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ARTICLE INFO ABSTRACT

Keywords: Among the variety of energy storage techniques thermal energy storage (TES), based on molten
Tlllermal stability salts, is already in use for the storage of heat in a gigawatt hour scale. At the time of writing
Nitrate salt virtually all TES in CSP utilize Solar Salt (60 wt-% NaNOs and 40 wt-% KNOs) due to its

molten salt competitively low price, low vapor pressure and non-toxicity. On the downside, the operating

temperature is limited to 560 °C based on its thermal stability. However, increasing the operating
temperature while maintaining thermal stability of the salt using techniques that are realizable in
industrial scale remains one of the main challenges. Up to now this could only be achieved in a
small scale by flushing with synthetic purge gas or sealing and pressurizing the system, main-
taining the necessary gas atmosphere and shifting the chemical equilibrium to the nitrate side.
Both methods are hardly realizable in an industrial scale. In this work we show a new strategy to
stabilize Solar Salt at 620 °C by combining the gas-purged configuration and sealed system with
maximum pressure of few tens of millibars in a 100 kg scale. The formed gas phase was within the
expected range in terms of oxygen and nitrous gases. Additionally, the concentration of the nitrate
and nitrite ions aligned well with salt systems with gas-purged atmosphere at 620 °C. We
demonstrate the first experiments on long-term thermal stabilization (4000 h) of Solar Salt at
620 °C in a 100 kg technical-scale. These findings represent an important step in the development
of modern storage systems.

High temperature chemistry
Technical-scale chemistry

1. Introduction

Today thermal energy storage (TES) plays a crucial role for the efficient use of green, renewable and sustainable energy sources [1].
In this field a distinction between different TES systems can be made: thermochemical heat, latent heat and sensible heat. Systems
referring to thermochemical heat are using reversible chemical reactions. The heat is stored during an endothermic reaction and
released via an exothermic reaction. One important example is the system CaO/Ca(OH), with water as a reactant. Latent systems
utilize phase transitions (e.g. solid to liquid) of phase change materials (PCMs) to store energy. Lastly, the sensible heat storage systems
are using the heat capacity of materials with different states of aggregation (e.g. solid: ceramics, liquid: molten salt) to store thermal
energy during a temperature change [2]. Molten nitrate salts are promising materials in the field of TES as well as heat transfer fluids
(HTS) and are already in use with temperatures up to 560 °C. Especially for the sensible heat storage system, molten nitrate salts based
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on alkaline and alkaline earth metals are used. The most common one is a mixture of 60 wt-% NaNO3 and 40 wt-% KNO3, known by the
name Solar Salt [3]. Currently this kind of salt mixture is used at up to 560 °C storage temperature under air atmosphere and at-
mospheric pressure of the tank in power plants like the Cerro Dominador in Chile with a storage capacity of 110 MW [4-10].

The limitation of the operating temperature can directly be connected to the stability of the nitrate ion (NO3) in terms of
decomposition and consequent changes of the salt’s thermodynamic properties as well as corrosivity towards the structural materials
[7,11-16]. It is well established that the nitrate ion is decomposing with a reversible reaction, according to reaction (1) to nitrite ions
(NO5) and oxygen (O2). Thereby, the chemical equilibrium is strongly depending on the temperature and the oxygen partial pressure.
Furthermore, an ongoing decomposition of the nitrite ion to nitrous gases (e.g. NO, NO2) and dissolved oxide ions (e.g. 0?7, 03, 037)
takes places, as can be seen in reaction (2). Despite the fact that reaction (2) is widely accepted, the exact stoichiometry has not been
verified yet and other reaction paths might be favored at different temperatures and gas compositions [12,17,18].

NOj;, = NOj, +0.5 Oy 1)
NO}, = NO,) +NOy,) + O 2

in recent years, experiments in a laboratory scale (<150 g) showed the possibility of stabilizing molten Solar Salt at elevated tem-
peratures up to 620 °C either by purging the gas atmosphere with reactive gases (NOy and O3) or by closing the system and conserving
the evolving gases under pressure build-up inside the system [19,20].

In this work we present the first experiments with Solar Salt at 620 °C in a technical lab scale (100 kg) utilizing a combination of a
gas-purged and closed system, later defined as “semi-closed” system, as a new way to stabilize Solar Salt at elevated temperatures up to
620 °C under application of relevant conditions (pmax = 20 mbar overpressure) over 4000 h storage time. During the course of this first
of its kind experiments the salt chemistry is analyzed in terms of the anion composition (NO3/NO;/0%), while the composition (NO/
NOy/02/CO5) of the gas phase inside the reactor is measured with a connected gas analyzing system. With this method, this paper
outlines for the first time that Solar Salt can be operated and stabilizes at 620 °C in a 100 kg scale for 4000 h in a semi-open system at
ambient pressure beyond the state of the art in science and technology.

