlation of viscosity of temperature dependence of viscous flow and temperature can be 

expressed by an Arrhenius-type equation [307]. 

 

 𝜇 = 𝐴𝑒𝐵/𝑇 (61) 

 

where A is a pre-exponential coefficient and B is the parameter related to the energy barrier to 
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viscous flow with a unit of temperature. It can be rearranged as a linear equation by applying a 

natural logarithm on both sides, as shown in Eq. (62). 

 

 𝑙𝑛𝜇 = 𝑙𝑛𝐴 + 𝐵 × 𝑇−1 (62) 

 

The curve of the natural logarithm of average viscosity (ln(μ)) versus the inverse of 

temperature (T-1) is shown in  Fig. 48b, where μ and T have the unit of cP and K, respectively. It 

can be seen that the curve is fairly linear and the coefficient of determination of the regression, R2, 

is 0.98812, which is close to 1.0. A similar observation can be seen from Fig. 49b and Fig. 50b 

with R2 is 0.97465 and 0.99513 for NKM-#2 and 3 salts, respectively. Therefore, a curve-fitting 

equation for viscosity versus temperature is obtained in the form of 

 

 𝜇 = 𝐴 ∗ 𝑒𝐵/(T + 273.15) (63) 

 

where μ is in the unit of cP and T has the unit of oC. The coefficients and overall uncertainty (from 

Eq.(53)) are given in Table 23. 

 

Table 23  Coefficients in Eq. (63) for viscosity (cP) of NKM salts as a function of T (oC) 

Coefficients in Eq. (63) NKM-#1 NKM-#2 NKM-#3 

A 0.65086 0.61102 0.85853 

B 1247.3222 1327.2088 1102.4207 

uncertainty at 95% confidence interval (kg/m3) ±0.181 ±0.191 ±0.173 
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(a) viscosity-T curves from experiments 

 

 

(b) The linear relationship of ln(μ) versus T-1 
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(c) Comparison of viscosity between experiment and prediction 

Fig. 48 The variation of Cp vs temperature for NKM-#1 salt at liquid state. 

  

 

(a) Viscosity-T curves from experiments 
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(b) The linear relationship of ln(μ) versus T-1 

 

 

(c) Comparison of viscosity between experiment and prediction 

Fig. 49 The variation of Cp vs temperature for NKM-#3 salt at liquid state. 
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(a) Viscosity-T curves from experiments 

 
(b) The linear relationship of ln(μ) versus T-1 
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(c) Comparison of viscosity between experiment and prediction 

Fig. 50 The variation of Cp vs temperature for NKM-#3 salt at liquid state. 
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1.0 atm at a temperature higher than 800 oC.  

Fig. 51 shows the curves of vapor pressure versus temperature for the three ternary NaCl-KCl-

MgCl2 salts. Four tests from two fresh samples were conducted for NKM-#1 salt to check the 

repeatability and control the random error in this experiment. The curves of measured and averaged 

vapor pressure against temperature are shown in Fig. 51a. The data-fitting analysis was conducted 

from the four measurements, and a fourth-order polynomial equation was found to best fit the data 

in the form of Eq. (64). 

 

 P = C0 + C1 × T + C2 × T2 + C3 × T3 + C4 × T4 (64) 

 

where the unit of P and T are kPa and oC, respectively. The overall uncertainties of this curve-

fitting equation with the coefficients of C0 - C4 listed in Table 24 were calculated based on Eq. 

(53) with neglected systematic error (0.8% of reading, which is much smaller than a random error). 

The largest overall uncertainty is ±1.28kPa at a 95% confidence interval. It can be seen that the 

vapor pressure of NKM-#1 salt is less than 11 kPa at a temperature as high as 800 oC, which is 

much lower than the vapor pressure of NaCl-KCl-ZnCl2 salts (around 50kPa at 800 oC).  

The experiments of vapor pressure measurement were conducted for NKM-#2 and NKM-#3 

salts using the same process. Fig. 51b shows the variation of the vapor pressure of NKM-#2 salt 

from the running of six tests. The deviation increase with temperature. The overall uncertainty 

with a 95% confidence interval (obtained from Eq. (53)) of the polynomial equation from data-

fitting (with the coefficients listed in Table 24) is ±1.26 kPa. 

Six measurements were conducted to obtain the curves of vapor pressure varied with 

temperature for NKM-#3 salt. The results and averaged vapor pressure from six tests are shown in 
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Fig. 51c. The overall uncertainty of the curve-fitting equation with the coefficient listed in Table 

24 is ±1.38 kPa at a confidence of 95%.  

Mohan [274] simulated the vapor pressure of  NaCl-KCl-MgCl2 salts by using simulation 

software – Factstage and the value is less than 2 kPa at 1000 oC. The experimental results are much 

higher than the simulated value. The reason should be the presence of absorbed and/or 

crystallization water. Since the vapor pressure was measured in a closed system and water has a 

very high vapor pressure at high temperature. It also can explain the high deviation of vapor 

pressure at high temperatures and the reason is the different content of water in different samples. 

The water may be absorbed during the shipping, storing, or preparation process. 

 

Table 24  Coefficients in Eq. (64) for vapor pressure (kPa) of NaCl-KCl-MgCl2 salts  

as a function of T (oC) 

Coefficients in Eq. (64) NKM-#1 NKM-#2 NKM-#3 

C0 -81.752 -31.799 -24.950 

C1 0.46321 0.24877 0.12967 

C2 -9.6292*10-4 -7.2405*10-4 -2.3513*10-4 

C3 8.7788*10-7 9.0479*10-7 1.6046*10-7 

C4 -2.7378*10-10 -3.8678*10-10 0 

uncertainty at 95% confidence interval (kPa) ±1.28 ±1.26 ±1.38 
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(a) NKM-#1 salt 

 
(b) NKM-#2 salt 
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(c) NKM-#3 salt 

Fig. 51 The variation of Cp vs temperature for NaCl-KCl-MgCl2 salt at liquid state. 
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measurement run at 550 oC and 600 oC. The uncertainty of thermal diffusivity measurement 

involving systematic error (3% of reading) is ±0.020 mm2/s and ±0.013 for NKM-#1 and NKM-

#2 salt, respectively. The thermal diffusivity of NKM-#3 salt is not included in this work due to 

the maintenance of LFA equipment. The experiments will be conducted when the device is 

available in the future.  

The thermal conductivity calculated from Eq. (47) based on the measured value of Cp, ρ, and 

α at different temperatures for NKM-#1 salt is shown in Fig. 54a. It is clear that the thermal 

conductivity of NKM-#1 decreases with the increase of temperature. The thermal conductivity of 

NaCl-KCl-MgCl2 ternary salt is in the range of 0.43 - 0.57 W/(m•K) from 450 oC to 700 oC. It has 

higher thermal conductivity than the ternary NaCl-KCl-ZnCl2 salts. Therefore, the heat will 

conduct faster from the receiver to this kind of molten salts if served as heat transfer fluid in CSP.  

The correlation of λ-T was obtained from the curve-fitting method in the temperature range 

of 450 - 700 oC, which has a linear form as shown in Eq. (67).  

 

 λ = A0 + B × T (65) 

 

where λ is in the unit of W/(m•K) and T is in the unit of and oC.  

The uncertainty (calculated from Eq. (57)) of the data-fitted equation of thermal conductivity 

with the coefficients given in Table 25 is ±0.040 W/(m•K) and ±0.032 W/(m•K) for NKM-#1 salt 

and NKM-#2 salt, separately. 

