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Abstract 

Energy storage is vital for on-demand electricity generation from renewable sources like 
wind and solar. Besides employing batteries, retrofitting conventional fossil-fired power 
plants with thermal energy storage might present a highly cost-effective solution. State-
of-the-art molten salt storage systems currently operate at a maximum temperature of 565 
°C. At a higher permanent temperature, nitrate salts start to decompose. The actual wall 
temperatures of power components for heating, such as solar receivers and electrical heat-
ers, may exceed temperature limits. To date, there is no clear threshold identified up to 
which heating surfaces in contact with nitrate salt can be operated without leading to the 
degradation of the salt, which is inevitably followed by increased corrosivity. In this 
study, possible mechanisms affecting the maximum permissible wall temperature of heat-
ing surfaces are identified. The local production of oxygen and nitrite at hot surfaces and 
its accumulation in the entire system is looked at in an experiment with 9.3 kg of nitrate 
salt. The effect of high wall temperatures on the evolution of oxygen and nitrite content 
over time is monitored and analyzed. Parametric studies with an experimentally vali-
dated physical model focusing on the nitrate/nitrite equilibrium reveal major influencing 
factors, with wall temperatures significantly exceeding current design limits. These find-
ings potentially allow for more compact and cost-effective heating components. This work 
supports the advancement of high-temperature thermal energy storage systems essential 
for the scalability and economic competitiveness of renewable energy infrastructure. 

Keywords: thermal energy storage; electric heater; solar receiver; heat transfer; nitrite  
formation; film temperature; concentrated solar power; nitrate decomposition 
 

1. Introduction 
Thermal energy storage (TES) is a pivotal technology for facilitating on-demand 

power generation from intermittent renewable sources such as wind and solar. In this 
context, molten nitrate salts have emerged as a promising storage medium, although their 
thermal and chemical stability impose constraints on the design of heating surfaces in heat 
transfer components such as concentrated solar receivers and electric heaters [1–3]. It is 
imperative to enhance the power density of such components in order to reduce their 
associated costs. This can be achieved through one of the following methods: increasing 
the heat transfer area per volume, increasing the heat transfer coefficient, or increasing 
the temperature difference. While the limits for the first two approaches are mainly af-
fected by hydraulics and structural integrity and are therefore well understood, the limits 
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for the last approach remain unclear for nitrate salt. In order to identify the maximum 
wall temperature, it is essential to look at the influencing parameters first. Figure 1 illus-
trates mechanisms affecting the maximum wall temperature in heating components, cat-
egorized into critical (yellow) and non-critical mechanisms (green). 

The critical mechanisms directly affect the feasibility and durability of the system or 
the heating component. The non-critical mechanisms shown in Figure 1 are per se not 
limiting the maximum wall temperature. In the case of an electric heater, a minerally in-
sulated heating wire within a tube sheet is usually restricted in its maximum heating wire 
temperature, limiting the achievable heat flux and surface temperature [4,5]. This of 
course depends on how the heater is built. Other heater concepts, such as the direct heat-
ing of a pipe, can achieve substantially higher surface temperatures. At such high surface 
temperatures, the hypothesis is that nitrate (NOଷି ) locally reacts to nitrite (NOଶି ) under the 
formation of oxygen. This could lead to either local bubble formation at the surface, af-
fecting the heat transfer negatively, or it could lead to global nitrite accumulation as well 
as further reaction of the nitrite to oxide (Oଶି). Increased oxide concentrations in salt com-
positions have been shown to enhance its basicity [1]. In contact with steel, this can result 
in accelerated corrosion rates [6,7]. Locally produced oxides could then form local corro-
sion at the heating surface as well as accumulate globally throughout the system. At a 
certain oxide content in the system, this could further lead to global corrosion. 

 

Figure 1. Mechanisms affecting the maximum wall temperature for heating components in nitrate 
salts. 

1.1. State of Knowledge of Chemical Decomposition of Nitrates 

The nitrate salt most commonly employed in concentrated solar power (CSP) appli-
cations is a near-eutectic binary mixture of sodium nitrate and potassium nitrate, com-
prising 60% NaNOଷି  and 40% KNOଷି  by weight. This substance, known as Solar Salt, un-
dergoes crystallization at approximately 238 °C and becomes fully solid at 223 °C [8,9]. In 
concentrated solar power (CSP) applications, Solar Salt is typically employed within a 
temperature range of 290 °C to 565 °C. However, it becomes chemically active at temper-
atures exceeding approximately 450 °C, undergoing a range of reactions influenced by the 
temperature and the composition of the cover gas. Raising the temperature of nitrate salt 
above 560 °C in an air atmosphere accelerates its decomposition, leading to the formation 
of corrosive oxides in the molten salt [1]. However, controlling the gas atmosphere in salt 
tanks can reduce decomposition and corrosion to acceptable levels. Bonk et al. demon-
strated improved thermal stability of Solar Salt over the long term using a closed gas at-
mosphere [10]. Supporting this, Sötz et al. and Steinbrecher et al. found stable oxide-ion 
levels, indicating low corrosivity, even after 1000 h and showed that adding small 
amounts of nitrous gases can regenerate decomposed Solar Salt [11,12]. In addition, Prieto 
et al. discovered that the degradation of Solar Salt is reduced by purging with pure oxygen 
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at 650 °C [13]. Further studies by Bonk et al. on austenitic steel 347 H, commonly used in 
hot molten salt tanks, confirmed that corrosion in Solar Salt is significantly affected by 
temperature and the composition of the cover gas [14,15]. The decomposition of nitrate 
salt occurs in two steps. In the first step (Equation (1)), the nitrate ion reacts to form oxygen 
as gas and a nitrite ion: NOଷି ⇌ 0.5Oଶ + NOଶି  (1)

