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Abstract: Solar thermal power plants are a key technology for electricity generation from 

renewable energy resources. Thermal energy storage (TES) systems correct the mismatch 

between the solar supply and the power demand. TES makes it possible to meet the intermediate 

load profile with dispatchable power, a benefit that has a high value to power utilities and that 

gives concentrating solar power (CSP) technology an edge over photovoltaic and wind power. 

Hence, TES is a key technology for solar thermal energy utilization with growing present and 

future importance. This chapter focuses on material aspects of alkali nitrate salts. They include 

thermal properties, thermal decomposition processes, steel corrosion issues and phase diagrams 

of multicomponent salt systems. In addition, two CSP applications using molten nitrate salts as 

sensible and latent TES are discussed. 
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1. Introduction 

There are various ways to classify thermal energy storage (TES) materials and systems [1-5]. 

Most commonly three types of TES systems are distinguished. These are sensible heat, latent heat 

and chemical heat (Figure 1). Sensible heat storage systems utilize an increase or decrease of the 

storage material temperature. Latent heat storage is connected with a phase transformation of the 

storage materials. The phase change is always coupled with the absorption or release of heat and 

occurs at a constant temperature. Thus, the heat added or released cannot be sensed and appears 

to be latent. Stored energy is equivalent to the heat (enthalpy) for melting and freezing. The 

materials are called phase change materials (PCMs). PCMs typically undergo a physical phase 

change from solid to liquid and vice versa. The third type, thermochemical heat storage (TCS) is 

based on reversible thermochemical reactions. The energy is stored in the form of chemical 

compounds created by an endothermic reaction and it is recovered again by an exothermic 

backward reaction. A characteristic of TES systems is that they can be classified with respect to 

storage medium, temperature level, power level (seconds, minutes, hours, days or one season) 

and heat transfer fluid (HTF). TES applications include the sectors of space heating and cooling, 

power generation, industrial process heat and vehicles. These diversities of storage characteristics 

and applications result in specific operation parameters and designs of TES systems. 

 

 Figure 1: Classification of heat storage media by principle of storage and state of matter.  
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There are several TES media such as water, stones, ceramics, metals and salts. Salts play an 

important role in TES systems and they are utilized in various ways. Table 1 gives an overview 

of sensible, latent and chemical heat storage processes using salts. Since this book is devoted to 

molten salt technology, the present chapter focuses on concentrated solar power (CSP) generation 

using molten salts in sensible and latent heat storage systems (Table 1, marked bold; Figure 1, 

marked by two ellipses). 

Table 1: Overview of salts utilized in TES processes. 

Temperature 
level 

Salt type process TES type, HTF 
usage 

Development 
status 

< 0 °C Water-salt mixtures PCM slurry, HTF Commercial 

0 – 100 °C Melting of salt hydrates in crystal water PCM R&D 

40 – 300 °C Dehydration of salt hydrates TCS R&D 

40 – 150 °C Absorption in concentrated salt solutions TCS R&D 

120 – 500 °C Solid-liquid conversion in anhydrous salts PCM R&D 

100 – 800 °C Anhydrous molten salts Sensible, HTF Commercial 

100 – 800 °C Anhydrous solid salts Sensible R&D 

100 – 800 °C Solid-solid conversion in anhydrous salts PCM R&D 

250 – 1000 °C Dissociation of anhydrous solid salts TCS R&D 

 

Table 2 lists anhydrous salts together with important thermal properties for sensible and latent 

heat storage systems. These salts are mainly minimum melting temperature mixtures in order to 

adjust the PCM melting temperature or to lower the melting temperature for HTF applications 

and sensible heat storage systems. Table 2 presents only a selection of characteristic salts and 

many more can be found in literature. The lower and upper limits of molten salt utilization are 

defined by the melting temperature (or liquidus) Tm and the maximum operation temperature 

Tmax. The value of Tmax is determined by factors such as a thermal decomposition process, a high 

vapor pressure or a high corrosion rate of the construction material. For PCM applications, the 



Chapter 20 in “Molten Salts Chemistry: From Lab To Applications”, edited by Lantelme, F. and Groult, H., Elsevier, 2013 
https://doi.org/10.1016/B978-0-12-398538-5.00020-2 

4 

specific material investment costs (e.g., € kWh-1) are determined by the PCM costs (e.g., € kg-1) 

and the melting enthalpy H (e.g., J kg-1). Hence, PCMs should have low material costs and high 

melting enthalpies. For sensible heat storage, specific material investment costs (e.g., € kWh-1) 

are determined by the material costs (e.g., € kg-1), the heat capacity cp and the temperature 

difference between charging and discharging ∆T. The specific volumetric heat capacity is the 

product of the density ρ and the heat capacity cp. The product ρ∙cp is an important characteristic 

value for heat transfer fluids (HTFs) and it determines the size of a sensible heat storage system. 

The volumetric energy density ρ∙cp varies from 2.0 J cm-3 K-1 to 3.8 J cm-3 K-1 for the considered 

molten salts in Table 2. 

Anions can be classified into the groups of nitrates, nitrate/nitrite mixtures, carbonates, chlorides 

and fluorides. For CSP, state-of-the-art TES fluids consist of alkali metal nitrate salt mixtures, 

and to some extend alkali metal nitrite and alkaline earth metal nitrate salts. For sensible heat 

storage in CSP plants, almost exclusively a non-eutectic molten salt mixture with 60wt% sodium 

nitrate (NaNO3) and 40wt% potassium nitrate (KNO3) is utilized. This mixture is usually known 

as “Solar Salt” with an increased amount of the cheaper NaNO3 compared to the eutectic mixture. 