The comparison of thermal conductivity between experiment and prediction for NKM-#1 salt 

is shown in Fig. 54b. Since the average IW correlation method is independent of temperature, it 

can only be used to estimate the rough range of thermal conductivity for binary and ternary chloride 
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salts. The RHS method and mole fraction method show similar predictions from 450 oC to 600 oC 

and the results are close to data obtained from the experiments, as shown in Fig. 54b. However, 

the prediction from the mole fraction average method is slightly over-estimated to the thermal 

conductivity of NKM-#1 from 600 oC to 700 oC with the largest deviation of 3.8% at 700 oC. All 

the three methods under-estimated the thermal conductivity of NKM#2 salt, as shown in Fig. 54b. 

RHS method provides the best prediction of the thermal conductivity for the molten salts mixture 

of NaCl, KCl MgCl2 and CaCl2 

 

Table 25  Coefficients in Eq. (65) for thermal conductivity (W/(m•K)) of NaCl-KCl-MgCl2 salts 

as a function of T (oC) 

Coefficients in Eq. (65) NKM-#1 NKM-#2 

A0 0.573 0.7993 

A1 *104 -2.16 -5 

uncertainty at 95% confidence interval (W/(m•K)) ±0.040 ±0.032 

 

Because of the lack of data of thermal conductivity for NKM-#3 salt from experimental 

measurements. Its thermal conductivity can be roughly estimated from the three methods discussed 

in section 3.3.4. The estimated results are shown in Fig. 55. It predicts the thermal conductivity of 

NKM-#3 salt is in the range of 0.42 - 0.52 W/(m•K) from 450 to 700 oC. 
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(a) NKM-#1 salt 

 

 
(b) NKM-#2 salt 

Fig. 52 Thermal diffusivity vs temperature for NaCl-KCl-MgCl2 salts at liquid state. 
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(a) The variation of thermal conductivity against temperature 

 

 

(b) Comparison of thermal conductivity between experiment and prediction 

Fig. 53 The curves of thermal conductivity vs temperature for NKM-#2 salt at liquid state. 
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(a) The variation of thermal conductivity against temperature 

 

 
(b) Comparison of thermal conductivity between experiment and prediction 

Fig. 54 The curves of thermal conductivity vs temperature for NKM-#2 salt at liquid state. 
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Fig. 55 Prediction of the thermal conductivity of NKM-#3 salt. 
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To promote the understanding of this eutectic chloride salt MgCl2-KCl-NaCl (at wt.% of 

45.98-38.91-15.11), the essential thermophysical and transport properties of this ternary chloride 

salt will be studied by experimental measurement in this section for the first time in the world.  

3.4.3.1 Specific heat capacity, melting point, and heat of fusion of NREL’s salt 

There were 18 measurements conducted for the specific heat capacity (Cp) of the molten salt 

at each temperature. These measurements were accomplished for a batch of 6 salt samples each 

tested 3 times. Fig. 56 shows the 18 curves for the tested specific heat capacity versus the 

temperatures. At every temperature point, there are 18 data of specific heat capacity. The mean 

value of the specific heat capacity (Cp) at every temperature point is calculated and uncertainty 

analysis was made for the measured mean value of specific heat capacity. The standard deviation 

and random error at a probability of 95% were obtained using Eqs. (49) and (50) for the 

experimental data.  The calculated results at several chosen temperatures are shown in Table 26. 

The maximum measurement uncertainty entailing systematic error (±2% of reading) and random 

errors for the mean value of Cp is obtained as ±0.0358 J/(g•K) at a confidence interval of 95%.  

 

Table 26  Measured average values and the overall uncertainty of specific heat capacity 

T (°C) 450 500 550 600 628 

CP̅̅ ̅ (J/(g • K)) 1.0904 1.0511 1.0271 1.004 0.9936 

uCP̅̅ ̅̅  (J/(g • K)) 0.0305 0.0348 0.0358 0.0351 0.0357 

 

     The curve of the mean value of measured specific heat capacity at all the temperatures is shown 

in Fig. 56, which is used for regression analysis to determine the correlation of the specific heat 

capacity versus temperature. The regression equation in a linear form is given in Eq. (66) in the 
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temperature range of 450 - 630 °C. 

 

 CP = 1.3014 - 4.9625×10-4 × T                                                                   (66) 

 

where CP is in the unit of J/g•K, and T is in °C. The uncertainty of curving fitting is calculated 

using Eq. (52). The overall uncertainty of the obtained correlation of CP-T is calculated through 

Eq. (53), which counts the uncertainty of measurement (systematic and random errors) and the 

uncertainty from data fitting. The uncertainty from curve fitting is uc (±4.28×10-4 J/(g•K)), which 

is much less than the measurement uncertainty 𝑢𝐶𝑃̅̅ ̅̅ ,  and thus, the maximum overall uncertainty is 

still ±0.0358 J/(g•K). 

 

 

Fig. 56 Specific heat capacity versus the temperature for the NREL salt 
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the University of Arizona is compared with the measured data from another research team (authors 

at National Renewable Energy Laboratory-NREL) and also with the data from theoretical 

prediction obtained using the software Factsage [273, 309].  The relative difference between the 

measured mean values by the two teams is less than 5%. To minimize the random effect of 

experimental conditions, both of the two teams used the same procedure to measure the heat 

capacity of this ternary molten salt, including the same temperature program, type of graphite 

crucibles, protection gas, and flow rate. However, different models of the equipment of Differential 

Scanning Calorimetry (STA449 F3 versus DSC 404 F3 Pegasus both made by NETZSCH) were 

used by the two teams, the systematic error may cause the small discrepancy of the two groups of 

data. A number of random factors can also affect the results in heat capacity measurement, which 

include errors due to positioning of crucibles in the sample holder, the magnitude of crucible 

surface oxidation that influences the radiation heat transfer in the test process, etc. Discussions 

about having a reliable measurement for heat capacity has been reported in another work by the 

author’s team [276]. The current agreement of the measured data and the predicted data are also 

less than 5%, which is satisfactory. It is important to note that the heat capacity of the molten salt 

slightly decreases with the increase of temperature. This has been demonstrated from the 

experimental data as well as from the theoretical prediction. 

The measured data for the melting point of the molten salt is given in Table 27, where there 

are 15 measurements. The mean value and the measurement uncertainty (including the systematic 

error of 0.2 oC and random error) at a confidence interval of 95% for the melting point (Tm) of the 

molten salt are given in the table. The 15 data show the average melting point to be 401.4 °C, and 

the measurement uncertainty at a probability of 95% is ±1.3 °C.  

The measured values of heat of fusion (ΔH) for the molten salt are listed in Table 28. From 
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the 15 measured data, the mean value of the heat of fusion is 248.32 kJ/kg, which is slightly greater 

than that of the binary salt of KCl-MgCl2 discussed in section 5.2.1.1 and is three times as large as 

that of the ternary chloride molten salt of NaCl-KCl-ZnCl2 [256]. The measurement uncertainty 

(including systematic and random errors) of the heat of fusion at a 95% confidence interval is 

±7.37 (kJ/kg). 

 

 
Fig. 57 Comparison of two groups of measured specific heat capacity to theoretical predictions 
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values at a temperature is within ±3.5% compared to the average of the 5 measurements. 