In the second step (Equation (2)), two nitrite ions further react to form an oxide ion 
and nitrous gases. It should be noted that details of the exact second decomposition reac-
tion are not fully understood and the equation represents one likely decomposition among 
other feasible decomposition reactions: 2NOଶି ⇌ Oଶି + NO + NOଶ (2)

While increased nitrite ion content is not particularly problematic, a higher oxide ion 
content negatively affects the salt’s corrosivity. As the temperature rises, the equilibrium 
of both reactions shifts to the right. For instance, in the context of concentrated solar power 
(CSP) applications, the absence of nitrous gases results in continuous oxide production. 
Laboratory-scale experiments have measured oxide levels in excess of 0.08 mol% after 
1000 h under such conditions [10,11]. However, increasing the partial pressure of the re-
action gases, like in a closed system, shifts the equilibrium back to the left. This leads to a 
lower oxide ion concentration in the molten salt and hence a lower corrosivity. 

The aforenamed studies all refer to the equilibrium concentration in the bulk of a 
molten salt system, where large quantities of salt are kept at a homogeneous temperature 
almost for the entire lifetime. However, by looking at components with temperature gra-
dients and the short residence times of the salt, the decomposition of nitrate salt can vary. 
Such systems like electric heaters or heated pipes can be referred to as semi-equilibrium 
systems. Initial investigations into this effect were conducted by Kruizenga et al., who 
examined the decomposition effect in a pumped nitrate salt loop operating at 610 °C, in-
corporating a locally heated pipe with high film temperatures of up to 670 °C [16]. The 
authors found that global corrosion rates were approximately one order of magnitude 
lower than in static experiments at bulk temperatures of 670 °C. 

1.2. State of Knowledge of Heat Transfer in Nitrate Components 

There were three applications identified where molten salt heat transfer components 
can be used. One of them is a molten salt electric process heater (Figure 2a), which is gain-
ing increasing attention for sector coupling, e.g., for the electrification process of steam 
supply or for Carnot batteries [17,18]. Another application is a waste heat recovery heat 
exchanger (Figure 2b) envisioned to be used as, for example, a flue-gas-to-molten-salt heat 
exchanger in electrical arc furnaces. The third application is a central solar receiver (Figure 
2c), which is already commercially used in many solar thermal power plants. 
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Figure 2. (a–c) Illustration of applications for molten salt heating components (top) and prevalent 
flow patterns (bottom). 

In all three applications, the transfer of heat is governed by the principle of forced 
convection. In molten salt electric heaters, the salt is commonly flowing outside a set of 
minerally insulated U-tube heating elements (Figure 2a), resulting in a heat flux from the 
inside. In waste heat recovery heat exchangers (Figure 2b) as well as in central solar re-
ceivers (Figure 2c), the molten salt flows within pipes, and heat is transferred from the 
pipe walls. The heat transfer coefficient can be calculated by empirical Nusselt correla-
tions. For forced convection, Nusselt number correlations are typically equated as a func-
tion of the geometry-specific Reynolds number and the fluid-specific Prandtl number. The 
Nusselt number (Equation (3)) is defined as a function of the heat transfer coefficient ℎ, a 
characteristic length 𝐿 and the thermal conductivity of the fluid 𝑘: 𝑁𝑢 ൌ ℎ ∙ 𝐿/𝑘 (3)

The Reynolds numbers typically observed in molten salt central solar receiver tubes 
fall within the range of 10,000 to over 200,000, leading to Nusselt numbers between 200 
and 1000 [19]. Typical maximum planar surface flux densities fall within the range of 50 
W/cm2 to over 100 W/cm2 [20]. This equates to a circumferentially averaged flux density 
of approximately 16 to 32 W/cm2 in each receiver tube. 