The non-eutectic mixture has a liquidus temperature of about 240 °C and the thermal stability 

limit is about 550 °C. There is some laboratory-scale experience with other nitrate and nitrite 

mixtures. To the author’s knowledge, CSP experience with other anhydrous oxyanion salts (e.g., 

carbonates) and halogen salts (e.g., fluorides, chlorides) is currently mainly limited to theoretical 

studies and thermal analysis measurements [6,7]. In future, the utilization of nitrate salts could be 

restricted by their thermal stability limits, if higher operation temperatures are required. For 

applications at higher temperatures, salts with other anions, such as carbonates, chlorides and 

fluorides are potential candidates. The remainder of this chapter considers the state-of-the-art 

systems and current developments of nitrate and nitrite salts. 
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Table 2: Properties of selected anhydrous inorganic salt mixtures for TES and HTF applications 
sorted by anion and melting temperature. The table contains results from own measurements and 
literature values [6-17]. 

Salt system (composition in wt%) Tm  
[°C] 

Tmax  
[°C] 

H  
[J g-1] 

cp  

[J g-1 K-1] 
ρ  

[g cm-3] 
ρ∙cp 

[J cm-3 K-1] 

KNO2-KNO3-LiNO3-NaNO2-NaNO3 75 N/A N/A N/A N/A N/A 

KNO3- LiNO3-NaNO3 (53-29-18) 120 435-540 N/A 1.64* 1.78* 2.92* 

Ca(NO3)2-KNO3-NaNO3 (42-43-15) 140 460-500 N/A 1.43* 1.91* 2.73* 

KNO3-NaNO2-NaNO3 (53-40-7) 142 450-540 60 1.54* 1.79* 2.76* 

LiNO3-NaNO3 (49-51) 194 N/A 265 1.85* 1.77* 3.27* 

KNO3-NaNO3(eu) (54-46) 222 ~550 101 1.52* 1.84* 2.80* 

KNO3-NaNO3(solar)  (40-60) 240 # 530-565 113 1.55* 1.84* 2.85* 

NaNO3 306 520 178 1.66* 1.85* 3.07* 

K2CO3-Li2CO3-Na2CO3 (35-32-33) 397 > 650 273 1.85+ 1.98+ 3.66+ 

KCl-LiCl (55-45) 355 > 700 236 1.20+ 1.65+ 1.98+ 

KCl-MgCl2 (61-39) 426 > 700 355 1.15+ 1.92+ 2.22+ 

NaF–NaBF4 (3-97) 385 700 N/A 1.51+ 1.75+ 2.65+ 

KF- ZrF4 (32-68) 390 > 700 N/A 1.05+ 2.80+ 2.94+ 

KF-LiF-NaF (59-29-12) 454 > 700 400 1.89+ 2.02+ 3.82+ 

# Approximate liquidus temperature; * values at 400 °C;   + values at 700 °C 
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2. Physico-chemical properties and corrosion aspects of molten alkali nitrate salts 

2.1. Thermal properties 

Important thermal properties are the thermal conductivity k, the thermal diffusivity a, the density 

ρ and the heat capacity cp. Those parameters are correlated with each other as the product of the 

thermal diffusivity a, the density ρ and the heat capacity cp (see Equation 1). This correlation is 

useful to check the consistency of the available thermophysical data and to determine k, if a 

direct measurement is not feasible.  

 

�(�) = �(�)�(�)��(�)           (1) 

 

CSP and TES development and modeling not only require reliable data of salt properties in the 

liquid phase but also in the solid phase. Accurate information of salt property behavior in the 

solid-phase is necessary for PCM storage systems and recovery processes from a freezing event. 

Freezing could occur in troughs of CSP fields using nitrate salt as a HTF [15,18,19]. Hence, solid 

salt phases may form intentionally (e.g., PCM storage) or unintentionally (e.g., freezing event for 

molten salt). Thermo-mechanical stresses in the solid salt phase can be a system design aspect. In 

order to describe these stresses knowledge of additional thermal properties is required. They 

include the compressive and tensile strength, Young’s modulus, Poisson’s ratio and the 

coefficient of thermal expansion (CTE) [18]. Important phase change properties are the melting 

enthalpy, the melting temperature (or melting range) and the volume change on melting ∆V/Vs. 

The latter one is usually defined as the ratio of the volume change ∆V to the volume of the solid 

phase at the melting temperature Vs. The viscosity is an important property related to the liquid 

phase for HTF applications with molten salt pumping.  
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Figure 2 shows thermophysical properties of NaNO3 in the solid and liquid phases as an example. 

It can be seen that there are reliable density and heat capacity data from the literature in the solid 

range, but there is a lack of consistent thermal diffusivity and thermal conductivity values. In 

general, there is very limited work on the characterization of thermal conduction properties of 

alkali metal nitrate salts from room temperature to the melting temperature. First data of laser 

flash and hot wire measurements have been presented by the authors and they are described in 

another article [19]. Both measurement methods show that the thermal diffusivity and thermal 

conductivity drop significantly from room temperature to the melting temperature. Further work 

is required to clarify the larger discrepancy of the available thermal-conductivity and thermal-

diffusivity values (e.g., impact of crystal size on the thermal conductivity). Figure 2 also shows 

data from several authors in the liquid range. Equation 1 leads to consistent thermophysical data 

in the liquid range near the melting temperature (Figure 2). Two other papers discuss 

thermophysical properties of “Solar Salt” (60 wt% NaNO3 and 40 wt% KNO3) [20] and the 

eutectic mixture of the KNO3-NaNO3 system [21]. 
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Figure 2: Thermophysical properties of solid and liquid NaNO3; the melting temperature of 
NaNO3 is 306 °C. Another paper gives the literature sources [19]. 

