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A B S T R A C T   

Commercial concentrating solar power (CSP) plants use solar salt (60–40 wt% NaNO3-KNO3) as thermal energy 
storage media due to its proven performance. Nevertheless, at high temperatures its decomposition can become a 
problem, hindering the possibility to rise operating temperatures. Therefore, this paper studies the decomposi
tion of solar salt using different cover gases, dry air and oxygen. Results show that the use of oxygen as cover gas, 
instead the commercially used dry air, slows down the thermal decomposition of solar salt, reducing the amount 
of NOx and nitrites formation.   

1. Introduction 

The use of the nitrate binary salt named solar salt (60–40 wt% 
NaNO3-KNO3) has demonstrated its validity as thermal energy storage 
fluid in the gigawatt-hour scale (234 GWh of TES capacity by the end of 
2019 and to be increased threefold by 2030 [1]). Up to date, its working 
range lies between 280 and 565 ◦C ([2,3]). The lower temperature of this 
range is related to freezing issues of the salt, while the upper range was 
defined by general consensus in the concentrating solar power (CSP) 
industry after research at different scales. This temperature, around 
565 ◦C, is supposed to be the maximum temperature where, in open 
atmospheres, the decomposition reactions can affect the integrity of the 
salt. The maximum temperature is directly related to the volumetric 
storage capacity and to the efficiency of the coupled steam power cycle, 
and thus maximizing it has clear benefits on the system. 

The mechanism of the thermal decomposition of solar salt is 
described in the literature [4–8] and can be summarized with the 
following reactions:  

(a) Decomposition at liquid phase 

NO−
3 ↔ NO−

2 + 1 /2O2(g) (1)  

(
NO−

3

)

2 ↔ O− + 2NO2(g) +
1 /2O2(g) (2)  

(
NO−

3

)

2 ↔ O2− +N2O(g) + 2O2(g) (3)  

2NO−
2 ↔ O2− +NO(g) +NO2(g) (4)  

2NO−
2 ↔ O2− + 3 /2O2(g) +N2(g) (5)  

NO−
2 +NO(g) ↔ NO2−

3 +N2(g) (6)    

(b) Dissociation reaction at liquid phase 

NO−
3 ↔ NO+

2 +O2− (7)  

NO−
2 ↔ NO+ +O2− (8)    

(c) Oxidation at gaseous phase 

NO(g) +
1 /2O2(g) ↔ NO2(g) (9) 

Typically, the CSP industry uses dry air as cover gas in direct TES 
tanks. While this solution has been commercially proven, this paper 
studies the differences in decomposition of solar salt using different 
cover gases aiming to increase the operating temperature of the avail
able commercial solutions with minimum modifications. 

Since the products of the decomposition of solar salt are O2 and NOx, 
the first approach to inhibit such decomposition is to use either O2 or 
NOx as cover gas. While the use of NOx as cover gas may look like a 
suitable option, the restrictive legislation on NOx emissions coupled 
with the need to periodically release the cover gas during operation 
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Fig. 1. Tank designed and used for the experimentation. (a) Design; (b) photos.  

C. Prieto et al.                                                                                                                                                                                                                                   



Journal of Energy Storage 72 (2023) 108412

3

makes it not commercially viable. Therefore, this paper studies the use 
of O2 as cover gas and evaluates it in comparison with the commercial 
cover gas solution, dry air. 

2. Materials and methodology 

2.1. Materials 

Solar salt 60 wt% sodium nitrate and 40 wt% potassium nitrate, 
supplied by SQM® (Sociedad Quimica y Minera) in powder form with 
refined quality. In order to prepare the sample for the essay, a significant 
quantity of this powder (around 50 g) was melted and homogenized at 
300 ◦C for 2 h. 

2.2. Description of the experimental rig 

A new test rig is designed and built for the experiment. The core 
component is a tank able to store 4 kg of solar salt (Fig. 1) and to heat it 
up to 650 ◦C. The tank has a total volume of 3.62 l and is made of Inconel 
600, the other parts of the test rig are made of stainless steel 316L and 
304L. 