2. Experimental section

The experiments were performed in a steel vessel with basket bottom (Material: 2.4816 steel, volume 134 L), placed and heated
within a circular four-zone gradient furnace (Carbolite Gero GmbH & Co. KG, Germany) as shown in Fig. 1. The steel vessel was gas-
sealed with a top flange and mica flat gasket. Six weld-on pipe sockets were used for different thermocouples (type K, class 1), pressure
control (mechanical overflow valve), a mechanical stirrer, a salt sampling system as well as gas inlet and outlet. In front of the latter,
interconnected metal shields are installed to minimize salt evaporation and heat radiating to the outgoing gas analyzing system. Due to
unheated installations at the upper part of the retort a temperature gradient developed, resulting in natural convection inside the
molten Solar Salt volume. This natural convection has helped to prevent temperature stratification in the molten salt. Additionally, a
build-in axial stirrer (Material: 2.4819 Hastelloy C-276 steel) was used for homogenizing the melt. The gas inlet can be operated in two
ways, either purging the gas phase above the salt melt or bubbling the reactive gas through the liquid phase. A modular gas analysis
system is integrated into the gas control system which was optionally used or bypassed as needed. Switching between a permanent and
non-permanent gas measuring routine via valve Va4 and valve Va5 was realized in order to save the gas analysis from prolonged
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Fig. 1. Scheme of the 100 kg technical-scale test rig at DLR cologne. The two-colored globules emphasize the different possibilities of gas flow,
either purging the gas phase above the salt melt or bubbling gas through the liquid phase.
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exposure to corrosive sample gas. With two valves (Va6 and Va7) and a pressure sensor (P1) behind the gas analyzing system, it was
possible to operate the system in two different configurations. The pressure sensor (P1) configured to measure the pressure relative to
the local atmospheric pressure up to a maximum of 20 mbar overpressure. When this limit is exceeded, Va7 opens to regulate the
pressure down.

1.) a semi-closed configuration, cycling the gas phase with support of a pump through the system (pmax = 20 mbar overpressure,
Vab open, Va7 open when p (P1) > 20 mbar, see Fig. 1)
2.) open configuration by releasing accumulated gases through an exhaust pipe (Va6 closed, Va7 permanent open, see Fig. 1).

The molten salt experiments were performed with a combination of an open and a semi-closed configuration. Fig. 2 schematically
shows the course of the three experiments presented in this study. In the open configuration gas was purged above the melt with
atmospheric pressure, whereas during the semi-closed configuration no gas was purged, but the gas atmosphere was cycled within the
system while maintaining a maximum overpressure of 20 mbar inside the whole system. The initial salt mixture for the first
experiment (V1) was produced by mixing 93,5 mol-% Solar Salt (64 mol-% NaNOs, 36 mol-% KNOs, refined grade, SQM Iodine,
Spain) with 6,5 mol-% NaNO, (refined grade, Bernd Kraft, Germany) directly inside the retort. Starting with a specific amount of nitrite
salt in the initial salt mixture instead of using pure Solar Salt was expected in order to lower the thermal decomposition of the salt by
equation (1) and reducing the time to reach an equilibrium at 560 °C. Melting, homogenizing and dehumidifying of the salt was
performed at 300 °C for 240 h while purging the atmosphere above the melt with dry nitrogen gas (0.2 L/min gas flow). The dried salt
was heated up to 560 °C in the open configuration with a synthetic air gas flow of 4 L/min. After isothermal heating of 240 h the system
was changed to the semi-closed configuration with no purge gas, heated up to 620 °C and the temperature was again kept constant for
1500 h. In order to archive a constant temperature over a long time, the temperature of the salt was constantly measured and
maintained by heating with the four-zone gradient furnace. At the end of the isotherm, the system was cooled down to 300 °C under
synthetic air flow in order to bleed the system and finish the experiment. To prevent a solidification of the salt between the experiments
the salt temperature was held constant at 300 °C.

For the second experiment (V2) the salt from the first experiment was reused in order to investigate the cycle behavior in the 100
kg scale. Additionally, an axial conveying stirrer was used, varying the stirring speed from 250 rpm to 0 rpm in two steps (500 h per
step) in order to test the behavior of an already decomposed salt while simulating convection effects. At the end of V2 again the system
was switched to the open configuration and purged with a gas flow of 0.5-1 L/min (50 vol-% O3, 50 vol-% N3 and 2000 ppm NO) in
order to regenerate a fraction of Nitrite/Oxide ions over 400 h (in the following mentioned as Regeneration study V3) [17]. Sub-
sequently, the salt was cooled down to room temperature under nitrogen gas flow to finish the experiment.