 

Some thermophysical properties of mixtures can be calculated by simple correlations and single 

salt properties. For the heat capacity of the single salts KNO3, LiNO3 and NaNO3, Ichikawa 

determined an identical value of 140 J mol-1 K-1 [22]. Rogers measured a value of 142 J mol-1 K-1 
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for the single salts and all mixtures of the system KNO3-NaNO3 [11]. Hence, it can be assumed 

that all mixtures of the salts KNO3, LiNO3 and NaNO3 have a heat capacity value of 141 J mol-

1 K-1. As a consequence, mixtures with a lower molar mass (e.g., containing LiNO3) will have 

higher heat capacities in the unit J g-1 K-1.  

Bradshaw measured the density of multi-component nitrate mixtures with the single salts 

Ca(NO3)2, KNO3, LiNO3 and NaNO3. He showed that the temperature dependent molar volume 

of multi-component mixtures can be calculated using a linear volumetric additivity rule based on 

the properties of the individual constituents. The results demonstrate that addition of calcium 

nitrate increases the density, relative to potassium nitrate or sodium nitrate, while lithium nitrate 

decreases the density [23]. 

2.2. Thermal decomposition 

The thermal decomposition process of nitrate salts is complex compared to the decomposition of 

other salts which may yield only a single gaseous product. The decomposition of alkali nitrates 

depends on the nature of the salt, the temperature, the gas phase composition and the 

experimental conditions (e.g., pressure, crucible material, contact area with gas phase). Gaseous 

decomposition products may be continuously removed (purged open type system with constant 

gas phase composition) or remain in the gas phase (closed type system with changing gas phase 

composition).  

Mass losses of alkali metal nitrate salts with gas evolution upon heating may occur due to the 

following three mechanisms [13,24-28]: 

1. Nitrite formation in the melt and oxygen release 

2. Alkali metal oxide formation in the melt and nitrogen or nitrogen oxides release  

3. Vaporization of the nitrate salts 
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Several intrinsic salt properties influence the thermal stability of alkali nitrates. Addison and 

Logan discuss these factors in depth [29]. One factor is the type of metal-nitrate bond. The bond 

of alkali metal nitrates and alkaline earth metal nitrates is ionic. An exception is beryllium nitrate, 

which is covalent and not included in the further discussion here. A dominating factor is the 

polarization induced by the cation. The stronger the polarizing power, the more is the electron 

distribution in the free nitrate anion distorted, and the lower is the decomposition temperature 

[29]. Addison and Logan define the polarizing power as the ionic charge divided by the square of 

the ionic radius r² [29]. Yuvaraj defines the charge density of the metal ion which is proportional 

to the ratio of the ionic charge divided by r³ [30]. As a consequence, the authors of these two 

papers define polarizing effect with different ratios. Also, we identified a larger deviation for 

LiNO3 with the small lithium ion in both papers. Hence, for simplicity, solely the metal radius is 

included and the ionic charge is not included here. Stern gives the equilibrium constant values of 

the decomposition reaction for alkali metal nitrates (Equation 2) and alkaline earth metal nitrates 

(Equation 3), where M is the cation [26]. 

 

2���� = ��� + 2���(�) +
�

�
��(�)       (2) 

 

�(���)� = �� + 2���(�) +
�

�
��(�)       (3) 

 

Figure 3 plots the decomposition temperature with an equilibrium constant of K1 = 1 x 10-20 [26] 

versus the metallic radius of the cation [31]. It can be seen that the stability increases with 

increasing cation radius. It can be seen that LiNO3 is the least stable alkali metal nitrate salt. Most 
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alkaline earth metal nitrate salts are less stable than alkali metal nitrate salts, but the stability of 

Ba(NO3)2 and Sr(NO3)2 is higher than LiNO3, if equilibrium constants for Equation 2 and 3 by 

Stern are applied [26]. The equilibrium constant value K1 = 1 x 10-20 was selected for comparison 

and because temperature data were available for all salts. It should be considered that the 

definition of the decomposition temperature depends on the exact experimental conditions (e.g., 

atmosphere, crucible material, closed or open system). Hence, Figure 3 merely illustrates the 

correlation between the thermal stability and the cation radius without giving absolute 

decomposition temperature values. 

 

 

Figure 3: Variation of alkali nitrate decomposition temperature vs. covalent metallic radius of the 
cation [26,31,32]. 
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The first decomposition reaction is well-known and generally understood. Heating of alkali 

metal nitrates to elevated temperatures results in their decomposition with the formation of the 

nitrite ion (NO2
-) and the gaseous decomposition product oxygen. The thermal dissociation is 

reversible. Equation 4 shows the equilibrium reaction for NaNO3 as an example. 

 

�����(�) ↔ �����(�) +
�

�
��(�)         (4) 

 

For this reaction the equilibrium constant is given by Equation 5, where NO2
- and NO3

- are the 

mole fractions and pO2 is the partial pressure of oxygen. Equation 5 shows that the nitrite 

concentration decreases with increasing partial pressure of oxygen. For example at atmospheric 

pressure and constant temperature, the nitrite to nitrate ratio in pure oxygen is 46 % compared to 

the case of air (100 %). 

 

�� =
���

�

���
� ����           (5) 

 

Figure 4 shows the equilibrium constant of selected alkali metal nitrates depending on the inverse 

temperature. It can be seen that salts with a higher stability (see Figure 3) have lower equilibrium 

constants (e.g., CsNO3).  
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Figure 4: Literature and DLR measurement data of the nitrite concentration in alkali metal 
nitrates versus inverse temperature [19,25,26,28,33-37]. 

 

Kinetic data of the reaction according to Equation 5 of different alkali metal nitrates have been 

reported. They include KNO3/KNO2 [33,36-38], KNO3–NaNO3/KNO2–NaNO2 [25,38], and 

NaNO3/NaNO2 [37,38]. The time to reach equilibrium depends on parameters, such as the 

reaction direction (decomposition or oxidation), the atmosphere, and the experimental setup. A 

typical experimental setup reported in the literature is bubbling of gas through the melt. At higher 

temperatures the equilibrium is generally reached faster compared to lower temperatures. The 

reported periods range from days at a temperature of around 300 °C [35] to tens of minutes at a 

temperature of about 700 °C [33]. 