In contrast, the heater surface flux densities typically employed in modern molten 
salt electrical heaters are significantly lower, often below 10 W/cm2 and frequently around 
4 W/cm2 [4]. In the hot part of the electric heater, the flux densities are particularly low, at 
approximately 2.5 W/cm2 for some designs [5,21]. This limitation is attributed to the con-
figuration of electric resistance heaters, which typically comprise a shell, baffles, and min-
erally insulated heating elements that can be either straight or bent. The heating elements 
comprise a stainless steel or nickel alloy sheath in contact with molten salt, compacted 
magnesium oxide (MgO) powder for electrical insulation, and a heating wire situated in 
the center. The heating wire, composed of a high-temperature material (typically nickel 
chromium alloy), is either straight or coiled and functions as an ohmic resistor, generating 
heat. The heat is conducted through the MgO powder to the outer layer of the sheath. The 
MgO powder, which serves as an electric insulator, also insulates thermally, resulting in 
the wire inside typically reaching temperatures several hundred degrees higher than the 
surface. Consequently, the flux density is significantly constrained by the allowable tem-
perature of the heating wire. 
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The average Reynolds number in the electric molten nitrate salt heater is typically 
around 10,000 [4,21,22], and the heat transfer coefficient typically ranges between 2000 
and 6500 W/m2K, with an average of approximately 3000 W/m2K [4]. Hot spots in electric 
heaters are not expected at the entire sheath surface but rather in heated dead zones of 
current heater designs, which can be avoided with an appropriate design and safe opera-
tion. 

The required surface area of a molten salt heating component is inversely propor-
tional to the temperature difference between the heating surface and the salt. Conse-
quently, the required surface area and the associated cost can thus be reduced by increas-
ing the temperature difference. Taking a molten salt electric or, more generally, a U-tube 
heat exchanger as an example reveals a significant cost reduction potential: For instance, 
a 50% reduction in the surface area of a U-tube heat exchanger has been shown to result 
in a 40% decrease in costs [23]. It can be hypothesized that the cost of an electric heater 
would scale in a similar manner. 

This study also assumes that the flow pattern of the molten salt (pipe flow versus 
flow around a cylinder) does not significantly impact the temperature-dependent degra-
dation rate of the salt. For the purpose of model development, we therefore assume a pipe 
flow. 

1.3. Knowledge Gaps and Objective of the Work 

The literature, so far, has mainly looked at salt degradation and heat transfer sepa-
rately. One study known to the authors focused on both with a main emphasis on exper-
iments [16]. This study mainly looked at global corrosion in a real setup. However, the 
experiments carried out involved inductive heating and were performed in open atmos-
phere. While these findings underscore the potential influence of high film temperatures 
on salt degradation and corrosion, the following points are still unknown. Firstly, what 
are the major influential parameters on salt degradation in heated films and how sensitive 
are degradation rates to changes in these parameters? Secondly, what are the maximum 
achievable film temperatures depending on the acceptable nitrite content? 

This study focuses on the mechanism of nitrite and oxygen formation and accumu-
lation, which is a first step towards closing the knowledge gap in maximum wall temper-
ature determination. Knowing the temperature limit of hot surfaces in contact with molten 
nitrate salt is essential to building compact and cost-effective molten salt heating compo-
nents such as heat exchangers and electric heaters. 

The goal of this research was to develop an experiment with which we could inves-
tigate the influence of high wall temperatures on the changes in the chemistry of molten 
nitrate salts. This experiment was then used to validate a kinetic model. In the last step, 
this kinetic model was used to perform a parametric study on the allowable maximum 
wall temperature depending on different boundary conditions. 

2. Materials and Methods 
2.1. Experimental Setup 

The experimental setup was designed to simulate the conditions occurring during 
heat transfer in molten salt heating components (e.g., central solar receiver, electric heater, 
heat exchanger). The objective of the experiment was to capture the interplay between a 
heated film volume, a core volume representing the center temperature regime of a flow, 
and a gas volume allowing for diffusive gas exchange with a predefined purge gas. In a 
representative thermal energy storage application, diffusion from the tank surface to the 
film volume in the heating component is limited by the long diffusion length (tank height 
and interconnecting piping), as shown in Figure 3a. 
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Figure 3. Simplified temperature regimes and relevant volumes for gas diffusion in a representative 
thermal energy storage application during charging (a), isolated concept for worst-case 
experimental analysis with minimal gas transport limitation (b), and schematic representation of 
chosen test setup for investigation of interaction between wall temperature and decomposition (c). 