During the course of each experiment, in-situ gas analysis measurements (6 data points per minute) were carried out simulta-
neously using an AO2000 system (ABB Automation GmbH, Germany) equipped with three optical detectors for NO (Limasl1,
0-10,000 ppm +0.5 %), NO3 (Limas11, 0-10,000 ppm +0.5 %; Uras26, 0-10,000 ppm +0.4 %) and O3 (Magnos206, 0-100 vol-% =+
0.5 %). Additionally, salt samples were taken from the reaction vessel four times per week. For this purpose, corundum crucibles
attached to a stainless-steel chain (well-bucket sampling method) were dropped inside the salt through one of the unused weld-on pipe
sockets until touching the bottom of the steel vessel. By pulling out the chain and crucible a representative salt sample was obtained
and subsequently analyzed to quantify the content of nitrate, nitrite and oxide ions. The amount of the nitrate and nitrite ions were
analyzed by ion-exchange chromatography (IC) using an 883 Basic IC plus (Metrohm AG, Switzerland) equipped with a Metrosep A
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Fig. 2. Principle diagram of the three experiments discussed in this study, emphasizing the applied temperature, configuration, purged gas and
stirrer mode.
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Supp analytical column (5 x 250 mm) and a suppressed conductivity detector. The oxide ion concentration measurement was done
with a potentiometric controlled acid-base neutralization titration apparatus (Metrohm Titrando 905, Metrohm AG, Switzerland) with
an 0.01 M aqueous HCl solution and equipped with automatic dosing units, Metrohm 800 Dosino. The procedures for the salt analyses
are described in more detail by Bonk et al. [13].

3. Results and discussion

Different strategies to avoid the decomposition of Solar Salt according to equations (1) and (2) under formation of high nitrite and
oxide ion levels are known. The most common one is the application of a purge gas which contains high levels of nitrous gases and
oxygen resulting in a shift of the chemical equilibrium and thereby a reduction of nitrite and oxide levels in the melt. On the downside,
large amounts of toxic and reactive gases must be stored and handled. This, in conjunction with the gas consumption, adds to the costs
and the safety requirements of this method. Alternatively, the whole system can be operated as a closed system, conserving the gas
phase formed during decomposition, also pushing the equilibrium to the nitrate and nitrite side. This approach goes side by side with a
considerably high pressure increase in the whole system, while only a few tens of millibar are acceptable in a large scale flat-bottom
tanks, typically used for 2-tank molten salt storage. To overcome these problems the two stabilization experiments on Solar Salt at
620 °C in a 100 kg scale were performed with a combination of an open configuration (T = 25 — 560 °C, 4 L/min synth. air purge gas)
and closed configuration (T = 560 — 620 °C, pmax = 20 mbar), hereinafter entitled as semi-closed configuration. Additionally, to
prevent decomposition and high oxygen development at 560 °C, 6.5 mol-% Nitrite was added to the initial salt mixture. In the
following, two experiments (V1 and V2) are shown and discussed. The results of both experiments are compared to published lab-scale
experiments from Sotz et al. performed in a purged system in a mg- and g-scale with respect to the chemical equilibrium and with
experiments in a small 1.5 g scale for comparison of the kinetic behavior to identify similarities and up-scaling effects [20-22].
Additionally, a short study (V3) on the regeneration of the degenerated and decomposed Solar Salt remaining after both experiments
was performed and discussed in the chapter Regeneration.

3.1. Stabilization experiments V1 and V2

The obtained sets of data from both stabilization experiments under applying the semi-closed configuration are shown in Figs. 3 and
4. In both experiments V1 and V2 an increase of oxygen concentration in the gas phase over the molten salt up to about 60 vol-% can be
detected after closing the system (Fig. 3, left). The delayed increase in the first experiment results from an operational error and
accidental dilution of the gas phase with atmospheric air inside the system. Ongoing dilution or bigger leakage can be excluded, since
no additional CO, was found in the gas analysis data. After reaching the peak concentration, the O, concentration decreases steadily
over time until the end of the experiment. Molten salt analysis shows, that the nitrite concentrations are very stable during the isotherm
at 560 °C within the first 400 h. After heating to 620 °C and semi-closing the system, the nitrite levels increase almost linearly between
400 h and 800 h from 6.25 mol-% to 8.25 mol-%. After that, the rate of nitrite formation decreases but remains relatively steady till the
end of experiment V1 after 1700 h, with a final nitrite concentration of 9.6 mol-%. From the quantity of molten salt and the level of
nitrite formed, the quantity of evolved oxygen according to Eq. (1) while maintaining the maximum overpressure of 20 mbar can be
calculated. This calculation shows, that the quantity of released oxygen should result in O, concentrations at or above 90 vol-%, which
is much higher than the levels detected in the experiment. Cooling down to 300 °C while purging the gas phase with nitrogen gas
results in a slight decrease of the nitrite concentration from 9.6 mol-% to 9.4 mol-%.