Figure 5 plots nitrite results of measurements in contact with synthetic air at three temperatures 

(450 °C, 500 °C and 550 °C). Another paper describes experimental details [19]. Experiments 

with increased air flow from 100 mL min−1 to 600 mL min−1 at 500 °C are also shown. For the 

increased gas flow in the first experiment, only a small increase of the decomposition rate was 
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initially observed. Both experiments at 500 °C (100 mL min−1 and 600 mL min−1) indicate a very 

similar molar NO2
-/NO3 ratio in equilibrium. A simple empirical exponential growth model was 

fitted to the measurements with 100 mL min−1 using non-linear regression techniques. The model 

uses two parameters and can approximately describe the reaction kinetics. The three model 

curves show that the temperature level not only affects the amount of NO2
- in equilibrium but 

also the decomposition rate of NO3
- to NO2

-. The equilibrium at 550 °C was quickly reached after 

several tens of hours. On the other hand, at 450 °C the time constant was much larger with 

several hundreds of hours [19]. 

 

Figure 5: Kinetics of nitrite formation in NaNO3 in contact with synthetic air [19]. 

 

Secondary decomposition reactions with nitrogen or nitrogen oxide release are far more 

complex compared to the first reaction. Nitrites decompose at lower temperatures than the 

corresponding nitrates. Nitrites can decompose to form oxides in the melt. The chemistry of these 

oxygen species is complex and some of the evidence is in conflict. Work has focused on the 
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existence of various oxide species in the melt. They are oxide, peroxide and superoxide, as well 

as other ions of the form NxOy
+/-z [13,26,28,39,40]. In aqueous salt solution, oxide ions will react 

with water to form hydroxide ions. Hence, oxide ion contents can be detected by an equivalent 

amount of hydroxide ion (OH-) in an aqueous solution [20,28]. The amount of hydroxide can be 

determined by an acid-base titration. Figure 6 refers to measurements of “Solar Salt” at 550 °C in 

an open type system with synthetic air atmosphere. Another paper gives further experimental 

details [20]. Figure 6 plots not only the NO2
-/NO3

- ratio (left hand axis) but also the equivalence 

point of the titration (right hand axis). It can be seen that the NO2
-/NO3

- ratio reaches equilibrium 

after a few ten hours as opposed to the volume of titration which increases steadily. It can be seen 

that although the NO2
-/NO3

- ratio reaches equilibrium, the oxide level (given by the equivalence 

point) does not reach equilibrium in this experiment. Overall, the experiment showed that the first 

decomposition reaction with nitrite formation is faster compared to the second decomposition 

reaction with nitrogen or nitrogen oxide release. 

 

Figure 6: Kinetics of oxide formation in “Solar Salt” in contact with synthetic air at 550 °C [20]. 
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The influence of the partial pressure of oxygen on the thermal stability in open-system type 

experiments of NaNO3 and “Solar Salt” were examined [20,41]. Figure 7 plots results of dynamic 

TG-measurements of “Solar Salt” depending on the partial oxygen pressure. Another paper 

discusses experimental details and also NaNO3 measurements [20]. It can be seen that the heating 

rate has a strong impact on the decomposition temperature. Higher heating rates result in higher 

decomposition temperatures. This result is expected and it is an understood impact of the 

measurement method. All measurement series show that higher partial oxygen pressures lead to 

higher decomposition temperatures. In other words, the stability of “Solar Salt” improves with 

increased partial oxygen pressures. Results were extrapolated to equilibrium conditions (heating 

rate 0 K min-1). For “Solar Salt” and equilibrium conditions, results show a decomposition 

temperature of 529 °C in synthetic air and 562 °C in oxygen at atmospheric pressure. The 

stability difference between synthetic air and oxygen is 33 K. Overall, results confirm a 

stabilizing effect by increased oxygen partial pressure in open-system type experiments with 

nitrogen-oxygen atmospheres [6]. The obtained value in synthetic air of 529 °C is lower 

compared to the previously reported value of 565 °C in the Solar Two Project. Own 

measurements refer to a mass loss of 3 wt%. It should be considered that different mass loss 

definitions and other experimental conditions will result in other stability limits of “Solar Salt”.  

The stability results are particularly important for power tower plants. These plants aim for 

temperature levels near the thermal stability limit of “Solar Salt” to improve the economics and 

the plant efficiency. 
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Figure 7: Experimental thermogravimetry results of the thermal stability of 40 wt% KNO3-
60 wt% NaNO3 depending on the partial oxygen pressure and the heating rate (0.5 K min-1 to 
5 K min-1). The decomposition temperature is defined as the temperature at which 3 wt% of the 
sample mass are lost [20]. 

 

In addition to the decomposition reactions, there are also side reactions with gases. Gaseous 

species, such as carbon dioxide and water vapor, will interact with molten alkali nitrate salts. 

Carbon dioxide (e.g., in air) can react with the melt to form carbonate ions in the melt. 

Carbonate ions are soluble in the melt to some extent. At higher concentrations, carbonates may 

precipitate in cooled sections (e.g., heat exchangers). In literature, the conversion of oxide ions in 

the melt to the carbonate ion by carbon dioxide has been discussed [38,40]. 