The test rig (Figs. 2 and 3) can provide dry air or oxygen as cover gas 
at 30 mL/min, controlled by an Omega rotameter. The tank holding the 
salt to be tested is kept inside a Carbolite oven, model CSF 11/23 PI, able 
to keep the temperature at 1100 ± 5 ◦C with 7000 W of maximum 
power. The gas exiting the tank (mix of the cover gas and produced 
gases) is cooled down in a long enough pipe before being analysed 
(Tables 1 and 2). 

2.3. Methodology 

The salt was heated up to 650 ◦C with two different cover gases, 
oxygen and dry air. The gas flow is approximately 30 mL/min for 750 h. 
The process has three stages, first (i) the tank is kept at 165–200 ◦C for 
12 h to ensure that the salt is dehydrated, and then, (ii) the tank is heated 
up to 450 ◦C. In these two states the cover gas is always dry air. In the 
third stage (iii) the tank is heated up to 650 ◦C with either dry air or 
oxygen. The outlet gases produced at 450 ◦C and at 600 ◦C are analysed. 
Finally, the salt remaining after the test is finished is analysed. 

Fig. 2. Experimental test rig.  

Fig. 3. Experimental setup diagram.  

Table 1 
Instruments description.  

Description Supplier Range 

Thermocouples (type K Inconel 600) Jumo − 200–1300 ◦C 
RTD (dTRANS) Jumo − 40–100 ◦C 
Pressure transmitter (Midas) Jumo 0–4 bar 

0–25 bar 
Pressure drop transmitter (dTRANS p02) Jumo 0–60 mbar 
Rupture disk Fike 3 bar at 400 ◦C 
NOx analyser (Testo 340) Testo 340   

Table 2 
Construction materials in piping and tank.  

Exchanger/element PIPE code 
Material 316L 

ODxwall thickness (inch) 

Air, O2 inlet SS-T2-S-028-6ME 1/8" ODx0.028 
Gas outlet SS-T2-S-028-6ME 1/8" ODx0.028 
Gas outlet SS-T4-S-035-6ME ¼" ODx0.035   

Tank Element code Material 

Tank (650 ◦C) Inconel 600 Inconel 600 
Salt reservoir/trap 304L-HDF4-50 SS304L  
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2.4. Analytical methods 

The NOx content of the outlet gases is analysed with a TESTO 340 
analyser. The minimum flow required by the manufacturer is 600 mL/ 
min. Since the outlet flow of the reactor is 30 mL/min, the flow is diluted 
with 600 mL/min of air prior injecting it into the analyser. The salt is 
analysed using a thermogravimetric analyser (TGA) Seiko, model Exstar 
6000 and a differential scanning calorimeter (DSC) TA Instruments, 
model Q100. For both equipment, the heating rate is 10 K/min. The TGA 
process uses a heating range 50–1000 ◦C, with nitrogen as cover gas at 
100 mL/min. In the DSC, a sample of 5–20 mg is placed inside a hermetic 
aluminium crucible with a heating range of 150–270 ◦C, and nitrogen as 
cover gas at 50 mL/min. 

The nitrites content produced in the thermal degradation is 
measured with ionic chromatography, model Dionex Ion Chromato
graph with a UV Visible absorbance detector. 

3. Results 

3.1. Oxygen as cover gas 

The salt is dehydrated in a separated oven at 200 ◦C during 24 h and 
then a second dehydration process is performed at 165–200 ◦C for 12 h 
in the reactor. Next, the temperature is raised to 450 ◦C using 30 mL/min 
of synthetic air during the whole process. The gas generated during this 
process while the magnesium nitrates are being decomposed is analysed 
[9]. There is a maximum of NOx emissions after 20 h at 450 ◦C with a 
NOx concentration of 1000 ppm, which is reduced after 110 h down to 
200 ppm maintaining the same temperature (Fig. 4). At the beginning of 
this period, the concentration of NO is slightly higher than that of NO2, 
but later both gases have similar concentration (Fig. 5). 