 

Table 27  Measured average values and overall uncertainty of melting point 

Test ID 1 2 3 4 5 6 7 8 

Tm (°C) 401.3 401.4 396.8 407.4 399.3 399 400.9 401.2 

Test ID 9 10 11 12 13 14 15  

Tm (°C) 401.5 401.8 406.8 400.3 400.8 401 401.5  

Tm̅̅̅̅  (°C) = 401.4;  uTm̅̅̅̅ ̅ (°C) = ±1.224 

 

Table 28 Measured average values and overall uncertainty of heat of fusion 

Test ID 1 2 3 4 5 6 7 8 

ΔH (kJ/kg) 265.3 259.4 248.3 256.6 245 265.6 245.5 252.3 

Test ID 9 10 11 12 13 14 15  

ΔH (kJ/kg) 246.4 239.3 257 252.5 236.5 224.6 230.5  

ΔHm̅̅ ̅̅ ̅̅  (kJ/kg) = 248.32;  uΔHm̅̅ ̅̅ ̅̅ ̅ (kJ/kg) = ±7.37 

 

As an important transport property for analysis to heat transfer and pumping power, the 

dynamic viscosity of the molten salt has been measured with 5 repetitions in the temperature range 

of 445 °C to 700 °C. The curves of the viscosity versus temperature from the measurements are 

shown in Fig. 58. The repeatability of the five tests is acceptable, where the deviation of viscosity 

values at a temperature is within ±3.5% compared to the average of the 5 measurements. 

The viscosity decreases with the increase of the temperature. With the range of the studied 

temperatures, the viscosity decreases from 3.85-2.5 cP (10-3 Pa•s), which is lower than that of the 

binary chloride salt KCl-MgCl2 (Mole:68%-32%) studied in section 5.2.1.3. Table 29 lists the 

measured mean viscosities and the measurement uncertainty at a probability of 95% at several 
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points of temperatures. The maximum measurement uncertainty is ±0.16 cP, which is ±6.4% 

relative to the lower viscosities at high temperatures. A regression equation is also shown in Fig. 

58, which is to be discussed in the next paragraph. 

 

 

Fig. 58 Measured viscosities at various temperatures for NREL salt 

 

Table 29 Measured mean values and the overall uncertainties of viscosities at several 

temperatures 

T (°C) 450 500 550 600 650 700 

μ̅ (cP) 3.79 3.36 3.03 2.79 2.60 2.5 

uμ̅ (cP) 0.0853 0.1066 0.1138 0.0859 0.0872 0.0903 

 

Data regression was conducted for the average value of viscosity (from the 5 measurements) 

at each temperature. Fig. 59 shows the curve of the natural logarithm of average viscosity (ln(μ)) 
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versus the inverse of temperature (T-1), where μ and T have the unit of cP and K, respectively. It 

can be seen that the curve is fairly linear and the coefficient of determination of the regression, R2, 

is 0.99128, which is close to 1.0. Therefore, the viscosity of the molten salt indeed follows the 

thermally activated model, and the correlation of μ-T was obtained as: 

 

 μ = 0.70645e1204.11348 / (T + 273.15) (67) 

 

where μ has the unit of cP and T is in °C. From the same uncertainty analysis approach shown in 

Eqs. (49) and (50), the total uncertainty of the regression equations are composed of the uncertainty 

from the measurement (including system and random errors) and the uncertainty from data fitting. 

The maximum uncertainty of the regression equation was found to be ±0.1138 cP, while the 

uncertainty of curve fitting is 0.0036 cP and thus negligible. 

 

 
Fig. 59 The linear relationship of ln(μ) versus T-1 
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3.4.3.3 Vapor pressure of NREL’s salt 

Relatively low vapor pressure was observed for the current ternary chloride salt MgCl2-KCl-

NaCl. The systematic error of the pressure measurement is ±0.08% of the reading. Fig. 60 shows 

the curves of vapor pressure varying against temperatures of the molten salt. There were 7 

measurements conducted from 420 °C to 725 °C in this experiment, which showed acceptable 

repeatability. It is seen that the vapor pressure increases with the increase of temperature greater 

than linear correlation. The measured average vapor pressure from 7 times of tests and the 

measurement uncertainty (including systematic error and random error) at a probability of 95% at 

several temperatures were listed in  

Table 30. At the temperature of 725 °C, the average measured vapor pressure is 3.5 kPa. 

 

 
Fig. 60 Measured vapor pressures against temperatures for NREL salt 
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KCl-MgCl2 (Mole:68%-32%) where the results are shown in section 5.2.1.2 and much less than 

that of ternary molten salt NaCl-KCl-ZnCl2 [256]. The very low vapor pressure of MgCl2 

compared to that of ZnCl2 could be the major contributing factor for this low pressure in these two 

MgCl2 containing salts [274, 303, 310].  For the average vapor pressures at measured temperatures, 

a polynomial equation was fitted as given in Eq. (68), where P has a unit of kPa and T is in °C. 

The uncertainty from curve fitting is 2.8×10-3 kPa which is negligible compared to the maximum 

measurement uncertainty of ±0.589 kPa (including system error of ±0.08% of reading, and random 

error). Considering the measurement uncertainty in  

Table 30 and the error from curve fitting, the maximum total uncertainty of the equation for 

pressure is ±0.589 kPa. 

 

 P = 7.1320*10-8×T3 - 7.909×10-5×T2 + 0.030355×T - 4.0966 (68) 

 

Table 30 Measured average value and overall uncertainty of vapor pressures at several 

temperatures 

T (°C) 500 550 600 650 700 725 
P̅ (kPa) 0.247 0.576 1.078 1.825 2.910 3.484 

uP̅ (kPa) 0.111 0.188 0.281 0.391 0.520 0.589 

 

3.4.3.4 Density of NREL’s salt 

The density of the current chloride molten salt has been measured at temperatures ranging 

from 450 °C to 700 °C, as shown in Fig. 61. The 6 times of measurements showed very good 

repeatability and the density linearly decreases with the increase of the temperature. Linear 

regression was conducted which resulted in Eq. (69), where ρ and T have the unit of kg/m3 and °C, 
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respectively.  

 

 
Fig. 61 The molten salt density versus temperature for NREL salt 
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±15.183 kg/m3, which is less than 1% of the density. The uncertainty of curve fitting is obtained 

as ±1.667 kg/m3 using Eq. (52). Therefore, the total maximum uncertainty for the density from 

using Eq. (53) is ±15.27 kg/m3. 

 

 ρ = 1958.8438 - 0.56355 × T (69) 
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Table 31 Measured average value and overall uncertainty of density 

T (°C) 450 500 550 600 650 700 

�̅� (kg/m3) 1706.7 1676.5 1648.3 1618.7 1593.1 1565.5 

u�̅� (kg/m3) 14.757 15.183 14.729 14.903 14.502 14.550 

 

3.4.3.5 Thermal diffusivity of NREL’s salt 

In order to measure the thermal conductivity of the molten salt, the thermal diffusivity was 

firstly measured as described in Section 5.1.4.  Fig. 62 shows the obtained thermal diffusivity for 

the current molten salt with a total of 8 measurements at a series of temperatures. The mean value 

and the uncertainty of the measured thermal diffusivity were obtained and listed in  

Table 32 for several points of temperatures. The measured thermal diffusivity slightly 

increases with the increase of temperature in the range of 450 - 700 °C. The maximum uncertainty 

of measurement (including the systematic error of ±3% of reading, and random error) of the 

measured diffusivity is seen at 700 °C, which is ±0.0221 mm2/s at a probability of 95%. Data 

regression analysis for the mean values was conducted and a 2nd-order polynomial correlation (Eq. 