The terms “dry” and “wet” describe the water content of nitrate melts. Traces of water in the 

melt can alter the chemistry of some reactions in the melt. Dry melt refers to molten nitrate salts 

without water (or a negligible amount of water) and wet melts contain a small amount of water 

(or traces of water). Water is soluble in alkali metal nitrate melts and Henry’s law is obeyed. In 

other words, the concentration of water in the melt is directly proportional to the partial pressure 

of water vapor. At sufficiently low temperatures and pressures, water dissolves without chemical 



Chapter 20 in “Molten Salts Chemistry: From Lab To Applications”, edited by Lantelme, F. and Groult, H., Elsevier, 2013 
https://doi.org/10.1016/B978-0-12-398538-5.00020-2 

18 

interaction and water appears to retain molecular identity without dissociation or association in 

the melt. This dissolution process is reversible. The melting temperature of salts can be decreased 

by water addition. Hence, a larger amount of water may be introduced deliberately to prepare 

water-salt slurries which do not solidify at room temperature. Such slurries may simplify the 

initial charging or may avoid unwanted freezing of molten salt systems. Water in the melt can be 

removed by heating the melt in a dry atmosphere or vacuum. In wet melts, a reversible reaction 

between oxide ions in the melt and hydroxide ions has been described. Hence, moisture in the air 

and oxide ions in the melt (e.g., formed by secondary decomposition reactions) could yield 

hydroxide ions in the melt [13,28,38,40,42,43]. 

The crucible or construction materials in contact with the melt can also alter the salt chemistry. 

Hence, decomposition processes of alkali nitrates can depend on the type of crucible. Hoshino 

examined the effect of several oxides, such as silica, titania, zirconia, alumina and magnesia, on 

the thermal decomposition of NaNO3 by thermal analysis, gas analysis and chemical analysis. 

The addition of acidic oxides such as silica and titania lead to the formation of intermediate 

reaction products and a lower decomposition temperature [27]. For silica crucibles, Nissen 

reports about the formation of silicate ions in the melt above 500 °C [25]. Hence, compared to 

silica-free melts, experiments in silica crucibles may lead other results as reported by Hatt [13]. 

Elemental depletion from stainless steels and nickel-base alloys in contact with nitrate melts has 

been examined. In particular chromium depletion from these construction materials is a known 

phenomenon. It is expected that chromium oxidizes to form chromate ions in the melt. The 

chromate ions is usually soluble in the melt [25,38,44-46]. Overall, it can be said that the crucible 

or construction materials can have a marked effect on experimental thermal decomposition 

results. 
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2.3. Steel corrosion 

The molten alkali nitrate salts in combination with the metallic parts of solar power plants 

constitute a corrosion system with the molten salt acting as an electrolyte comparable to an 

aqueous electrolyte. But whereas the corrosion mechanisms of metals in numerous aqueous 

electrolytes are well established and well understood, there still exists a lack of knowledge 

concerning the corrosion mechanisms of metals in molten nitrate salts. For understanding the 

ongoing corrosion mechanism it is important to know the nature of the reactions leading for 

example to oxide layer formation and/or unwanted metal dissolution which causes obvious 

damaging.  

Another point of interest when talking about corrosion problems of steels in nitrate melts is the 

need for further information about the question if there is evidence for the occurrence of stress 

corrosion cracking (SCC) in molten nitrate salts or other environmentally induced cracking 

mechanisms. 

The following discussion is a short survey about the most interesting corrosion aspects for steels 

in molten alkali nitrate salts. Figure 8 shows a schematic drawing of the corrosion system with its 

three constituents together with additional possible influencing parameters for each of the 

constituents. 
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Figure 8: Schematic drawing of the corrosion system. 

 

Figure 8 gives a good impression of the big variety of possible factors which all have to be kept 

in mind when selecting a proper material-environment-stress-combination for structural parts in 

solar power plants. The general term “corrosion” in Figure 8 covers both uniform corrosion and 

pitting. From Figure 8 it can be seen that not only the interaction of the material with the 

environment leading to corrosion mechanisms plays an important role, but there can be also 

additional interactions with existing stresses causing SCC in a prone material. 

The types of steel commonly used in combination with molten nitrate salts can be divided in four 

categories, mainly depending on the temperature range of application. The temperature limit 

increases from low-alloyed carbon steel to nickel base alloys, if these four groups are compared. 

In literature a more detailed survey for material selection is given [47,48].  

• Low-alloyed carbon steel  

• Cr-Mo steel (Cr-content up to about 9 wt%) 

• Stainless Cr-Ni steel (with and without alloying elements such as Mo, Nb, Ti) 

• Ni-alloys (i.e. Alloy 800) 
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Two major discussed issues in concern with the molten nitrate salt medium are chloride 

impurities and salt decomposition processes. Especially, chloride impurities are of major 

importance since they can degrade adhesion of the oxide scale to the metal surface and cause 

spalling of the oxide layer making corrosion attack of the base material possible [45,48,49]. A 

further well studied and often discussed point is the chemical stability of the nitrate melts which 

can have a strong influence on corrosivity of the medium (see previous subsection thermal 

decomposition). It is by now not clear which exact influence the nitrate decomposition products 

have on the corrosion mechanism. It has been reported that soluble decomposition products, such 

as oxide ions, aggravate corrosion at high temperatures [28]. Corrosion is also enhanced by trace 

moisture in the melt [49]. Chromium is soluble in molten nitrates and can preferentially be solved 

from the surface scale leading to a degradation of the protectiveness of the oxide layer. It has 

been reported that nickel and iron do not form soluble species [25,50].  

As mentioned above, stresses are of major importance in terms of the possible occurrence of 

stress corrosion cracking of steels in contact with molten nitrate melts. In general, it is said that 

three prerequisites are necessary for the occurrence of SCC: susceptible material (1), critical 

environment (2) and stress (3). All of these prerequisites can be fulfilled in the considered 

corrosion system at least for some of the described materials. Stresses can arise from mechanical 

or thermal loading or exist as residual stresses within the material due to processing (rolling, 

bending, surface finishing, welding). In literature the occurrence of SSC is mentioned [47], but in 

general there is not much information about steel SCC in nitrate melts.  
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2.4. Phase diagrams and multicomponent salt systems 

Salt mixtures, rather than single salts, have the advantage of having a lower melting temperature. 