After 110 h at 450 ◦C, the cover gas is changed to oxygen and, as it 
can be seen in Fig. 5, the concentration of NOx decreased slightly. After 
1 h of stabilization, the temperature is increased to 650 ◦C (this process 
took about 4 h). Fig. 5a shows the concentration of gases produced 
during the heating process from 450 ◦C to 650 ◦C, showing a peak of 
about 27,000 ppm at 585 ◦C in the process. Fig. 5b is a zoom-in of Fig. 5a 
of the last 650 h of the experiment at 650 ◦C, showing a detail of the 
concentration of the produced gases. As it can be seen in this figure, after 

300 h of treatment the NOx concentration reaches an asymptotic value 
of 500 ppm, with the concentration of NO higher than that of NO2. 
During this whole process, more gases are produced inside the tank than 
in the previous step (heating up to 450 ◦C with air), increasing the 
overall pressure in the tank. Despite this, the inlet flow is kept constant 
at 30 mL/min of O2 for the whole experiment. 

After 750 h at 650 ◦C, the tank is cooled down. During this process, 
no outlet gases are produced even though 30 mL/min of O2 are used as 
cover gas for the whole period. 

Fig. 6a shows the TGA of the salt before treatment (SF) and after 
treatment (SD) for two samples (01–02). Both, the salt before and after 
treatment behaved very similar, there is a weight decrease at low tem
peratures (below 150 ◦C), probably due to water evaporation, and a 
thermal decomposition at 624.0 ± 2.5 ◦C, when a weight loss of about 5 
wt% was observed. Fig. 6b shows the results obtained with DSC for both 
cases. The case treated at 650 ◦C for 750 h with O2 as cover gas has a 
lower melting temperature (214 ◦C) than the salt without treatment (vs. 
227 ± 0.5 ◦C). 

Fig. 6 and Table 3 show that the melting temperature of the molten 
salt obtained through DSC in the heating ramp is slightly reduced with 
respect to the raw sample on 13 ± 0.5 ◦C. As it is explained later in 
Fig. 7, this technique detected at least two different melting enthalpies, 
probably due to the presence of different compounds. In both cases, the 
temperatures shown in Table 3 are related to the minimum of the first 
melting spikes. 

3.2. Dry air as cover gas 

The same procedure used for the oxygen case is replicated for the air 
as cover gas: the salt is dehydrated in a separated oven at 200 ◦C during 
24 h, then introduced into the test plant and heated at 165–200 ◦C for 
12 h. After this second dehydration phase, the salt is heated to 450 ◦C. 
All the process is done with 30 mL/min of dry air as cover gas. The outlet 
gas obtained during this last period is analysed (Fig. 7a), measuring a 
maximum of NOx production after 7 h at 450 ◦C (with a concentration of 
1200 ppm of NOx). During this phase, the NO concentration is higher 
than the concentration of NO2 at the beginning, but it becomes similar 
after around 7 h, both decreasing constantly until the NOx concentration 
reaches 180 ppm at 165 h with a slightly higher contribution from NO2 

Fig. 4. Concentration of outlet gases during the heating process - Concentration of NOx referred to the 30 mL/min flow. Concentration of oxygen referred to the 
diluted concentration (30 mL/min O2 + 600 mL/min air). 
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Fig. 5. Concentration of outlet gases using oxygen as cover gas (a) during the heating process between 450 ◦C and 650 ◦C; and (b) during the heating process at 
650 ◦C for 750 h - Concentration of NOx referred to the 30 mL/min flow. Concentration of oxygen referred to the diluted concentration (30 mL/min O2 + 600 mL/ 
min air). 
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than from NO. 
After the isothermal period at 450 ◦C, the salt is, as in the previous 

case, heated to 650 ◦C with a heating time of 4 h. As it happened in the 
previous experiment, during this heating phase the production of gases 
is significant, with a peak of NOx of 34,800 ppm at 590 ◦C, and a partial 
concentration of O2 in the diluted current of 66.72 vol% (Fig. 7b). 
During the heating transient from 450 ◦C to 650 ◦C, the concentration of 
NO2 is almost always higher than the concentration of NO, changing this 
behaviour after the temperature is stabilized. After 750 h at 650 ◦C, the 
concentration of NO2 reached very low values at around 15 ppm while 
the concentration of NO is kept quite stable at around 200 ppm (Fig. 7c). 