(70)) could show the best fit for the thermal diffusivity against temperature. In the equation, the 

diffusivity α has the unit of mm2/s, and temperature T is in °C. The uncertainty of the regression 

equation is ±0.00076 mm2/s. Therefore, the maximum uncertainty of using Eq. (70) is ±0.0221 

mm2/s. 

 

 α = 4.338 × 10−7×T2 − 4.353 × 10−4×T + 0.365 (70) 
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Fig. 62 The measured thermal diffusivity versus temperature for NREL salt 

 

Table 32  Measured average value and the uncertainty for thermal diffusivity 
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�̅� (mm2/𝑠) 0.2571 0.2556 0.2564 0.2609 0.2653 0.2730 

u�̅� (mm2/𝑠) 0.0105 0.0121 0.0181 0.0081 0.0089 0.0221 
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in Eq. (71), which has an uncertainty of ±0.0066 W/(m•K) from the data fitting with a probability 

of 95%. The units of thermal conductivity (λ) and temperature T in Eq. Eq. (71) are W/(m•K) 

and °C, respectively. Therefore, if Eq. (71) is used to calculate the thermal conductivity, the total 

uncertainty at the measured temperatures is obtained as the root of the sum of squares of the 

measurement uncertainty and the uncertainty from data fitting. The maximum uncertainty for using 

Eq. (71) is ±0.037 W/(m•K).  

 

 λ = 0.5822 – 0.00026 × T (71) 

 

Table 33  Measured average value and overall uncertainty of thermal conductivity 

T (°C) 450 500 550 600 650 700 

λ (W/(m•K)) 0.4724 0.4506 0.4337 0.4229 0.4126 0.4066 

uλ (W/(m•K)) 0.0239 0.0263 0.0344 0.0202 0.0209 0.0364 

 

Fig. 63 shows the measured thermal conductivity values of the molten salt, which range from 

0.4724 to 0.4066 W/(m•K) in the temperature range of 450 °C to 700 °C. The decrease in the 

thermal conductivity versus the increase in temperature is not very significant in the interesting 

range of temperature.  It has been compared that the thermal conductivity of the current ternary 

chloride salt is close to that of the binary salt KCl-MgCl2 (Mole:68%-32%) [276] but greater than 

the thermal conductivity of three types of ternary salts by NaCl, KCl, and ZnCl2 as given in the 

literature [256] in the similar temperature range. 
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Fig. 63  Thermal conductivity of the molten salt at various temperatures for NREL salt 

 

Finally, a summary of the measured properties of the current molten salt is given in Table 34. 

For each property, the maximum overall uncertainty of the value obtained using the corresponding 

equation is also listed.  
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at temperatures beyond the tested range still follow the variation trend of tested data very well. 

Therefore, it is confident that the use of these equations may be extended to the temperature up to 

800 oC if needed in engineering applications.
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Table 34 Summary of thermophysical properties of the current molten salt for Gen3 CSP 

Property Values or correlations with T (°C) Uncertainties 

@ probability of 95%  

Melting point (°C) 401.4 ±1.224 

Heat of fusion (kJ/kg) 248.32 ±7.37 

Heat capacity (J/(g•K)) CP = 1.3014 - 4.9625×10-4 × T                                   ±0.0358 

Viscosity (cP or 10-3 Pa•s) μ = 0.70645e1204.11348/(T+273.15) ±0.1138 

Vapor pressure (kPa) P = 7.1320×10-8 × T3 - 7.909 × 10-5 × T2 + 0.030355 × T - 4.0966 ±0.589 

Density (kg/m3) ρ = 1958.8438-0.56355×T ±15.27 

Thermal conductivity 

(W/(m•K)) 
λ = 0.5822 – 2.6 × 10-4 × T ±0.037 
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3.5 Comparison of thermophysical and transport properties of eutectic chloride molten 

salts to other commercial molten salts 

In this section, the comparison of those thermophysical and transport properties of binary and 

ternary chloride molten salts with other commercial molten salt heat transfer fluids will be 

discussed, which include Solar salt [311], Hitec salt [312, 313], alkali (Li-Na-K) carbonate [212], 

alkali (Li-Na-K) fluoride [314], NaCl-MgCl2-CaCl2 [229], and NaCl-KCl-ZnCl2 [256]. 

Fig. 64 shows the comparison of specific heat capacity. It can be seen that the specific heat 

capacity of the binary KCl-MgCl2 salt and four ternary NaCl-KCl-MgCl2 salts are close and in the 

range of 0.9 - 1.2 J/g•K from 425 oC to 800 oC. The values are higher than the specific heat capacity 

of NaCl-KCl-ZnCl2 salts and slightly lower than NaCl-CaC2l-MgCl2 salts. The commercial 

nitrate/nitrite molten salt heat transfer fluid has 0.3-0.5 J/g•K higher specific heat capacity than the 

molten salts studied in this work. 

The comparison of density is shown in Fig. 65. The density of the molten salts shown in Fig. 

65 decreases with the temperature. The decrease rates are close for the five chloride salts 

considered in this work. The density of the four ternary NaCl-KCl-MgCl2 salts is higher than KCl-

MgCl2 (Mole:68%-30%) but lower than NaCl-KCl-ZnCl2 due to the higher mass fraction and 

higher density of pure single ZnCl2 salt. 

Fig. 66 displays the results of the comparison of viscosity. It can be seen that the viscosity of 

all four ternary NaCl-KCl-MgCl2 salts is close to KCl-MgCl2 (Mole:68%-30%) molten salt in the 

temperature range of 500 - 750 oC. But the viscosity of KCl-MgCl2 binary salt is a little higher 

than NaCl-KCl-MgCl2 salts from 450 oC to 500 oC due to close to its melting point. Compared to 

NaCl-KCl-ZnCl2 ternary molten salts, KCl-MgCl2 molten salts and NaCl-KCl-MgCl2 salts have 

37%-47% lower viscosity in the temperature range of 600 oC - 750 oC. The reason is pure liquid 
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ZnCl2 salts have very high viscosity at low temperature and decrease significantly as the 

temperature increases. And the mass fraction of ZnCl2 in NaCl-KCl-ZnCl2 molten salts is high, 

which has a major effect on the viscosity of this ternary molten salt.  

Fig. 67 shows the comparison of the vapor pressure of chloride molten salts studied in this 

work and NaCl-KCl-ZnCl2 ternary molten salts. It can be seen that the vapor pressure of NKM-

#1-3 is similar and a little lower than KCl-MgCl2 binary salts. However, all five binary or ternary 

chloride molten salts have much lower vapor pressure than NaCl-KCl-ZnCl2 salts. This good 

performance will reduce the risk when the salts run in the CSP plant to serve as heat transfer fluids. 

The comparison results of thermal conductivity are shown in  Fig. 68. The alkali fluoride salt 

has the highest thermal conductivity during molten salts displayed in  Fig. 68. The thermal 

conductivity of the binary and ternary mixture of NaCl, KCl, and MgCl2 considered in this work 

is in the range of 0.44 - 0.56 W/(m•K) from 450 oC to 800 oC, which are higher than the thermal 

conductivity of NaCl-KCl-ZnCl2 ternary molten salts and Helic salt and a little lower than Solar 

salt. 

The thermal stability of KM and NKM-#1-3 salts were conducted from room temperature up 

to 1000 oC under argon as protection gas with a flow rate of 50 ml/min. The results and comparison 

are shown in Fig. 69. It can be seen that the mass loss for all ternary is less than 3% even the 

temperature is as high as 1000 oC. For KM salt, the mass loss is a little higher than 3%. Therefore, 

all four candidate chloride molten salts are good to serve as heat transfer fluid at a temperature up 

to 1000 oC. These observations also can prove that the measurements of the above essential 

thermophysical and transport properties were conducted without big mass losses of salt samples, 

which means there is no physical or chemical change on the sample. 