After starting the second experiment, using the open configuration, the Oy concentration showed the same behavior, peaking up to
roughly 60 vol-% and subsequently decreasing steadily over time until the end of the experiment. The salt analysis shows a decrease in
nitrite content from the initial 9.4 mol-% to 8.27 mol-% during the isotherm at 560 °C. After applying the semi-closed configuration
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Fig. 3. Oxygen (left) and nitrous gas (NO + NO, right) concentrations and temperatures recorded during the course of the stabilization experiments
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Fig. 4. Content of temperatures (left + right), nitrate and nitrite ions (left) as well as oxide ions (right) of the salt melts of both 100 kg scale
stabilization experiments V1 (blue) and V2 (black).

while heating to 620 °C the nitrite level again increases between 400 h and 1400 h from 8.27 mol-% to 9.5 mol-%. After that the nitrite
concentration remains relatively steady till the end of experiment V2 after 1600 h, with a final nitrite concentration of 9.5 mol-%. Once
again, the measured quantity of released oxygen distinctly differs from calculated concentration.

Molten salt analysis shows, that the initial salt mixture in the first experiment features no significant changes in nitrate and nitrite
ion content during the isotherm at 560 °C, indicating that reaction (1) already reached equilibrium. After closing the system and
heating to 620 °C an ongoing thermal decomposition of the nitrate to nitrite and oxygen occurs until again the chemical equilibrium is
almost reached. Extrapolation of data leads to a nitrite concentration of about Xyjtite &~ 10 mol-%. In contrast, in the second
experiment the aged salt partially regenerates during the isotherm at 560 °C shifting the equilibrium back to the nitrate side. The
nitrate concentration decreased by ~ 1.5 mol from 9.4 mol-% (0 h) to 8.27 mol-% (400 h). Subsequent closing and heating of the
system to 620 °C leads to an ongoing decomposition under an increase of nitrite with values from 8.27 mol-% (400 h) to 9.5 molt%
(1600 h).

As already mentioned, both experiments exhibit a maximum oxygen concentration of around 60 vol-%. However, from the amount
of nitrite formed due to the beforehand mentioned ongoing thermal decomposition of the salt after semi-closing the system (~1.5 mol-
%, Fig. 4, left) and according to reaction (1), a steady accumulation of oxygen in the gas phase, while maintaining a maximum
overpressure of 20 mbar, with a final concentration at up or above 90 vol-% is expected. Additionally, over the course of around 1000 h
both experiments show a steady decrease to 50 vol-% O,. One possible reason for these differences is a high temperature corrosion
reaction of the hot steel surface of the vessel with oxygen, either from the gas phase or dissolved in the molten salt. For this
consideration 15 pm were used as typical thickness of the corrosion layer on Alloy 600 after 1700 h reaction time, but are prone to
errors since it is biased by the unknown surface structure/area of the corroded steel surface, changing salt composition and local
impurity concentrations. Measured against the chromium and iron content of the used steel (Cr: 14-17 %, Fe: 6-10 %), a corrosion
layer of <15 pm, would already be sufficient to compensate for both, the lower oxygen concentration during the decomposition of the
salt after closing of the salt after closing the system, as well as the loss of 10 vol-% oxygen during the subsequent 1000 h. An assumed
incipiently rapid absorption and reaction of oxygen with the steel surface, which progresses more slowly over time, corresponds to the
corrosion behavior of the used type of steel described in literature (2.4816/Alloy 600) [23,24]. The rough surface of the reaction
vessel, caused by previous cleaning before starting the experiments, additionally enhances the corrosive reactions. However, in order
to confirm this theory, corrosion specimens would have to be extracted from the vessel which was not part of this study.

The measurements of nitrous gases are shown in Fig. 3 (right). The first experiment features a short increase in concentration
(XNox, max ~ 1500 ppm) after heating up to 560 °C with subsequent downward drift. When heating up to 620 °C and applying the semi-
closed configuration larger increase of NOy (Xnox, max = 4500 ppm) could be measured. After reaching the peak concentration, the NO,
concentration decreases steadily over time until the end of the experiment V1 resulting in a final plateau at around 350 ppm. The
molten salt analysis shows, that the oxide ion concentration is very stable during the first 200 h of the isotherm at 560 °C. During 200 h
and 400 h a distinct increase could be observed. After heating to 620 °C and semi-closing the system, the oxide levels increase almost
linearly until 800 h. From 800 h till the end of experiment V1 at 1700 h the oxide concentration increases slightly lower, with a final
oxide concentration of 0.14 mol-%. It needs to be emphasized that a clear spread in the measurement data can be observed at 620 °C
salt temperature. After cooling down to 300 °C while purging the gas phase with nitrogen no NO, could be measured. The second
experiment again features a steady NO, concentration of around 120 ppm after heating the system to 560 °C holding the temperature
isothermal for 300 h. After heating up to 620 °C V2 showed a peak in the NO, concentration (Xnox, max ~ 750 ppm) that is subsequently
decreasing steadily between during the isotherm at 560 °C. After heating to 620 °C the oxide concentration again increases between
400 h and 700 h up to 0.17 mol-%. After that the oxide level remains relatively constant till the end of experiment V2 after 1600 h, with
a final oxide ion concentration of 0.17 mol-%.