In comparison with a real system, the characteristic zones of the film and core region 
occur in the heating component, while the gas phase occurs mainly above the melt in the 
hot molten salt tank. In a real storage system, the presence of pipework results in a sub-
stantial salt volume between the heating components’ exit and the gas in the hot tank, 
thereby impeding diffusive mass transport of dissolved gases. This mass transport limita-
tion is not incorporated within the experimental setup, consequently rendering it a worst-
case scenario with regard to salt degradation. This concept is shown in Figure 3b, and the 
corresponding test setup is shown in Figure 3c. The setup consists of three interconnected 
vessels filled with molten Solar Salt. A smaller vessel acts as a reactor representing the 
film volume during heat transfer. Here, the salt is heated, for example, to 620 °C. The 
remaining salt volume is maintained at 560 °C via convective cooling. To maintain the 
desired temperatures, both vessels are heated externally using a temperature-controlled 
electric heating element. Gas is used to purge the surface of the salt in vessels A and C. To 
pump the salt, the left vessel C is moved vertically in a controlled way. The direction is 
alternating. This way, the salt is recirculated between the vessels by gravity. Submerged 
stirrers maintain a homogeneous temperature in each vessel. During the process, thermal 
decomposition of the molten salt may release oxygen, which bubbles out and is analyzed 
using a gas analysis system. This gas analysis system uses a continuous gas analyzer with 
an infrared (Magnos206 for O2) and ultraviolet (Limas11 NO/NO2) measuring cell. In total, 
two different experiments were conducted. Table 1 summarizes all relevant parameters, 
including the uncertainty range where applicable. 

Table 1. Fixed and variable experimental parameters for experiment 1 and experiment 2. 

 Experiment 1 Experiment 2 
Fixed experimental parameters  
Salt 1 40 wt% potassium nitrate/60 wt% sodium nitrate 
Total salt amount 9.3 ± 0.01 kg 
Temperature in core volume 560 ± 3 °C 
Vertical velocity of vessel C 26 ± 1 mm/min 
Nominal salt mass flow rate at 560 °C 1.4 ± 0.05 kg/min 
Max heating power 2.3 kW ± 10% 
Volume of vessel A/B/C 6.3/0.8/6.3 L 
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Gas volume 8 L 
Purge gas flow rate 0.25 ± 0.03 L/min 

Salt analysis method 
Wet chemical analysis using ion chromatography (error esti-

mated to be ±10%) 

Gas analysis method 
Continuous ABB gas analyzer with infrared (Magnos206 for O2) 

and ultraviolet (Limas11 NO/NO2) measuring cell (error esti-
mated to be ±1% for oxygen and ±5% for nitrous gases) 

Variable experimental parameters   
Sequential temperature setpoints in film volume 560 °C/600 °C/620 °C/630 °C/560 °C 560 °C/620 °C/560 °C 
Purge gas composition 79% O2/21% N2 20% O2/80% N2 
Total evaluated duration of experiment 13.3 h 300 h 
Salt sampling for nitrite content monitoring No Yes 
Monitoring of nitrous gases Yes No 
Monitoring of oxygen Yes Yes 

1 Fluid properties are based on correlations from by Pacheco et al. [24]. 

The first experiment aimed to investigate the influence of a high wall temperature on 
the production of oxygen and nitrous gases. The evolution of NOx (NO2 and NO) and 
oxygen was monitored over time. At three successive steps, the temperature setpoint in 
the film region was elevated from an initial 560 °C to 600 °C, 620 °C, and 630 °C. In the 
last step, the film temperature was set back to 560 °C. The core temperature was main-
tained at 560 °C. The system was purged with a mixture of 79% oxygen and 21% nitrogen. 
This experiment lasted for 13.3 h, and the step changes in temperature were two hours 
apart. 

In the second experiment, the focus was on the nitrate to nitrite reaction over a longer 
time period of 300 h. In this experiment, the film temperature was increased from core 
temperature level of 560 °C to a film temperature level of 620 °C for a duration of approx-
imately 50 h. In this case, the system was purged with 20% oxygen and 80% nitrogen. Salt 
samples were taken at different times to monitor the change in nitrite content. The nitrite 
content was analyzed using wet chemical methods and ion chromatography. 

2.2. Modeling Approach 

As mentioned above, we assume a pipe flow to be the representative flow regime in 
the heating component. For the analogy with this pipe flow, definitions of the wall tem-
perature, minimum temperature, bulk temperature, film temperature, and core tempera-
ture are introduced. Also, the pipe cross-section is categorized into two regions, the film 
volume close to the wall and the remaining core volume in the center, as shown in Figure 
4. 

 

Figure 4. Illustration of the film and core volume of the fluid in a pipe cross-section. 

The definition of the different temperatures is exemplified in the left diagram in Fig-
ure 5. The wall temperature is the highest temperature in a heated pipe occurring directly 
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at the wall, the bulk temperature is the average temperature of the entire fluid cross-sec-
tion within the pipe, and the minimum temperature is the lowest temperature occurring 
at the center of the pipe flow. In this study, the radius at which the temperature profile is 
equal to the bulk temperature also marks the separation surface between the film and the 
core volume. In this simplified model, the temperatures in the film and core volume are 
assumed isothermal as per the right diagram in Figure 5. The film temperature is chosen 
to be equal to the wall temperature and the core temperature is chosen to be equal to the 
bulk temperature. This assumption assures that the temperatures in the parameter study 
are higher than in a real system, representing a worst-case scenario. 

 

Figure 5. Example for the radial temperature profile for turbulent and laminar pipe flow in a heated 
pipe (left diagram) and example for an assumed temperature profile for the worst-case scenario 
(right). 