The correlation of thermophysical and transport properties with temperature studied in this 
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work by experimental methods are summarized and listed in Table 34 to Table 40. For each 

correlation equation, the applicable temperature range, the maximum overall uncertainty of the 

value obtained using the corresponding equation is also given.  

It is also very important to mention that the obtained regression equations for properties with 

applicable temperature less than 850 oC have been trialed for extended temperatures up to 850 oC. 

For every property, the calculated values at temperatures beyond the tested range still follow the 

variation trend of tested data very well. Therefore, it is confident that the use of these equations 

may be extended to the temperature up to 850 oC if needed in engineering applications. 

 

 

Fig. 64 Comparison of the specific heat capacity 
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Fig. 65 Comparison of density 

 

 

Fig. 66 Comparison of viscosity 
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Fig. 67 Comparison of vapor pressure 

 

 

 Fig. 68 Comparison of thermal conductivity 
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Fig. 69 Comparison of thermal stability 

 

Table 35 Summary of melting point (°C) and heat of fusion (kJ/kg) of the current molten salts 

Salt ID KM NKM-#1 NKM-#2 NKM-#3 NREL 

Melting point (°C) 424.4 403.28 386.7 387.84 401.4 

Uncertainties @ 

probability of 95% 
±1.005 ±0.519 ±0.223 ±0.315 ±1.224 

Heat of fusion (kJ/kg) 207.01 271.66 284.38 271.1 248.32 

Uncertainties @ 

probability of 95% 
±4.32 ±7.62 ±7.73 ±5.43 ±7.37 
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Table 36 Summary of heat capacity (J/(g•K)) of the current molten salts 

Salt ID Correlations with T (°C) 
Applicable range 

T (°C) 

Uncertainties @ 

probability of 95% 

KM CP = 0.9876 - 1.0462×10-4 × T 500 - 710 ±0.129 

NKM-#1 CP = 1.2263 - 3.1539×10-4 × T 450 - 725 ±0.036 

NKM-#2 CP = 1.3145 - 5.0239×10-4 × T 450 - 780 ±0.053 

NKM-#3 CP = 1.3402 - 5.3945×10-4 × T 450 - 730 ±0.069 

NREL CP = 1.3014 - 4.9625×10-4 × T 450 - 625 ±0.037 

 

 

Table 37 Summary of density (kg/m3) of the current molten salts 

Salt ID Correlations with T (°C) 
Applicable range 

T (°C) 

Uncertainties @ 

probability of 95%  

KM ρ = -0.55201 × T + 1903.67 450 - 800 ±31.587 

NKM-#1 ρ = -0.60843 × T + 1992.73 450 - 750 ±15.587 

NKM-#2 ρ = -0.58620 × T + 2010.60 450 - 750 ±15.851 

NKM-#3 ρ = -0.55663 × T + 1993.38 450 - 800 ±18.085 

NREL ρ = -0.56355 × T + 1958.84  450 - 700 ±15.270 

 

 

Table 38 Summary of thermal conductivity (W/(m•K)) of the current molten salts 

Salt ID Correlations with T (°C) 
Applicable range 

T (°C) 

Uncertainties @ 

probability of 95%  

KM λ = -1.3×10-4 × T + 0.5217 450 - 800 ±0.027 

NKM-#1 λ = -2.16×10-4 × T + 0.573 450 - 700 ±0.040 

NKM-#2 λ = -5×10-4 × T + 0.7993 450 - 700 ±0.032 

NREL λ = -2.6×10-4 × T + 0.5822 450 - 700 ±0.037 
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Table 39 Summary of viscosity (cP) of the current molten salts 

Salt ID Correlations with T (°C) Applicable range T (°C) Uncertainties @ probability of 95%  

KM μ = 5.35×107e(-0.03744 * T) + 6.01e(-0.001244 * T) 450 - 750 ±0.441 

NKM-#1 μ = 0.65086e1247.3222 / (T+273.15) 450 - 750 ±0.181 

NKM-#2 μ = 0.61102e1327.2088 / (T+273.15) 450 - 750 ±0.191 

NKM-#3 μ = 0.85853e1102.4207 / (T+273.15) 450 - 750 ±0.173 

NREL μ = 0.70645e1204.11348 / (T+273.15) 450 - 700 ±0.114 

 

 

Table 40 Summary of vapor pressure (kPa) of the current molten salts 

Salt ID Correlations with T (°C) 
Applicable range 

T (°C) 

Uncertainties @ 

probability of 95% 

KM P = -4.1011×10-8 × T3 + 1.22×10-4 × T2 - 0.0846 × T + 22.11787 430 - 1000 ±2.60 

NKM-#1 P = -2.7378×10-10 × T4 + 8.7788 10-7 × T3 - 9.6292×10-4 × T2  

+ 0.46321 × T - 81.752 
430 - 800 ±1.28 

NKM-#2 P = -3.8678×10-10 × T4 + 9.0479×10-7 × T3 - 7.2405×10-4 × T2  

+ 0.24877 × T - 31.799 

430 - 800 
±1.26 

NKM-#3 P = 1.6046×10-7 × T3 - 2.3513×10-4 × T2 + 0.12967 × T - 24.950 430 - 800 ±1.38 

NREL P = 7.1320×10-8 × T3 - 7.909×10-5 × T2 + 0.030355 × T - 4.0966 430 - 730 ±15.27 
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Chapter 4 Prediction of the heat transfer 

coefficient using the currently measured 

properties 

Convection heat transfer coefficient is another important parameter of heat transfer fluid. To 

enhance the performance and ensure the safe operation of these molten salts, it is necessary to 

understand the flow and heat transfer features of these molten salts fluids in the commonly used 

round pipes [315]. In this section, the convection heat transfer coefficient of the five candidate 

eutectic chloride molten salts is predicted by empirical equations at different conditions.  

In practice, the heat transfer coefficient (h) can be calculated by Eq. (72). 

 

 ℎ =
𝑁𝑢 ∗ 𝜆

𝑑
 (72) 

 

where Nu is the Nusselt number, λ is the thermal conductivity of the fluid and d is the characteristic 

length. 

The correlation of Nusselt number is underdeveloped by many researchers. The empirical 

correlation of Dittus-Boelter has been widely accepted to predict the Nusselt number in turbulent 

pipe flow with the smooth surface [316-318]. It has the form of Eq.(73),  

 

 Nu = 0.023Re4/5Prn (73) 
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where Re is the Reynolds number and Pr is the Prandtl number. n is 0.4 for liquid fluid. Dittus-

Boelter correlation is valid for Re larger than 104 and Pr in the range of 0.6-160. Another classic 

correlation is called the Gnielinski correlation [319, 320], which is valid for Re and Pr in the range 

of (3000, 5×106) and (0.5, 2000), respectively. It can be expressed in the form of Eq.(74). 

 

 𝑁𝑢 =
(𝑓

8) (𝑅𝑒 − 1000) ∗ 𝑃𝑟

1 + 12.7 ∗ (𝑓
8)0.5 ∗ (𝑃𝑟3/2 − 1)

 (74) 

 

where f is the Darch fraction factor and can be calculated by Eq fro smooth tubes.  