The salt composition data for oxide ions obtained by ion chromatography for the first experiment features no significant changes
during the beginning 200 h of the isotherm at 560 °C since the thermal decomposition according reaction (2) occurs relatively slow,
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resulting in oxide concentrations below the analytical measurement minimum. For that reason, the observed amount of NO, during the
first 100 has to be the result of a decomposition of small amounts of magnesium nitrate Mg(NO3)2 to MgO and nitrous gases, according
to equation (3). Magnesium nitrate is a typical impurity in non-synthetic Solar Salt. Additionally, a formation of NO, due to nitrite
decomposition would lead to an increase of the oxygen concentration, which is not observable in the obtained data in the first 100 h.

The continouse formation of nitrous gases in combination with the slow increase of oxide concentration during the next 200 h of the
isotherm at 560 °C arise from a beginning thermal decomposition of the nitrite ions according to equation (2). After heating to 620 °C
and semi-closing the system, the oxide levels increase almost linearly until 800 h while the gas analysis measurement simultaneously
display a strong increase of NOx (Xnox, max =~ 4500 ppm) at around 400 h with subsequent downward drift and a plateau at around 300
ppm NO,. This peak is ascribed to the oxidation of the steel surface by the molten salt which generally is accompanied by the formation
of nitrous gases, as e.g. shown in Brough’s work [25]. The ongoing, albeit slower, formation of oxide ions accompanied by a constant
NO, emission after 800 h reaction time can presumably be explained by a nonequilibrium between the big salt volume and the gas
phase in the reactor. For the next 800 h till the end of the first experiment the oxide ion content exhibits a steady increase up to Xoxide
~ 0.14 mol-%, that can be described by the ongoing thermal decomposition according to equation (2). The permanent formation of
nitrous gases supports this hypothesis.

In contrast, in the second experiment the aged salt shows a small decrease in oxide content from 0.14 mol-% to 0.13 mol-% during
the isotherm at 560 °C, which is a result from a staring regeneration, shifting the equilibrium in equation (2) to the nitrite side. The
constant emission of 120 ppm NO, during that time can presumably be explained by the beforehand mentioned non-equilibrium
between salt and gas phase or the ongoing corrosion of the steel surface under formation of nitrous gases. After heating to 620 °C
and applying the semi-closed configuration the gas analysis measurement emphasizes a similar behavior compared to the first
experiment showing a NO, peak with subsequent decrease between a steady emission of 200 ppm till the end of experiment V2. That
peak directly after closing the system can be ascribed to corrosion reactions as well as the still ongoing setting of the chemical
equilibrium according equation (2). As expected, the oxide concentration also increases between 400 h and 700 h up to 0.17 mol-%.
After that the oxide level remains relatively constant till the end of the second experiment after 1600 h, with a final oxide ion
concentration of 0.17 mol-% emphasizing that an equilibrium according equation (2) is almost reached.

In general, from the gas and salt analysis measurements it is clearly evident, that by closing the system and conserving the formed
oxygen and nitrous gases in the gas phase using the semi-closed configuration the chemical equilibrium of equation (1) is shifted to the
nitrate side. The relatively constant oxide concentration at the end of the second experiment indicates, that, despite having high final
oxide ion concentrations, an equilibrium for equation (2) was also archived. Although the second experiment was performed while
varying the speed of the stirrer, no direct correlation between the speed and the salt chemistry could be found.

3.2. Equilibrium

3.2.1. Nitrate/nitrite

For a better comparability of the data, the concentrations of nitrate and nitrite as well as oxygen partial pressures for further
calculations are evaluated at the end of each temperature step (560 °C and 620 °C) for both experiments. With those values the reaction
quotient Q is calculated, according to equation (4). Due to purging of the system with synthetic air and comparably low formation of
oxygen during the decomposition of the nitrate, according to equation (1), the partial pressure of oxygen pam o, Wwas estimated as
constant 0.2 atm at 560 °C. For 620 °C the oxygen concentration measured with the gas atmosphere at the end of the experiment
(Patm.0,= 0.5 atm) was used as the partial pressure of oxygen. When an equilibrium is reached, Q equals the equilibrium constant K (see
equation (5)). Hereinafter, for simplification K instead of Q is used in the further discussion of the data.