These mixtures can have similar thermal stability limits as the single salts of the mixtures. Hence, 

salt mixtures, such as eutectics, can have a wider temperature range compared to single salts. The 

lower melting temperatures of multi-component salt mixtures are most conveniently gained by 

inspection of the liquidus temperature in phase diagrams. Binary salt systems are those 

containing three ionic species. With three species and one restriction of electro-neutrality there 

are two degrees of freedom (pressure dependency is not considered). Thus, these systems are two 

component or binary systems. There are binary salt systems with a common cation (e.g., KNO3-

KNO2, or also written as K//NO2,NO3) and with a common anion (e.g., K,Na//NO3). Ternary 

molten salt systems are those containing four ionic species. One class contains two cations and 

two anions (e.g., K,Na//NO2,NO3). These are reciprocal ternary systems. A second class contains 

either three cations and one anion (e.g., K,Li,Na//NO3) or one cation and three anions 

(e.g., Na//NO3,NO2,Cl). These are ternary additive systems with a common anion or a common 

cation [51-54]. Table 3 lists selected examples together with the development status and 

(minimum) melting temperature Tm to illustrate the classification of multicomponent salt systems 

[55-60]. Many more salt systems exist and they are not shown in Table 3. For solar CSP, 

common salt systems currently include the binary system K,Na//NO3 (including “Solar Salt”), the 

ternary reciprocal system K,Na//NO2,NO3 (including a mixture called Hitec Tm ~140 °C), the 

ternary additive systems Ca,K,Na//NO3 (including a mixture called HitecXL Tm ~130 °C) and 

K,Li,Na//NO3 (Tm ~120 °C). 

Novel alkali nitrate/nitrite salt mixtures were presented by several research groups. Reddy reports 

about a quaternary additive system with nitrate as a common anion Ca,K,Li,Na//NO3 with a 

minimum melting temperature of 109 °C (Table 3)[ 55]. Bradshaw et al. published data of the 
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quaternary reciprocal system K,Li,Na//NO2,NO3 with a minimum melting temperature of about 

75 °C [55,56,60]. Raade determined the composition of quinary and senary salt system with low 

liquidus temperatures [57,58]. The minimum melting temperature of the system 

Ca,K,Li,Na//NO2,NO3 was  identified by the authors [59]. 

 

Table 3: Classification of alkali nitrate/nitrite salt systems with selected examples. 

Ion No. System classification  Example system with Tm Develop. Status 
2 Single salt NaNO3 306 °C; KNO3 334 °C State-of-the-art 
3 Binary system, common anion K,Na//NO3 222 °C ("Solar salt" system) State-of-the-art 
3 Binary system, common cation Na//NO2,NO3 230 °C State-of-the-art 
4 Ternary additive, common anion Ca,K,Na//NO3 ~130 °C (HitecXL) State-of-the-art 
4 Ternary reciprocal K,Na//NO2,NO3 142 °C (Hitec) State-of-the-art 
5 Quaternary additive, com. Anion Ca,K,Li,Na// NO3 90-110 °C Novel [55,57] 
5 Quaternary reciprocal Li,Na,K//NO2,NO3 ~80 °C Novel [55,56,60] 
6 Quinary reciprocal Ca,Li,Na,K//NO2,NO3 ~70 °C (DLR) Novel [59] 
6 Quinary additive, com. Anion Ca,Cs,Li,Na,K//NO3 ~65 °C Novel [57] 
7 Senary reciprocal Ca,Li,Na,K//Cl,NO2,NO3 ~53 °C Novel [58] 

 

The identification of multi-component salt mixtures is challenging, as the number of degrees of 

freedom in the phase diagram grows with the number of ions. For a fixed number of two anions 

(named Y and X), Table 4 gives the number of salts and subsystems depending on the number of 

cations. Cations numbering uses the letters A to H. As an example, salts and subsystems of the 

quaternary reciprocal system A,B,C//Y,Z are discussed (marked with grey background in 

Table 4). Figure 9 graphically illustrates this system with its subsystems and salts in three 

dimensions. The system A,B,C//Y,Z has three cations (A; B; C), six single salts (AY; BY; CY; 

AZ; BZ; CZ; six vertices in Figure 9), three binary systems with a common cation (A//Y,Z; 

B//Y,Z; C//Y,Z; three vertical edges in Figure 9), six binary systems with a common anion (e.g., 

A,B//Y; six horizontal edges in Figure 9), three ternary reciprocal systems (A,B//Y,Z; A,C//Y,Z; 

B,C//Y,Z; three vertical faces in Figure 9) and two ternary additive systems (A,B,C//Y; A,B,C//Z; 
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two horizontal faces in Figure 9). In total, the system A,B,C//Y,Z has a number of fourteen 

subsystems (without single salts) and each subsystem has its own phase diagram. The discussion 

of the system A,B,C//Y,Z illustrates that the minimum melting temperature composition can be 

determined by a point in a three dimensional triangular prism which represents the liquidus 

temperature (Figure 9). It becomes apparent that this is an extensive task. 

Table 4: Number of salts and subsystems with two anions and one to eight cations. 