The test setup can further be described with the physical model illustrated in Figure 
6. This physical model represents the simplification introduced in Figure 3b. The model 
under consideration consists of three characteristic zones: a film region, a core region, and 
a gas phase. 

 

Figure 6. Simplified physical three-zone model for test setup. 

In the proposed model with the three nodes introduced in Figure 6, concentrations 
of ions and gaseous components are exchanged between the film region and the core re-
gion by means of convection and diffusion. Furthermore, the concentration of nitrate and 
dissolved oxygen can equilibrate. The gas phase allows gas transport to and from the core 
region. For this model description, two formulae were derived from a mass balance over 
the test setup and demonstrate the differential equation for nitrite concentration 𝑐୒୓మష in 
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core volume 𝑉ୡ and film volume 𝑉୤ (Equation (4)), as well as the differential equation for 
oxygen partial pressure 𝑝ைమ in gas volume 𝑉୥ (Equation (5)). The terms 𝑘୰ୣ,ୡ, 𝑘୭୶,ୡ, 𝑘୰ୣ,୤, 
and 𝑘୭୶,୤ represent the constant rate for the reducing (subscript ‘re’) and oxidizing (sub-
script ‘ox’) reaction in the bulk (subscript ‘b’) and the wall (subscript ‘w’) volume. The 
values for the rate constants were taken from Sötz et al. [25]. The term 𝑐୒୓మష represents 
the nitrite concentration, the term 𝑉୲ represents the total salt volume, 𝑀୓మ is the oxygen 
molar mass, 𝜌୓మ is the oxygen density at ambient temperature, 𝑛ୱ is the total amount of 
salt, and 𝑉ሶ୥,୧୬ is the total gas volume flow at ambient temperature. 𝑑𝑐୒୓మష𝑑𝑡 = 𝑉ୠ𝑉୲ ∙ ൫𝑘୰ୣ,ୠ ∙ 𝑐୒୓యష − 𝑘୭୶,ୠ ∙ 𝑐୒୓మష ∙ 𝑝୓మ,୧୬଴.ହ ൯+ 𝑉୤𝑉୲ ∙ ൫𝑘୰ୣ,୤ ∙ 𝑐୒୓యష − 𝑘୭୶,୤ ∙ 𝑐୒୓మష ∙ 𝑝୓మ,୧୬଴.ହ ൯ (4)

𝑑𝑝ைమ𝑑𝑡 = ൭𝑀୓మ𝜌୓మ ∙ 0.5 ∙ 𝑑𝑐୒୓మష𝑑𝑡 ∙ ൫1 − 𝑝୓మ൯ ∙ 𝑛ୱ + 𝑉ሶ୥,୧୬ ∙ ൫𝑝୓మ,୧୬ − 𝑝୓మ൯൱ /𝑉୥ (5)

As previously outlined, under the most unfavorable conditions, the film volume can 
be designated as equivalent to 50% of the total flow cross-section within a molten salt 
heating component. This also marks the highest volume share occurring only under lam-
inar flow conditions. It is evident that the experiments yielded a divergent ratio, a conse-
quence of the geometrical constraints imposed by the test setup. Nevertheless, the model 
was still validated with these parameters, and the high ratio of 50% was used for the par-
ametric study. 

3. Results 
3.1. Experiment 1 for Identifying Dominant Chemical Reactions 

The first experiment investigated the influence of elevated wall temperatures on the 
production of oxygen and nitrous gases. Figure 7 illustrates the temporal evolution of NOₓ 
(NO2 and NO) and oxygen concentrations. The temperature setpoint in the film region 
was successively increased from an initial 560 °C to 600 °C, 620 °C, and finally 630 °C, 
before being returned to 560 °C in the final step. Throughout the experiment, the core 
temperature was maintained at 560 °C. The system was purged with a gas mixture con-
taining 79% oxygen and 21% nitrogen. 

When the film temperature was increased to 600 °C, the measured oxygen concen-
tration rose sharply and stabilized at an elevated level. A further increase to 620 °C re-
sulted again in a sharp increase in oxygen concentration, followed by a gradual but steady 
decline. At 630 °C, the oxygen concentration rose again and began to also decrease after 
approximately 30 min. Upon reverting the film temperature to 560 °C, the oxygen concen-
tration dropped rapidly, falling below the level corresponding to the purge gas composi-
tion. The experiment was halted before reaching equilibrium. 

Analysis of the nitrous gas concentrations indicates that a steady state was not 
achieved before the experiment, as it continued to fall in the first period. The initial tem-
perature increase to 600 °C did not significantly affect nitrous gas production within the 
time frame of that step. However, with further temperature increases, the concentration 
of nitrous gases began to rise slowly. Notably, after reducing the film temperature back to 
560 °C, the nitrous gas concentration plateaued rather than drop immediately, in contrast 
to the behavior of the oxygen concentration. 