QN — {NOZ} . 0S5 (4)
[NO;] 7
Table 1
Oxygen partial pressures, nitrite/nitrate ratios and equilibrium constants from experiments of this study and reference data.
Temperature [°C] Po, [NO%] [molemol-1] InK Reference
[NO;3]
475 0.2 0.0229 —5.6351 Sotz et al. [21]
500 0.2 0.0198 —4.8704 Sotz et al. [21]
525 0.2 0.0178 —4.3677 Sotz et al. [21]
550 0.2 0.0168 —4.1420 Sotz et al. [21]
560 0.2 0.0669 —3.5094 V1, this study
0.2 0.0903 —3.2092 V2, this study
600 0.2 0.1120 —2.9955 Sotz et al. [20]
620 0.2 0.1560 —2.6624 Sotz et al. [20]
0.5 0.1052 —2.5983 V1, this study
0.5 0.1063 —2.5881 V2, this study
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The obtained nitrite/nitrate ratios and calculated equilibrium constants of this 100 kg study and published data from lab scale
experiments (<100 g) are summarized in Table 1 and compared in a van’t Hoff plot (see Fig. 5).

The values of InK for equation (1) at 620 °C of both 100 kg experiments V1 and V2 align well within the uncertainty areas set by
linear fit through work by Sotz et al. (mg- and 100 g-scale) but are shifted to higher InK at 560 °C (Fig. 5) [20,21]. Those shifts can be
ascribed to different reasons. The most likely one is the less ideal experimental conditions of a technical scale test rig compared to a
laboratory set up. The molten salt in 100 kg was exposed to a larger steel surface area (retort, stirrer) compared to the lab-scale, which
cause a high nitrite formation, and thus oxide ion formation as can be seen in Fig. 4 (right). This corrosion driven salt decomposition, as
described by equation (6) in Brough’s work, results in an increase of the salts nitrite level and subsequently a higher nitrite-nitrate-ratio
and thus a higher InK [25].

2 Cr+7 NO; = Cr,03 +5 NO,+2 NO, (6)

in case of V2 the aged Solar Salt additionally underwent an uncomplete regeneration reaction at 560 °C, whereas the previous
experiment V1 was stopped before an equilibrium was reached resulting in higher nitrite values as expected.

According to these findings it becomes clear, that on a 100 kg scale at 620 °C a nitrite-nitrate equilibrium constant, which agrees
with the already published equilibrium constants from laboratory experiments was obtained. In contrary to these 100 g scale ex-
periments that were performed with an open system, on the 100 kg scale a semi-closed system was applied, which led to an accu-
mulation of the oxygen partial pressure (approx. 0.5 bar) compared to the laboratory experiment (0.2 bar). The absolute pressures
were almost identical in the laboratory and 100 kg experiments (roughly atmospheric pressure). Also, it is shown, that when the system
is closed, a maximum pressure increase of ~20 mbar is sufficient to accumulate enough oxygen in the atmosphere to stabilize the salt in
relation to the nitrite content, maintaining a salt composition which might still be useable in industrial scale tanks without strong
corrosion.

3.2.2. Nitrite/oxide

As can be seen in Fig. 6, the change of the oxide content became very low after 700 h of testing, indicating that an oxide ion
equilibrium was attained for experiment V2. The considerable low reaction constant ky (3.22 102 s71), shown in Table 2 support
this hypothesis. A complete description of the equilibrium constant K, as previously shown for the Nitrate-nitrite-equilibrium is not
possible, due to a lack of data in this study and literature. For that reason, further experiments focusing on the nitrite-oxide equilibrium
are needed. Since permanent increasing oxide concentrations might lead to an increasing corrosion, maintaining a constant oxide
concentration is one of the most important factors in terms of salt composition.

3.2.3. Kinetic

For the evaluation of up-scaling effects not alone stabilization of the molten salt but also the consideration of the reaction kinetics,
formation rates of decomposition products, play an important role. These can be described by the reaction rate ry /5 and reaction
constants k; and ks of the reduction of equations (1) and (2) at 560/620 °C. Here, similar to various other kinetic studies, the
decomposition reactions were approximated with a first order rate law and equation (7) for the nitrate-nitrite and equation (8) for the
nitrite-oxide decomposition [22,26,27].
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Sotz et al. [21
Stz et al. [20
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Fig. 5. Van’'t Hoff plots of the logarithmic equilibrium constants of equation (1). The rhombus symbols (black, blue) correspond to the equilibrium
constants calculated in this study at 560 and 620 °C. For comparison, equilibrium constants (green cross symbols), their linear fit (dotted line) and
the uncertainty range from previously published lab-scale mg-/g-scale studies are inserted [20,21].
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Fig. 6. Oxide ion concentration of experiments V2 (black squares) and linear fit of the data points (dotted line), emphasizing the small change in

concentration over the course of the experiment.