Fig. 8a shows the TGA analysis of the salt before and after treatment 
during 750 h at 650 ◦C for two samples per case (01–02). Both cases 

behave very similar, with a weight loss at the beginning, probably due to 
water evaporation. The measured decomposition temperatures are 
636.5 ± 4.5 ◦C for the salt before treatment and 634.7 ± 1.8 ◦C for the 
salt after treatment. Fig. 8b shows the DSC analysis of the salt before and 
after treatment. Here there is a clear difference between both cases. The 
salt before treatment had a melting temperature of 226.3 ± 0.3 ◦C and 
the salt after treatment had a melting temperature of 198.4 ± 0.3 ◦C, 
showing an important degradation in the salt due to the treatment. 

The results of the DSC (Fig. 8) show the expected thermogram for a 
40/60 (KNO3/NaNO3) molten salt, with the presence of two melting 
temperature due to different crystalline phases. For the melting tem
peratures of the salt obtained by DSC (Table 4), the test with air shows 
an important reduction on the melting temperature of the degraded salt 
with respect to its raw counterpart of 27.9 ± 0.3 ◦C. 

4. Discussion 

The literature [10] shows that the mixture of KNO3/NaNO3 (solar 
salt) has different melting behaviour depending on its concentration 
(Fig. 9). The same behaviour was measured, finding that, depending on 
the amount of solar salt used, the melting profile varies (Fig. 10). In this 
experiment, the mixture of 2 g gave a proportion of KNO3/NaNO3 close 
to the eutectic point (50/50), while the samples with higher weight gave 
concentrations closer to the commercial solar salt used (40/60). 

Fig. 11 shows the concentration of the gases generated during the 
heating ramp from 450 ◦C to 650 ◦C and the isothermal period at 650 ◦C 
for both tests, with oxygen as cover gas (E1) and with dry air as cover gas 
(E2). The concentration of NOx is related to 30 mL/min and for the O2 is 
related to the diluted gas (600 + 30 mL/min). The fast temperature 
increase can be explained by the decomposition of the solar salt with the 
production of oxygen and NOx [8]. The main decomposition mechanism 
in this process is the described by Eqs. (1), (4), and (5) [5,6]. 

In the heating period at 650 ◦C, the evolution in NOx concentration in 
both cover gases is very similar (Fig. 12). Nevertheless, the concentra
tion of NOx is 22.4 % higher when dry air is used as cover gas (34,800 
ppm) than when oxygen is used (27,000 ppm). For NO2 this concen
tration is 18.2 % higher, and for NO is 32.8 % higher. These results are in 
line with the literature [6,7], that states that the oxygen partial pressure 
limits the transition from nitrate to nitrite due to the decomposition of 
the salt and later decomposition of nitrites into NO and NO2 (Eqs. (4) 
and (5)). 

After enough time has passed and the stationary state is reached (at 
650 ◦C and after 750 h), the degradation process seems to stabilise, 
showing an asymptotic trend of NOx production of around 500 ppm (for 
an inlet flow of 30 mL/min) for the oxygen atmosphere, while for the air 
atmosphere this production is lower, at 200 ppm. There are several 
authors that try to describe the complexity of the different possible 
decomposition processes, even more when, as in this case, the reactor 
atmosphere is being extracted slowly (at 30 mL/min) and heating/ 
cooling processes in the reactor have a high thermal inertia. To under
stand the reactions happening (and the lower NOx emissions on the air 
test), it is required to fully understand the composition of the degraded 
salt (nitrates, nitrites, oxides, etc.) both in the oxygen case and in the air 
case described in this paper, but also in other experimentations per
formed under more controlled conditions. 