 

 f = ((0.79 * ln(Re) - 1.64)-2 (75) 

 

Wu et al. [321] obtained two empirical equations for transition flow and turbulent flow based 

on the experimental study of the heat transfer performance from multiple molten salts, as expressed 

in Eq. (76) and Eq. (77). 

 

 Nu = 0.00154Re1.1Pr1.3 (76) 

 Nu = 0.02948Re0.787Pr1/3 (77) 

 

where 2300 < Re <104 for Eq. (76) and 104 < Re < 4.6×104 and 1.6 ≤ Pr ≤ 23.9.  

 Dawid Taler and Jan Taler [322] drove an equation to calculate Nusselt number from the 

data of Nusselt as a function of the Reynolds and Prandtl numbers obtained from the solution of 

the energy conservation equation for fully developed turbulent flow in tubes with constant wall 
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heat flux. it is in the form of Eq. (78) and valid for Re in the range of 3000 to 106 and Pr in the 

range of 3 to 1000.    

 

 Nu = 0.00881Re0.8991Pr0.3911 (78) 

  

The Reynolds number and Prandtl number can be calculated from Eq. (79) and Eq. (80) based on 

the thermophysical and transport properties of molten salts.  

 

 𝑅𝑒 =
𝜌 ∗ 𝑣 ∗ 𝑑

𝜇
 (79) 

 𝑃𝑟 =
𝐶𝑝 ∗ 𝜇

𝜆
 (80) 

 

where ρ is the density, d is characteristic length, μ is the viscosity, Cp is the specific heat capacity, 

λ is the thermal conductivity and v is the flow rate of heat transfer fluid.   

 The heat transfer coefficient of the five chloride molten salts considered in this work was 

calculated in the temperature range of 450 - 850 °C using the correlations shown in Eq.(73), 

Eq.(74), Eq. (77), and Eq. (78) based on the thermal and transport properties discussed in Chapter 

3. For the properties exceeding 850 °C, they are calculated from the correlations listed in Table 34 

to Table 40 by extending the temperature to 850 °C. The thermal conductivity of NKM-#3 salt 

was calculated by the RHS method due to the lack of experimental data. 

 Fig. 70 shows the curves of calculated Re varied with temperature for the five candidate 

eutectic chloride molten salts. It can be seen that the values of Re increase with the increase of 

temperature and are in the range of 8000 to 24000. The flow rate and pipe diameter were selected 
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as 1.2 m/s and 0.025 m, which are the parameters in the design of the experiment to test the heat 

transfer performance of molten salt in our team. The calculated value of the Re is in the range of 

8×103 - 2.4×104, thus all four correlations are applicable. The values of Re are close at low 

temperature, 450 - 600 °C.  

 

 

Fig. 70 Re Varied temperature at v=1.2 m/s and d=0.025 m 

 

 Fig. 71 shows the results of heat transfer coefficient varied with temperature. It can be seen 

that the heat transfer coefficient of KCl-MgCl2 salt is the lowest than the other four ternary NaCl-

KCl-MgCl2 salts in the considered temperature range. The strange of the point at 450 °C for KM 

salt is due to the sudden increase of its viscosity at 450 °C. The heat transfer coefficient of KM 

salt increase with fluid working temperature and reach the maximum at 600 - 650 °C. 
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(a) Dittus-Boelter correlation 

 

(b) Gnielinski correlation 
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(c) Wu’s correlation 

 

(d) Taler’s correlation 

Fig. 71 Heat transfer coefficient varied with temperature for different molten salts from different 

correlations at v=1.2 m/s and d=0.025 m 
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 For NKM-#1 salt, its heat transfer coefficient is in the range of 2038 - 2167 W/m2•K, 2068 

- 2157 W/m2•K, 2063 - 2161 W/m2•K, and 2201 - 2305 W/m2•K with small variation and increases 

with temperature to a maximum at 550 °C, 550 °C, 650 °C, 600 °C for correlation of Dittus-Boelter, 

Gnielinski, Taler, and Wu, respectively. For NKM-#2 chloride salt, h reaches the highest value at 

450 °C or 500 °C then decreases with the decrease of working fluid temperature. The trend of heat 

transfer coefficient varied with temperature for NREL salt is similar to NKM-#1 salt but lower. In 

the range of 500 - 600 °C, the heat transfer coefficient has the highest value.  

 

 

Fig. 72 Heat transfer coefficient varied with temperature for NKM-#1 salt with different flow 

rate from different correlations. d = 0.025m; (solid line + solid symbol: v = 0.6 m/s, solid line + 

open symbol: v = 1.2 m/s, dash line + open symbol: v = 2 m/s) 
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and 2.4×104 - 3.7×104 when velocity is 0.6 m/s,1.2 m/s, and 2 m/s, separately. The Prandtl is in 

the range of 4.9 - 8.3, which is independent of velocity. The heat transfer coefficient increases with 

the increase of flow rate for NKM-#1 molten salts, as shown in Fig. 72. It can also be seen that the 

values of heat transfer coefficient from different correlations show good agreement at a lower 

velocity (v = 0.6 m/s) and the difference among the heat transfer coefficient from different 

correlations increase with the increase of working fluid velocity. Another observation is the 

variation of h versus temperature decrease with the decrease of the flow rate of NKM-#1 chloride 

molten salt. 

 

 

Fig. 73 Heat transfer coefficient varied with temperature for NKM-#1 salt with different flow 

rate from different correlations. v = 1.2 m/s. (solid line + solid symbol: d = 0.025 m, solid line + 

open symbol: d = 0.05 m, dash line + open symbol: d = 0.1 m) 
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for NKM-#1 salt at different temperatures. The Re numbers are in the rage of 1.4×104 - 2.2×104, 

2.8×104 - 4.5×104, and 5.6 ×104 - 9×104 for the pipe diameter equal to 0.025 m, 0.05m, and 0.1 m, 

respectively. Since the value is over the applicable range of Wu’s correlation, the heat transfer 

coefficient calculated by Eq. (77) was not shown in Fig. 73. It can be seen that the heat transfer 

coefficient of NKM-#1 salt decrease with the increment of pipe diameter from 0.025 m to 0.1 m. 

One more interesting observation is the change of pipe diameter and molten salt flow rate will not 

affect the corresponding temperature with the highest heat transfer coefficient.  

 

 

Fig. 74 Comparison of heat transfer coefficient at different temperatures: Wu’s correlation, at 

v=1.2 m/s and d=0.025 m. 

 

Fig. 74 shows the comparison of the heat transfer coefficient of candidate chloride molten 

salts with other HTFs in the temperature range of 450 - 750 oC. The Nu is calculated by Wu’s 

correlation (Eq. (77)), the velocity and pipe diameter are selected as v = 1.2 m/s and d = 0.025 m. 
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From Fig. 74, it can be seen that the heat transfer coefficient of the five candidate molten salts is 

lower than commercial Hitec salt from 450 oC to 500 oC and much higher than Li-Na-K carbonate 

salt (450 - 600 oC) and Na-K-Zn chloride salt (450 oC to 750 oC). 