Systems Number of Cations 
Common anion Common cation,  

or reciprocal 
1 2 3 4 5 6 7 8 

Anion 1 Anion 2         
AY (Salt 1) AZ (Salt 2) A//Y,Z 3 6 3x3=9 12 15 18 21 24 
A,B//Y A,B//Z   A,B//Y,Z 0 3 3x3=9 18 30 45 63 84 
A,B,C//Y   A,B,C//Z A,B,C//Y,Z 0 0 3x1=3 12 30 60 105 168 
A,B,C,D//Y      A,B,C,D//Z A,B,C,D//Y,Z 0 0 0 3 15 45 105 210 
A,B,C,D,E//Y A,B,C,D,E//Z A,B,C,D,E//Y,Z 0 0 0 0 3 18 63 168 
A,B,C,D,E,F//Y.... 0 0 0 0 0 3 21 84 
A,B,C,D,E,F,G//Y.... 0 0 0 0 0 0 3 24 
A,B,C,D,E,F,G,H//Y.... 0 0 0 0 0 0 0 3 
         
Total system number (including single salts)  3 9 21 45 93 189 381 765 

 

 

Figure 9: Three-dimensional graphical representation of the quaternary reciprocal phase diagram 
A,B,C//Y,Z with six vertices, nine edges and five faces. 
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The bottom row in Table 4 shows that the number of salts and subsystems increases rapidly for 

systems with even more cations. There are no simple graphical representations of such complex 

systems. Hence, the identification of novel compositions with several ions and a low melting 

temperature is complex, since a large number of phase diagram parts must be determined. The 

identification of new salt systems currently focuses on advanced methods such as high-

throughput experimental methods and multi-component phase diagram predictions by 

thermodynamic calculations (e.g., Computer Coupling of Phase Diagrams and Thermochemistry 

– CALPAD methods) [55-58]. A novel alternative experimental method which significantly 

reduces the number of experiments to identify the compositions of minimum melting mixtures 

was presented by the authors [59]. 
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3. Molten salt thermal energy storage applications for concentrated solar power 

3.1. Molten salt sensible heat storage systems 

For temperatures above 100 °C, molten salts are attractive candidates for sensible heat storage in 

liquids. The major advantages of molten salts are high heat capacity, high density, high thermal 

stability, relatively low cost, high viscosity, non-flammability and low vapor pressure. The low 

vapor pressure results in storage designs without pressurized vessels. In general there is 

experience with molten nitrate salts from a number of industrial processes related to the heat 

treatment of metals and heat transfer fluid (HTF) usage. The application of salts requires the 

consideration of the lower temperature limit defined by the liquidus temperature. One major 

difficulty with molten salts is unwanted freezing during operation. Freezing must be prevented in 

the piping, the heat exchanger and in the storage tanks. Hence, often auxiliary heating systems 

are required. Other limitations of molten salt storage may arise due to aspects such as the storage 

media costs, the risk of corrosion and hygroscopic salt handling.  

A large scale example of a direct storage concept is the Solar Two central receiver power plant 

using molten salt as heat transfer fluid as well as heat storage medium (Figure 10). This 

demonstration power plant was erected in 1994 on basis of the Solar One facility and was 

operated until 1999. The maximum electrical power was 11 MW. The two tank storage system 

with a total volume of about 1700 m³ had an inventory of 1400 tons of molten “Solar Salt”. The 

thermal capacity of the storage system was 107 MWh and the operation temperature ranged from 

290 °C to 565 °C. This allowed for a turbine operation time of three hours [61]. 
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Figure 10: Simplified scheme of Solar Two power plant with central receiver and direct storage 
of molten salt used as heat transfer fluid. 

 

 

It is important to note that the specific storage costs can be reduced considerably when the 

storage is implemented in systems with larger temperature differences, as the capacity of a 

molten salt storage is directly proportional to the temperature difference between the hot and the 

cold tank. Another recently built system is the commercial solar tower power plant Gemasolar in 

Andalusia, Spain. The plant utilizes a direct storage concept. After commissioning in May 2011, 

the plant was finally ready to operate at full-blast and achieved its 24 hours of uninterrupted 

electricity production in late June 2011. In this power plant, the first commercial direct two-tank 

system is realized [62]. 

The Andasol power plants are large-scale examples of the indirect storage concept. Indirect 

storage in liquid media allows the separation of storage medium and heat exchanger. The size of 
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the heat exchanger is only determined by the necessary power and not by the capacity of the 

storage unit. Since the area-specific power density is higher, liquid storage media usually require 

smaller heat exchangers than solid storage media with embedded heat exchangers. A significant 

advantage of liquid media storage is the simple operation strategy, because the temperature can 

easily be kept constant during the discharge process. The advantage of using molten salt storage 

systems is the availability of experiences from the Solar Two project. Since this concept is 

considered as already proven, it was selected for the Andasol power plants using parabolic trough 

technology [63]. Figure 11 shows the schematic layout of the plant. 
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Figure 11: Simplified scheme of a trough power plant with indirect molten salt storage system. 

 

At present, the two-tank molten salt storage is the only commercially available concept for large 

thermal capacities being suitable for solar thermal power plants. In the Andasol I plant 

28500 tons of molten “Solar Salt” are stored in two tanks with a total volume of 32600 m³ and 

the temperature operation range is between 290 °C and 385 °C. It presents a 7.5 h storage system 
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providing energy to generate 50 MW electrical power. Plant operation was started in 2009 [64]. 

Based on the favorable experience with the Andasol storage systems the molten salt storage 

approach was also applied to the Andasol II and III plants, as well as further parabolic trough 

plants in Spain. Major expense fractions of an indirect two tank molten salt storage are the salt 

inventory and the tanks. Detailed characteristics and experience with the two-tank system are 

well documented [64,65].  

 

3.2. Latent heat storage systems 

The considered cations are mainly alkali (e.g., Li, Na, K) and alkaline earth (e.g. Ca, Mg) metals. 

Anions include nitrates, nitrites, hydroxides, bromides, carbonates, chlorides, sulfates and 

fluorides. Many anhydrous salts are miscible in the liquid state and this results in a large variety 

of potential single salts and salt mixtures (binary and ternary systems). For temperatures up to 

350 °C, in particular alkali metal nitrates and nitrites and their mixtures are suitable phase change 

materials (PCMs), if requirements such as handling and steel compatibility are also taken into 

account [66]. 