While the film temperature appears to directly influence the oxygen concentration, 
the results of this experiment do not allow us to directly correlate the evolution of nitrous 
gas concentration with it. 
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Figure 7. Evolution of nitrous gases (NO2 and NO) and oxygen over time in experiment 1. THe dark 
blue of the NOx signal refers to the time-averaged NOx concentration, and pale blue refers to the 
actual measured value. 

3.2. Experiment 2 for Model Validation 

Figure 8 illustrates the dynamic behavior of temperature, oxygen content, and nitrite 
content during the experimental and simulated sequential heating process. The top graph 
(a) displays the setpoint for the film temperature as a step change from 560 °C to 620 °C, 
maintained for approximately 50 h before returning to the initial level in the model and 
experiment. In the middle graph (b), the oxygen content evolution is compared between 
simulation (black line) and experimental measurements (orange line). An initial peak is 
observed in the simulation when the film temperature setpoint is increased. This peak can 
be attributed to the first degradation reaction from the nitrate to nitrite under the release 
of oxygen, as described by Equation (1). While in the simulation, where transport limita-
tions are absent, the oxygen content reaches 42% shortly after the step increase in the film 
temperature; in the experiment, a slightly lower oxygen content of 27% was measured. In 
both the simulation and the experiment, the oxygen concentration declines again, almost 
reaching the initial value. After the film temperature is lowered to the initial 560 °C, the 
oxygen content in the simulation sharply decreases to 10%. This behavior can be attributed 
to the back reaction of nitrite to nitrate under the consumption of oxygen. The measure-
ments of the oxygen content show similar overall behavior compared to the simulation. 
However, the experimental peak is again considerably lower in its magnitude. This dif-
ference can be explained by the diffusive and convective transport limitation of dissolved 
oxygen in the experiment. The fact that oxygen production happened faster than oxygen 
consumption in the experiment can be explained by bubble formation enabling high gas 
transport in one direction. 

As expected, the nitrite content of the simulation as well as the measurement in-
creases after the rise in the film temperature setpoint due to the temperature-sensitive 
nitrate–nitrite reaction. This can be observed in the bottom graph. After the film tempera-
ture step changes from 620 °C back to 560 °C, the nitrite level declines for both the exper-
iment and the simulation. In the simulation, the decline happens almost completely within 
30 h. In the measurements, the decline happens over a period of more than 225 h, and the 
initial nitrate–nitrite equilibrium is not reached after the termination of the experiment. 

The fact that the validated model does not perfectly predict the measured nitrite and 
oxygen content can be accepted, as the objective of this study is to find a worst-case model 
first. The model does not incorporate any transport limitations; consequently, the rate of 
degradation due to the hot salt film is determined exclusively by reaction kinetics. Fur-
thermore, the temperatures were systematically and deliberately overestimated. The 
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underlying logic of this approach is to identify a worst-case scenario. In a real system, it 
is hypothesized that degradation is slowed down due to the presence of transport limita-
tions and lower temperatures. This is a probable explanation for the reduced degradation 
observed in the experiment. 

 

Figure 8. Evolution of temperature setpoint (a), oxygen content in purge gas return (b), and nitrite 
content in salt (c) over time during sequential heating in experiment 2. 

3.3. Parametric Study with Model 

By varying the key process parameters, such as the core temperature, film tempera-
ture, targeted nitrite level, total pressure, partial cover gas oxygen pressure in tanks, and 
residence time, a parameter study was conducted to identify their influence on nitrite for-
mation. The principal sketch of the system used for this parametric study is shown in 
Figure 3a,b. The tank is assumed to have a specified cover gas oxygen concentration. 

Figure 9 illustrates the maximum film temperature as a function of the core temper-
ature for three equilibrium nitrite levels (5%, 7.5%, and 10%) at ambient pressure. While 
for the heating component, two pressure levels were investigated (1 bar and 5 bar), the 
partial pressure of the cover gas oxygen content in the atmospheric tanks was varied from 
0 to 1 bar (0.2 bar and 1 bar indicated) and as a theoretical value further above 1 bar 
(dashed lines). The left-hand plot shows the case of infinite residence time, where chemi-
cal equilibrium can be fully established. The right-hand plot displays the results for a lim-
ited residence time of 10 s. For the case with an infinite residence time, the allowed film 
temperature is between 620 °C and 680 °C, which is slightly sensitive to the core temper-
ature but mainly dependent on the nitrite level, where higher nitrite targets lead to a sig-
nificant increase in film temperature. The finite residence time allows for an even higher 
film temperature due to incomplete reaction progress. Here, the maximum film 
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temperature can reach up to 780 °C depending on the nitrite level and core temperature. 
It should be emphasized at this point that the approach presented is a simplified modeling 
method without consideration of NOx formation, and therefore, no conclusions for the 
design of a heating component like an electric heater can be drawn. The major purpose of 
this study is to enhance the understanding of how the nitrate–nitrite ratio develops within 
the component or the system. 