From the above discussion, the Re was found to increase with the increase of temperature 

for the five candidate chloride eutectic molten salts in the temperature range of 450 - 850 oC. There 

is a peak value of the heat transfer coefficient for each candidate molten salt in the considered 

temperature range, which means h increases with temperature from 450 oC and reaches the highest 

value at some temperature, then decreases with the increase of temperate. The heat transfer 

coefficient of the ternary Na-K-Mg chloride molten salts is in the range of 2000 - 2500 W/(m•K), 

which are calculated when the velocity and pipe diameter set as 1.2 m/s and 0.025m, and higher 

than the binary KCl-MgCl2 molten salt from 450 - 800 oC. The heat transfer coefficient increase 

with the increment of velocity and the agreement of values from the different correlations of Nu 

becomes worse when the velocity increases. Increasing the pipe size will cause a reduction in the 

heat transfer coefficient. In the temperature range of 450 - 750 oC, the five chloride molten salts 

have better heat transfer performance than the NaCl-KCl-MgCl2 and Alkali carbonate salts. 
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Chapter 5 Conclusion and remarks for future 

works 

5.1 Conclusion 

Investigation of the thermophysical and transport properties for binary and ternary molten salt 

mixture of NaCl, KCl, MgCl2 were conducted in this work, including KCl-MgCl2 (KM) with molar 

ratio 68%:32%, NaCl-KCl-MgCl2 with mole ratio 27.5%:32.5%:40% (NKM-#1), mole ratio 

30.9%:21.2%:47.9% (NKM-#2), NaCl-KCl-MgCl2 with mole ratio 28.39%:27.25%:44.36% 

(NKM-#3) and NaCl-KCl-MgCl2 with mass ratio 45.98%:38.91%:15.11% (NREL). All the five 

kinds of molten salts are constituted by the candidate single salts which are the major inorganic 

components of seawater. They have more cost-benefit to serve as HTFs than the NaCl-KCl-ZnCl2 

molten salts and commercial ‘solar salt’.  

The hygroscopic property of both NaCl and KCl are little. The amount of water absorbed by 

MgCl2 salts is 2.7 times of ZnCl2 salts. The amount of water absorbed by NaCl-KCl-MgCl2 ternary 

molten salts is higher than that absorbed by KCl-MgCl2 molten salts due to the higher mass ratio 

of MgCl2. The results from the improved experiment for water removal indicate that the water can 

be removed effectively at 240 oC from binary and ternary molten salts considered in this study, 

even when the sample absorbed around 50% of water. However, the acidic gas product will 

generate from the hydrolysis reaction of MgCl2 in the presence of moisture, which will increase 

the corrosion rate of piping material. Therefore, the sample should be avoided from moisture or be 

pretreated before use in the CSP plant.  

In this study, the experimental setup of thermophysical and transport properties measurement 
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was improved and the accuracy and reliability were enhanced proven by experiment results. 

All five salts have good thermal and transport properties to serve as HTFs and TES media. 

The measured properties and their values of range are summarized to serve the need of engineering 

designs for the 3rd Generation Concentrated Solar Thermal Power plants as following:  

1) The melting point of binary KCl-MgCl2 salts is 422.2 oC. The heat of fusion and average specific 

heat of binary KCl-MgCl2 salts is 207 kJ/kg and 0.999 J/(g•K), respectively. Both of these two 

properties are better than the NaCl-KCl-ZnCl2 molten salts. The four kinds of NaCl-KCl-MgCl2 

eutectic molten salts with different molar ratio have lower cost, lower melting point (in the range 

of 386.7 oC to 403.3 oC), and higher specific heat capacity (in the range of 0.9-1.2 J/(g•K)) and 

higher heat of fusion (in the range of 248.3 - 284.4 kJ/kg) than the KCl-MgCl2 molten salts.  

2) The densities of all molten salts studied in this work decrease linearly with the increase of 

temperature. The densities of NaCl-KCl-MgCl2 ternary molten salt are in the range of 1537 - 1751 

kg/m3, which is higher than KCl-MgCl2 binary salt with density in the range of 1471 to 1675 kg/m3 

from 450 - 750 oC, and close to the density of commercial Solar salt and Hitec salt. The NaCl-KCl-

MgCl2 salts with a mole ratio of 30.9%:21.2%:47.9% have the highest density. 

3) The viscosities of all kinds of molten salts studied in this work are lower than 3.5 cP when the 

temperature is higher than 500 oC, which is 2 cP lower than  NaCl-KCl-ZnCl2 salts. 

4) The thermal conductivity of the five candidate eutectic molten salts decreases with the increase 

of temperature. The thermal conductivity of KCl-MgCl2 molten salts is in the range of 0.44 - 0.48 

W/(m•K). The thermal conductivity of NKM-#1 and NKM-#2 is higher than KM in the range of 

450 oC - 550 oC and 450 oC - 600 oC, separately. Then the values of the two ternary molten salts 

are lower than that of the binary salts. NKM-#2 salts have higher thermal conductivity (0.39 - 0.58 

W/(m•K)) than NKM-#1 salt (0.32 - 0.55 W/(m•K)).  
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5) The vapor pressure of the KCl-MgCl2 molten salts is less than 20 kPa at a temperature as high 

as 1000 oC, which is a good performance to reduce the risk of serving as heat transfer fluid in the 

CSP plant. The vapor pressure of ternary eutectic molten salts is lower than 12 kPa under 800 oC 

but was affected by the presence of water. It will effectively reduce the vapor pressure after using 

an improved molten salt preparation procedure. 

It is also very important to mention that all the obtained regression equations for properties 

have been trialed for extended temperatures up to 850 oC. For each property, the calculated values 

at temperatures beyond the tested range still follow the variation trend of tested data very well. 

Therefore, it is confident that the use of these equations may be extended to the temperature up to 

850 oC if needed in engineering applications. 

The prediction of heat transfer coefficient (h) from four correlations of Nusselt number 

indicates were conducted in this work. The Reynolds number was found to increase with the 

increase of temperature for the five candidate chloride eutectic molten salts in the temperature 

range of 450 - 850 oC. There is a peak value of the heat transfer coefficient for each candidate 

molten salt in the considered temperature range, which means h increases with temperature from 

450 oC and reaches the highest value at some temperature, then decreases with the increase of 

temperate. The corresponding temperature is in the range of 600 - 650 oC, 550 - 650 oC, 450 - 500 

oC, 500 - 600 oC for KM, NKM-#1, NKM-#2, and NREL salt, separately. The heat transfer 

coefficient of the ternary Na-K-Mg chloride molten salts is in the range of 2000 - 2500 W/(m•K), 

which are calculated when the velocity and pipe diameter set as 1.2 m/s and 0.025m, and higher 

than the binary KCl-MgCl2 molten salt from 450 - 800 oC. For NKM-#1 salt, the heat transfer 

coefficient increase with the increment of working fluid velocity from 0.6 m/s to 2 m/s, and the 

agreement of values from the different correlations of Nu becomes worse when the velocity 
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increases. Increasing the pipe size from 0.025 m to 0.1 m will cause a reduction in the heat transfer 

coefficient. In the temperature range of 450 - 750 oC, the five chloride molten salts have better 

heat transfer performance than the NaCl-KCl-MgCl2 and Alkali carbonate salts. 

5.2 Remarks for future works 

1) Study the thermal stability of those molten salts for a long-term period at different temperatures 

and the limitation of heat charge-discharge cycles. 

2) Theoretically analyze the quaternary NaCl-KCl-MgCl2-CaCl2 system to find a eutectic 

composition with a lower melting point than current ternary eutectic molten salts and the new 

compositions will be experimentally validated. Then the thermal and transport properties of the 

quaternary eutectic molten salts will be experimentally studied.  