Table 2

Reaction constants of the decomposition equations (1) and (2) determined in this study compared to previously published data obtained in lab scale

experiments for T = 560 and 620 °C.

Versuch 1 Versuch 2 Sotz et al. [21,22]
Temperatur 560 °C 620 °C 560 °C 620 °C 560 °C 620 °C
k1, Nitrate — Nitrite [s'] - 6.280107° - 2.630107%° 5.33¢107%° 2.38010%°
ks, Nitrite — Oxide [s~'] 3.19¢10°%° 1.820107%° 2.26010°%° 3.22¢10 12 6.970107%° 1.05010°%
N0, [NOj -
n= dr | useo/exrc [NO']
3
= d [02_} t K . [02-} (8)
- T TM21560 /620°C -
dt / [NO3]

For this calculation, the change in the nitrite/nitrate ion concentration or the oxide/nitrite ion concentration is plotted over the
reaction time. The slope of the resulting fit corresponds to the reaction constant ky 5 of the respective reaction in h™!. Fig. 7 exem-
plarily shows the described procedure for the graphical determination of the reaction constant k; on the basis of the reduction from
equation (1) using the data obtained in V1 at 620 °C.

The reaction constants k; and k; obtained from both experiments in this study, converted from h'ltos™
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Fig. 7. Nitrite-Nitrate concentrations and resulting graphical determination of the reaction constant k; on the basis of the reduction from equation

(1) for V1 at 620 °C.
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published data from lab scale experiments are summarized in Table 2 [20-22]. For T = 560 °C no k; could be extracted from the data of
this study. V1 was already in an equilibrium due to the added nitrite in the initial salt melt and V2 showed a beginning regeneration,
that was disturbed by heating up the system, thus not enough data points are available for the determination of k; at 560 °C.

A comparison, shown in Fig. 8, of the reduction rates k1 of the first decomposition step according equation (1), with data from
laboratory tests published by Sotz et al. (mg-scale and <1.5 g-scale) shows that the rate constants in the 100 kg-scale are, significantly
lower by four orders of magnitude [21,22]. This difference can be explained by the marked differences in the experimental set-up,
applied gas atmospheres and the higher mass transport limitations of anions and gases inside the salt and gas phase of the 100 kg
system, despite using a mechanical stirrer in V2. The small lab scale experiments featured very thin molten salt films and removal of
developed reactive gases (O2/NO,) in a natural convection driven air stream, that lead to a faster decomposition by rapid degassing the
formed gases from the bulk. The experiments in this study, performed under semi-closed conditions conserved the gases, developed by
the decomposition reactions. This led to an accumulation of oxygen and nitrous gases in the gas atmosphere inside the retort, resulting
in a stabilization of the salt melt by shifting the reactions (1) and (2) to the left side, lowering the reduction rate constants kj.

The rate constants k; for the reduction of reaction (2) obtained from the 100 kg-scale experiments of this study are lower by three
orders of magnitude at T =560 °C and 4 (V1) as well as 7 (V2) orders of magnitude at T = 620 °C compared to the lab scale experiments
by Sotz et al. [21,22]. This result can again be explained by the controlled environment of our setup, purging the gas atmosphere with
synthetic air (20 vol-% 03/80 vol-% N3) at T = 25-560 °C and applying the semi-closed configuration at T = 560 °C - 620 °C, linked
with equilibration of reaction (1) and hence oxide formation did not take place as frequently as in the small scale experiments. The
significant reduction of ky between V1 and V2 by about three orders of magnitude can be ascribed to the almost achieved chemical
equilibrium in V2. Due to the large fluctuations in the measured values for the oxide contend in V2, no definitive statement can be
made, whether equilibrium has been fully reached or not. Nonetheless, finding decomposition rates orders of magnitude lower than in
the lab-scale is indicative of the chemistry being close to equilibrium conditions.

3.2.4. Regeneration study V3

Regeneration of the decomposed Solar Salt with a purge gas containing 50 % O2 and 2000 ppm NO (rest N3) was investigated in the
final stage of the test campaign. The purge gas was bubbled through the salt melt as schematically shown in Fig. 1 and the compositions
of the salt and gas phase were measured and are plotted over time in Fig. 9. In case of a successful regeneration an increase of the
nitrate concentration in the salt and a decrease of the oxygen and NO, content in the gas phase leaving the system are expected [17].

Fig. 9 shows the obtained data of the composition of the molten salt phase and Fig. 10 the composition of the gas phase leaving the
system. The salt phase, shows no significant change in the ion concentrations of the salt samples (within the uncertainty limits or the
inhomogeneity of the melt). Thus, data of the salt phase do not demonstrate a regeneration mechanism.