Figure 10 presents the same set of conditions, but at a higher system pressure of 5 
bar. Compared to ambient pressure, the increased absolute pressure leads to generally 
higher film temperatures for the same nitrite levels. Again, the contrast between infinite 
(left) and finite (right) residence times is evident, demonstrating the kinetic limitations 
that increase the film temperature rise at shorter residence times. For an infinite residence 
time, the film temperature can reach 740 °C, and for the 10 s residence time, it can reach 
790 °C. The dashed lines in the diagrams illustrate the theoretical film temperature limit 
for cover gas oxygen pressures larger than 1 bar. In most cases, this is technically not fea-
sible. 

(a) (b) 

Figure 9. Maximum film temperature for equilibrium nitrite levels of 5%, 7.5%, and 10% for an 
infinite (a) and 10 s residence time (b) at ambient pressure. 

The gray lines represent the lines of the constant ratio of the required heat transfer 
areas with respect to a reference case, which has a 560 °C core temperature and 600 °C 
film temperature. As can be seen from the graph, in some cases (e.g., 10 s residence time, 
5 bar system pressure, 10% nitrite content, and 560 °C core temperature), the required area 
is below 20% of the reference case’s heat transfer area. This would result in reduced costs 
to below 25% of a heating component with a 600 °C film temperature. This calculation is 
based on the assumption that halving the size would reduce the costs by 40%, as intro-
duced earlier [23]. 
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(a) (b) 

Figure 10. Maximum film temperature for equilibrium nitrite levels of 5%, 7.5%, and 10% for an 
infinite (a) and 10 s residence time (b) at 5 bar pressure. 

4. Discussion 
4.1. Key Findings of Experiment and Simulation 

This study investigated the chemical behavior of nitrate salt at elevated wall temper-
atures, providing crucial insights into the design of high-power-density molten salt com-
ponents. The first key finding from the experiments is related to the nitrate–nitrite dynam-
ics. The experimental results demonstrate that when the film temperature was increased 
from 560 °C to 620 °C, there was a measurable increase in nitrite content and oxygen pro-
duction. After returning to the initial temperature, the nitrite content gradually decreased. 
A second key finding is that an increase in the wall temperature has a measurable impact 
on nitrous gas formation. However, this impact was small in the measured temperature 
range. 

The comparison of the experiment results with the simulation results shows the fol-
lowing. The kinetic models of the nitrate–nitrite reaction show a fast response to a change 
in the film temperature. In the experiments, this rapid change was not as pronounced as 
in the simulation, indicating complex transport limitations. On the other hand, model val-
idation revealed that the physical three-zone model developed for this study accurately 
captured the overall behavior of nitrite formation and oxygen evolution, although differ-
ences in peak magnitudes were observed due to transport limitations that were not fully 
accounted for in the model. However, this model can be considered valid for worst-case 
investigations and under the assumption that oxide formation plays a subordinate role 
locally. Finally, experiments confirmed that local production of oxygen and nitrite at hot 
surfaces does occur, but the rate of accumulation in the entire system is slowed down by 
transport limitations. 

These findings are in line with a previous report by Kruizenga et al. [16], which found 
that on the one hand, an increased wall temperature has a measurable impact on salt 
chemistry, but on the other hand, reaction rates are well below equilibrium values for the 
investigated temperature. Our results extend the understanding to higher wall tempera-
ture regimes (>600 °C) and quantify the influence of transport limitations, which have of-
ten been neglected in kinetic models [25,26]. 

From the parameter study, we identified critical parameters. It could be shown that 
the maximum permissible film temperature is primarily influenced by four parameters. 
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Firstly, it is important to note that the acceptable limits of nitrite content have a consider-
able impact on the final film temperature. It was demonstrated that higher allowable ni-
trite levels permit higher film temperatures. Secondly, the system pressure at the point of 
heat input is of significance (it was demonstrated that higher pressures enable operation 
at higher film temperatures). Thirdly, the residence time must be considered. Shorter res-
idence times allow higher film temperatures due to incomplete reactions. Fourthly, and 
to a lesser extent, the core temperature was shown to have a marginal influence on the 
allowable film temperature. 

Through choosing the optimum values, the operating range can be substantially ex-
tended. Under optimal conditions (5 bar pressure, short residence times, and accepting a 
10% nitrite level), film temperatures of up to 790 °C can be permitted without causing 
excessive nitrite production. In this way, the required heat transfer area can be reduced. 
At these high film temperatures, the theoretically required heat transfer area would be-
come less than 20% of that in a conventional design with 600 °C film temperature. This 
presents a relevant cost saving potential for molten salt heating components. 