To find the eutectic composition with a low melting point of molten salts mixture, it is critical 

to find the expression of Gibbs free energy (G). At the equilibrium, G is at a minimum[323]. For 

a mixing liquid, the total Gibbs free energy can be expressed as: 

 

 𝐺 = ∑(𝑥𝑖𝐺𝑖
𝛩) + 𝑅𝑇 ∑(𝑥𝑖 𝑙𝑛𝑥𝑖) + 𝐺𝐸  (81) 

 

where xi is the mole fraction of each pure component, 𝐺𝑖
Θ is the Gibbs free energy of the ith 

component, which is given by: 

 

 𝐺𝑖
𝛩 = 𝛥𝐻298.15𝐾

𝜊 − 𝑇 ⋅ 𝑆298.15𝐾
𝜊 + ∫ 𝐶𝑃(𝑇)𝑑𝑇

𝑇

298.15𝐾
− 𝑇 ∫ (

𝐶𝑃(𝑇)
𝑇

) 𝑑𝑇
𝑇

298.15𝐾
 (82) 
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GE is the excess Gibbs free energy and can be computed by Kohler equation： 

 

 𝐺𝐸 = ∑ ∑ (𝑥𝑖 + 𝑥𝑗)
2

⋅ 𝐺𝑖𝑗
𝐸 (

𝑥𝑖

𝑥𝑖 + 𝑥𝑗
;

𝑥𝑗

𝑥𝑖 + 𝑥𝑗
)

𝑛

𝑗=𝑖+1

𝑛−1

𝑖

   (83) 

 

The excess Gibbs free energy 𝐺𝑖𝑗
𝐸  from the interaction of any two components can be obtained by 

the following two models.  

a) Modified quasi-chemical (MOC) model 

The modified quasi-chemical model was introduced for short-range order in liquids in the pair 

approximation by Pelton et al [288, 324-326]. In the model, the composition of maximum short-

range ordering in a binary system can be chosen freely. The energy of pair formation can be 

expressed as a function of composition and be employed to evaluate multicomponent systems.  

The Gibbs energy of the solution can be computed by 

 

 𝐺 = ∑ 𝑛𝑖𝑔𝑖
𝜊 − 𝑇𝛥𝑆𝑐𝑜𝑛𝑓𝑖𝑔 + 𝐺𝐸   (84) 

 

where 𝑔𝑖
𝜊  is the molar Gibbs energy of pure component i, and Δ𝑆𝑐𝑜𝑛𝑓𝑖𝑔  is an approximate 

expression for the configurational entropy of mixing, which is given by randomly mixing of the 

(m-n) pairs: 

 

 𝛥𝑆𝑐𝑜𝑛𝑓𝑖𝑔 = −𝑅 ∑ 𝑛𝑖 𝑙𝑛𝑋𝑖 − 𝑅 [∑ 𝑛𝑖𝑖 𝑙𝑛(𝑋𝑖𝑖 𝑌𝑖
2⁄ ) + ∑ ∑ 𝑛𝑖𝑗 𝑙𝑛(𝑋𝑖𝑗 2𝑌𝑖𝑌𝑗⁄ )

𝑖>𝑗

]  (85) 
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where ni is the number of moles of component i, Xi and Yi are the overall mole fraction and 

coordination-equivalent fraction, respectively. The excess Gibbs free energy has the form as 

 

 𝐺𝑖𝑗
𝐸 =

𝑛𝑖𝑗

2
𝛥𝑔𝑖𝑗 (86) 

 

where nij is the number of moles of (i-j) pairs and Δgij is the non-configurational Gibbs free energy 

change for the formation of two moles of (i-j) pair. 

When Δ𝑔𝑖𝑗 = Δ𝑔𝐴𝐵
𝜊 + ∑ 𝑞𝐴𝐵

𝑖𝑗 𝑌𝐴
𝑖𝑌𝐵

𝑗
(𝑖+𝑗)≥1 , 𝐺12

𝐸  in the quaternary system is given by 

 

 𝛥𝐺12
𝐸 (

𝑌1

𝑌1 + 𝑌2
;

𝑌2

𝑌1 + 𝑌2
) =

𝑛12

2
(𝛥𝑔12

𝜊 + ∑ 𝑞12
𝑖𝑗 (

𝑌1

𝑌1 + 𝑌2
)

𝑖

(
𝑌2

𝑌1 + 𝑌2
)

𝑗

(𝑖+𝑗)≥1

)  (87) 

 

When Δ𝑔𝐴𝐵 = Δ𝑔𝐴𝐵
𝜊 + ∑ 𝑔𝐴𝐵

𝑖𝑗 𝑋𝐴𝐴
𝑖 𝑋𝐵𝐵

𝑗
(𝑖+𝑗)≥1 , 𝐺12

𝐸  can be computed by 

 

 

𝐺12
𝐸 (

𝑋11

𝑋11 + 𝑋12 + 𝑋22
;

𝑋22

𝑋11 + 𝑋12 + 𝑋22
) =  

𝑛12

2
(𝛥𝑔12

𝜊  ∑ 𝑔12
𝑖𝑗 (

𝑋11

𝑋11 + 𝑋12 + 𝑋22
)

𝑖

(
𝑋22

𝑋11 + 𝑋12 + 𝑋22
)

𝑗

(𝑖+𝑗)≥1

)  

(88) 

 

b) Conformal ionic solution (CIS) model 

The Conformal ionic solution model is based on statistical mechanical calculation and utilizes 

a standard perturbation technique [327-330]. The real solution is considered as a standard 

perturbation system of the ideal solution. In this theory, the excess Gibbs free energy of mixing of 
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any two components can be expressed as 

 

 𝛥𝐺𝑖𝑗
𝐸 = 𝑋𝑖𝑋𝑗𝜆𝑖𝑗 (89) 

 

where Xi is the equivalent cation fractions of component i, which is given by 

 

 𝑋𝑖 =
𝑞𝑖𝑥𝑖

∑ 𝑞𝑖𝑥𝑖𝑖
 (90) 

 

where qi is the charge on the ith ion and xi is the mole fraction of the ith component.  

𝜆ij in equation (9) is the characteristic size parameters and can be computed by 

 

 

𝜆𝑖𝑗 =
(𝛥𝐻𝑖 𝑇𝑖⁄ )𝑇 − 𝑅𝑇 𝑙𝑛𝑋𝑖 − 𝛥𝐻𝑖 + 𝛥𝐶𝑝(𝑖)(𝑇𝑖 − 𝑇 − 𝑇 𝑙𝑛(𝑇𝑖 𝑇⁄ ))

𝑞𝑖𝑋𝑗
2             

=
(𝛥𝐻𝑗 𝑇𝑗⁄ )𝑇 − 𝑅𝑇 𝑙𝑛𝑋𝑗 − 𝛥𝐻𝑗 + 𝛥𝐶𝑝(𝑗)(𝑇𝑗 − 𝑇 − 𝑇 𝑙𝑛(𝑇𝑗 𝑇⁄ ))

𝑞𝑗(1 − 𝑋𝑗)
2  

(91) 

 

Then  𝐺ij
𝐸(𝑋i ; 1 − 𝑋j) in a quaternary system  

 

 𝐺𝑖𝑗
𝐸 (

𝑋𝑖

𝑋𝑖 + 𝑋𝑗
;

𝑋𝑗

𝑋𝑖 + 𝑋𝑗
) =

𝑋𝑖

𝑋𝑖 + 𝑋𝑗
⋅

𝑋𝑗

𝑋𝑖 + 𝑋𝑗
⋅ 𝜆𝑖𝑗 (92) 

 

After obtaining the expression of 𝐺ij
𝐸, the total Gibbs free energy of the molten salt mixture can be 

obtained by substituting all the expressions for binary systems into the Kohler equation.  
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