The gas analytical measurements of nitrous gases and oxygen are shown in Fig. 10. The oxygen concentration in the purged gas
remains either more or less constant, the small decrease during the experiment time of 450 h (~0.7 vol-%) lies within the uncertainty
area of the measurement device. The NOy concentration directly exhibits a falling trend, that is increasing over the course of the
experiment compared to the initial NO, concentration (2000 + 80 ppm). A reduction of the volume flow from 1 L/min to 0.5 L/min
accompanied by a decrease of gas pressure after 150 h increases the dwelling time of the gas inside the molten salt phase and with that
the consumption of the nitrous gases (see Fig. 10 left, duration 170-450 h). By calculating the amount of salt that can be regenerated
with the consumed gas according to equations (1) and (2) it becomes clear, that the change in ion concentration from regeneration over
the period of 450 h is very low (<0.01 mol-%) compared to the total concentration of the salt and within the inaccuracy of mea-
surement due to inhomogeneity of the extracted samples. For that reason, it is concluded that no regeneration in the salt phase could be
detected. The measurement data seem to show that the nitrous gases, despite the high concentration, have not reacted completely (see
Fig. 9 left, NO, concentration always larger than 1400 ppm). Hence, a large part of NO, entering the vessel leaves the experiment
unconsumed. It is possible that either due to the closed operation, the molten salt is already largely saturated with NOx gas and despites
bubbling the gas through the salt melt while stirring the gas-salt contact area still remains too small. Moreover, the temperature of
620 °C is still high enough to counter any regeneration reaction with decomposition. A lower temperature might by more advisable to
achieve both rapid and effective regeneration of the molten salt. Therefore, for an active regeneration in the future it is still necessary
to identify more suitable process parameters.

4. Conclusion

The conducted experiments demonstrate the feasibility of a 100 kg technical-scale molten salt reactor operated with Solar Salt at
620 °C using a combination of an open configuration purged with synthetic air (25 °C — 560 °C) and a semi-closed system with a
maximum overpressure of 20 mbar (560 °C — 620 °C). It has been shown that even a low allowable maximum pressure of a few mbar is
sufficient to generate and accumulate the necessary reactive gas atmosphere (po, = 0.5 — 0.6 atm, 300 ppm NO,) to stabilize Solar Salt
in the reactor at 620 °C over a long period. The total experiment time was more than 4000 h. The data obtained for nitrate and nitrite
concentrations are all in the range expected and extrapolated from small-scale studies. The oxide content was higher than expected
from 100 g laboratory-scale experiments with similar gas concentrations but appeared to stabilize and remain constant at the end of the
study. A comparison of the reaction constants k; and k;, for the reduction of the well-known decomposition reactions shows that larger
systems (>100 kg) behave much slower than the published small-scale laboratory systems, illustrating the high impact of the stabi-
lizing effect of the applied gas phase in contact with the salt, mass transport limiting effects and the resulting slowed diffusion of anions
and gases within the molten salt with increasing salt mass.

In addition, first experiments on regeneration of the aged salt by introducing the liquid phase to reactive gases (NO,, O2) were



S. Kunkel et al. Heliyon 9 (2023) 22363

620 °C 620 °C 560 °C
-5 T * Vi 6] " Vi
C . V2 8 - V2
"""""" Sotz et al. [21 -
S0 ey soizetal {20% + Stmeldl 22
-10
123 + +
12 ie
-14
_-14+ “ -16 4
£ £ 161
16 20 . B
-22 1
-18
. 24
204 * 26 .
-28
-22 T T T T -30 T T T T T
0.00110 0.00115 0.00120 0.00125 0.00130 0.00135 0.00110 0.00112 0.00114 0.00116 0.00118 0.00120 0.00122
T'KT TK"
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performed and evaluated. It has been shown that, despites NO, was consumed from the inflowing gas, the gas-salt contact area was to
small and the temperature of 620 °C still high enough to counter any regeneration reaction with decomposition. Thus, most of the NO,
left the system without further reaction no relevant regeneration could be observed within the salt composition.

In conclusion, the work demonstrated for the first time the stabilization of Solar Salt at 620 °C in a scale of 100 kg at atmospheric
pressure over a duration of about 4000 h. The key to this was a semi-closed gas system that allowed the enrichment of oxygen and
nitrogen oxides while maintaining a pressure that can also be used in industrial scale systems. A content of about 50 vol-% oxygen and
300 ppm nitrogen oxides in the gas phase could adequately stabilize the solar salt and prevent decay.

Therefore, it can be said, that 560 °C as the current state-of-the-art temperature is not the upper limit for the future of thermal
energy storage hot tanks. CSP plants based on solar salt could therefore reach salt temperatures of around 620 °C if a suitable gas
atmosphere is provided. One possible approach could be the application of a semi-closed system.
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