In this line, the presence of nitrites in the degraded salt after these 
experiments was analysed by ionic chromatography, and the results 
obtained are shown in Table 5. As seen, the presence of nitrites in the 
degraded salt (E1) is almost three times (2.8 times) the present in the 
oxygen test (E2). 

These results are again in line with the fact that the higher oxygen 
partial pressure limits the decomposition of nitrates to nitrites [5]: 

K =

[
NO−

3

]

[
NO−

2

]⋅P− 1/2
O2

(10) 
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Fig. 6. Analysis of the solar salt before and after treatment with oxygen as 
cover gas. (a) TGA and (b) DSC. SF salt before treatment; SD salt after treat
ment; 01 and 02 two samples for each case. 

Table 3 
Results for raw and degraded salts at 650 ◦C for 750 h in a O2 atmosphere.  

Salt Tmelting (◦C) by DSC Tmelting (◦C) by TGA Decomposition (◦C) 

Raw sample 227.0 ± 0.5 227.5 ± 0.5 624.0 
Degraded 214.0 209.5 ± 1.5 624.0 ± 4.2  
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Fig. 7. Concentration of outlet gases using dry air as cover gas (a) during the heating process between 450 ◦C and 650 ◦C; and (b) during the heating process at 
650 ◦C for 750 h - Concentration of NOx referred to the 30 mL/min flow. Concentration of oxygen referred to the diluted concentration (30 mL/min O2 + 600 mL/ 
min air). 
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Fig. 8. Analysis of the solar salt before and after treatment with dry air as cover gas. (a) TGA and (b) DSC. SF salt before treatment; SD salt after treatment; 01 and 02 
two samples for each case. 

Table 4 
Results for raw and degraded salts at 650 ◦C for 750 h in air atmosphere.  

Salt Tmelting (◦C) by DSC Tmelting (◦C) by TGA Decomposition (◦C) 

Raw sample 226.3 ± 0.3 221.5 ± 0.5 636.5 ± 4.5 
Degraded 198.4 ± 0.3 186.2 ± 1.8 634.7 ± 1.8  
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Fig. 9. DSC curves for the composition of xKNO3 + (100 − x)NaNO3 (0 ≤ x ≤ 100) measured during (a) heating at 20 ◦C/min and (b) cooling at 20 ◦C/min [10].  

Fig. 10. DSC analysis of different quantities of untreated solar salt.  
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Fig. 11. Comparison of gases generated during treatment with oxygen as cover gas (E1) and dry air as cover gas (E2) during the heating treatment from 450 ◦C 
and 650 ◦C. 

Fig. 12. Comparison of gases generated during treatment with oxygen as cover gas (E1) and dry air as cover gas (E2) during the heating treatment from at 650 ◦C.  
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The comparison of the TGA analysis in both experiments (Figs. 6a 
and 8a) does not give significant differences that could be attributed to 
salt degradation. 

On the other hand, the comparison of DSC curves (Figs. 6b and 8b) 
shows a decrease in the melting temperature of the salt after treatment 
with both cover gases, but it is higher when dry air is used. This can be 
attributed to the emergence of nitrites and oxides that change the binary 
composition of the mixture [7]. 

5. Conclusions 

A specific test was designed to analyse the effect of the cover gas in 
the degradation of the Solar Salt. To this end, two experiments were 
performed, one using dry air and another one oxygen, both at 650 ◦C. 
The obtained results showed that the use of oxygen as cover gas slow 
down the thermal decomposition of the solar salt, showing a reduction 
in the formation of NOx and nitrites. This fact was also validated by the 
smaller variation on the melting temperature of the degraded sample in 
an oxygen atmosphere. 

The test performed confirm the viability of the use of oxygen as cover 
gas to increase the operation temperature of the molten salt without 
negatively impacting its composition on the long term. 
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