In CSP-technology development, the direct generation of steam in the absorber tubes has sparked 

interest in latent heat storage systems. The latent heat system acts as a steam storage system for 

the two-phase HTF water/steam. The melting temperature for candidate PCMs is between 120 °C 

and 340 °C. Here, the application of storage concepts using sensible heat storage is usually not 

cost-effective. For two-phase heat carriers, sensible heat storage systems have a low energy 

efficiency, or large exergy, due to the large temperature gradients between storage media and 

HTFs. On the other hand, in a latent heat storage system, both the PCM and the heat carrier 
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undergo a phase change at about the same temperature. Hence, it is possible to avoid larger 

temperature differences between carrier and storage media. 

The latent heat storage systems utilize a fined parallel pipe heat exchanger that is integrated into 

the PCM (Figure 12). During the charging process, the steam condenses inside the pipes and the 

PCM melts. During discharging, the solidifying PCM releases heat, the water evaporates inside 

the pipes and steam is generated. Applications of these steam storage systems include the areas of 

solar thermal power, combined heat and power, as well as solar and industrial process steam. 

Figure 12 shows a PCM demonstration system with about 14 tons of sodium nitrate as a PCM 

[66,67]. 

 

 

Figure 12: Schematic drawing (left) and photo (right) of a PCM storage module with integrated 
fins for enhanced heat transfer (figures without insulation). 
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4. Summary and conclusion 

This chapter presented a classification of thermal energy storage (TES) systems and it gave an 

overview of the various ways in which salts can be used. There are several anion salt classes with 

a high thermal stability, such as anhydrous oxyanion salts (e.g., nitrite, nitrate, carbonates, 

sulfates) and halogen salts (e.g., chlorides, fluorides). At the time of writing, high-temperature 

molten salt TES systems for concentrated solar power (CSP) applications utilize almost 

exclusively molten nitrate salts (e.g., 60 wt% NaNO3 and 40 wt% KNO3, so called “Solar Salt”). 

Hence, this chapter focused on physico-chemical properties of molten alkali nitrate salts and their 

mixtures.  

With regard to the thermal properties of these salts, it can be said that reliable data of single 

salts are mostly available. High-temperature values near the decomposition limit are an 

exception. This lack of data is caused by experimental difficulties with standard measurement 

methods. Also, in particular for less known salt mixtures there is still a requirement for the 

determination and measurement of thermal properties. In addition, work on solid anhydrous salt 

is limited. It is necessary to determine different thermal properties in the solid phase in order to 

design PCM storage systems and to understand salt freezing events in heat transfer fluid (HTF) 

applications. 

In the past, several groups have investigated the complex thermal decomposition processes of 

alkali nitrate salts. Factors that influence the thermal decomposition include the type of the salt, 

the temperature, the gas phase composition and the experimental conditions. The two major 

decomposition processes are nitrite formation in the melt with oxygen release (1) and alkali oxide 

formation in the melt with nitrogen/nitrogen oxide release (2). The first decomposition reaction is 

well examined, whereas the second decomposition reaction is more complex and less understood. 

In this chapter results of own measurements on the second decomposition were presented. 
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Overall, there is still a need to examine decomposition processes of alkali nitrate salts near the 

thermal stability limit. 

Carbon and stainless steels are common construction materials for molten nitrate salts CSP 

plants. To handle molten salts it is mandatory to understand the corrosion behavior of steels used 

for tanks and components. In already existing power plants corrosion in different structural parts 

occurred. For reliable long-term application and in particular at high temperatures 

(e.g., >500 °C), there is still a lack of knowledge about steel corrosion mechanisms in nitrate 

melts. The corrosion system consists of the material (steel), the environment (molten salt) and 

stresses. There are several parameters for each of the three constituents. This results in a variety 

of possible factors which all have to be kept in mind when selecting a proper material-

environment-stress-combination. Aspects of interest include salt impurities (e.g., chlorides), type 

of steels, steel oxide layer stability, impact of gas atmosphere and stress corrosion cracking. It is 

important to note that corrosion aspects and molten salt decomposition processes are coupled. In 

other words, corrosion cannot be considered in isolation from the molten salt chemistry. Hence, 

this aspect requires joint efforts from experts in the field of corrosion and molten salts. In 

addition, alternative salt mixtures with decreased melting temperatures may bring about new 

corrosion aspects. 

Multicomponent salt mixtures are attractive candidates as sensible heat storage material and 

heat transfer fluid (HTF) for CSP applications. For parabolic through CSP plants, these mixtures 

could be attractive HTFs in the solar receivers. Multicomponent nitrate/nitrite salt mixtures can 

have liquidus temperatures well below 100 °C. The identification of multi-component salt 

mixtures is challenging, as the number of degrees of freedom grows with the number of ions. The 

identification of new salt systems currently focuses on high-throughput experimental methods, 

multi-component phase diagram predictions by thermodynamic calculations (e.g., Computer 
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Coupling of Phase Diagrams and Thermochemistry – CALPAD methods) and a novel method 

presented by the authors. 

At the time of writing, the major commercial application is the two-tank TES system for sensible 

heat storage using “Solar Salt”. Research and development focuses on alternative alkali nitrate 

salts with adapted melting temperatures not only for sensible TES, but also for latent heat storage 

systems. Research and development in the area of latent heat, or phase change material (PCM), 

storage aims for direct steam generation CSP plants. The requirements for molten salts also 

depend on the type of CSP plants. Molten salts act as TES medium, as HTF or combined 

TES/HTF medium. For example, the TES application requires economic salts in large quantities, 

whereas the HTF application requires smaller quantities and other aspects can be more important 

(e.g., low melting temperature). Molten salt CSP plants also operate at different temperature 

levels. It is predicted that point focusing power tower systems demand molten salts with stability 

limits up to 700 °C. On the other hand, linear focusing system (e.g., trough, linear Fresnel) could 

benefit from molten salts with a similar stability limit and a lower melting temperature compared 

to the currently utilized “Solar Salt”. 
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