4.2. Implications for Component Design 

By identifying conditions under which elevated wall temperatures do not result in 
unacceptable nitrite or oxide accumulation, this work provides a pathway toward reduc-
ing the size and cost of thermal components. Specifically, the ability to safely operate at 
higher wall temperatures allows for greater temperature differentials, which directly 
translates to a reduction in the required heat transfer surface area. In looking only at the 
film temperature as the limiting design parameter and excluding local oxide formation, a 
film temperature as high as 790 °C could potentially reduce the size of electric heaters to 
below 20% and its capital costs to below 25% of a heater with a 600 °C film temperature 
(based on the assumption that halving the size would reduce the costs by 40%). This also 
depends of course on other design constraints and is likely an upper limit for the film 
temperature. The findings from this study have several important implications for the de-
sign of molten salt heating components. The first is increased power density. By allowing 
wall temperatures higher than those previously considered safe, the power density of 
molten salt components can be significantly increased. Also, based on our parameter 
study, we can now provide specific design recommendations (Figures 9 and 10) for the 
maximum allowable wall temperatures depending on the system pressure, residence 
time, and acceptable nitrite content. These guidelines enable engineers to optimize the 
design of heat transfer components while ensuring safe operation: 

1. System pressure: Operating molten salt heating systems at moderate pressures (e.g., 
5 bar) can significantly increase the allowable film temperature compared to opera-
tion at atmospheric pressure. Maintaining constantly high pressure during heat 
transfer is important to not compromise salt stability. 

2. Residence time: Designing systems with limited salt residence times at high-temper-
ature surfaces can limit nitrite formation, allowing for higher-temperature operation 
than would be possible in equilibrium systems like storage tanks. Consequently, high 
flow velocities and small fluid volumes are desired in molten salt heating compo-
nents. 

3. Nitrite content: The acceptable nitrite content has a direct influence on the allowable 
film temperature. By assuring that the remaining system allows for a high nitrite con-
tent, a high film temperature limit can be selected. 

For the design of molten salt heating components and electric heaters specifically, 
our findings suggest that current designs with a maximum film temperature of 600 °C are 
overly conservative considering the nitrite–nitrate conversion. With proper consideration 
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of the parameters identified in this study, more compact and cost-effective heaters can be 
developed that operate safely at higher heat fluxes. 

4.3. Future Research Directions 

While this study has provided valuable insights into the behavior of nitrate salt at 
elevated wall temperatures, several areas for further experimentation were identified. 
Further validation experiments at higher temperatures are required to increase the relia-
bility of the model. Extended operation studies exceeding 1000 h are needed to verify the 
long-term stability of the salt composition and the integrity of components under the ele-
vated temperature conditions identified in this work. 

The film temperature may also be limited by oxide formation accompanied by nitro-
gen oxide release. This aspect was only partly evaluated in the experiments and was not 
included in the model. Therefore, investigating the second decomposition reaction (nitrite 
to oxide) at elevated wall temperatures is necessary to fully understand potential corro-
sion mechanisms during long-term operation. 

Studies on the corrosion behavior of various materials at the identified elevated film 
temperatures would provide crucial information for material selection in high-tempera-
ture molten salt applications. Validation of the findings in larger-scale systems that more 
closely represent industrial conditions would also be beneficial before full commercial im-
plementation. Furthermore, research on gas management strategies in closed-loop sys-
tems is needed to maintain optimal cover gas composition and pressure during extended 
high-temperature operation. 

Simulation models could also be improved. More detailed modeling of diffusion and 
convective transport phenomena would enhance the prediction of system behavior where 
transport limitations are significant. Additionally, design studies on flow field configura-
tions that minimize residence time in high-temperature regions while maintaining effi-
cient heat transfer would support the practical implementation of these findings in heat 
exchanger designs. 

5. Conclusions 
This research demonstrated that the maximum permissible wall temperature in mol-

ten salt systems could be significantly higher than the conventionally accepted maximum 
permissible wall temperature of around 600 °C. In an experiment, we achieved film tem-
peratures of max. 630 °C without excessive salt degradation. With experimentally vali-
dated models, we showed that in theory, film temperatures up to 790 °C can be safely 
employed under appropriate conditions without causing detrimental nitrite formation. 

The findings challenge conventional design limitations for molten salt components 
and provide a pathway toward more compact and cost-effective heating components. By 
understanding the interplay between temperature, pressure, residence time, and nitrite 
formation, engineers can now identify critical influential parameters in order to optimize 
component size while ensuring safe and reliable operation. 

The potential for substantial cost reduction in thermal energy storage systems 
through more compact heat transfer components has significant implications for the eco-
nomic viability of concentrated solar power and other renewable energy technologies that 
rely on thermal energy storage. As we continue to refine the understanding of high-tem-
perature molten salt behavior, these systems will become increasingly competitive in the 
global energy landscape, contributing to a more sustainable energy future. 

Overall, this study represents an important step forward in pushing the operational 
limits of molten salt thermal energy storage systems, paving the way for next-generation 
designs that maximize efficiency and minimize costs while maintaining system integrity 
and longevity. 
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