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Abstract

Thermal energy storage is essential to increase the efficiency of industrial processes by waste heat utilization and to enable future
solar electricity generation by solar thermal power plants. Taking into account the need to reduce the emission of CO, and to
save conventional energy both processes are indispensable.

However with the (direct) storage media used so far the range of applications is limited. Currently organic media are used which
are not appropriate at high temperatures due to high vapor pressures, low flash points and low thermal stabilities. Those
challenges can be tackled by using inorganic media. Yet applications are limited so far because state of the art inorganic storage
materials cannot be used below 100 °C requiring expensive anti-freeze systems.

This paper presents a novel storage medium combining advantages of both organic media and state of the art inorganic media.
This storage medium was developed by a novel method [1] and was assessed by the investigation of the most essential thermal
properties, such as the heat capacity, viscosity, phase diagram around the eutectic point as well as the thermal stability. To get an
idea about the thermal stability, state of the art TGA measurements were performed which suggested a higher thermal stability as
compared to organic media.
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1. Introduction

The raising world energy demand resulting in global warming and reduction of primary energy source requires
optimization of energy consuming processes as well as rapid development of renewable energies. (Direct) sensible
storage media are one of the most import elements to increase the efficiency of industrial processes and to allow the
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dispatchability of thermal energy, thereby allowing thermal power to generate electricity on demand. However the
efficient use of this methodology still requires optimization of the materials being involved in the conversion of the
thermal energy into electricity. State of the art media suffer either low thermal stabilities and challenging handling
due to high vapor pressure and low flash points in case that organic media are used or high solidification
temperatures in the case that molten salts are used. By optimization of molten salts, with thermal stabilities
exceeding those of oils, in terms of solidification temperature, the efficiency of the process can be enhanced.
Particularly, periods with low solar radiation require low melting points of the (direct) storage medium to reduce
freezing problems. Additionally, a reduction of the melting temperature also increases the usable temperature range
which is proportional to the storage capacity.

Therefore, one trend in the latest development of thermal power storage media was to synthesize molten salts
with reduced melting temperature while still featuring appropriate properties in terms of handling, toxicity and costs.
For those reasons the research did focus on nitrate/nitrite salts.

A reduction in the melting temperature can usually be achieved by the addition of new ions to the salt. This
tendency is based on a reduction of the chemical potential of the molten salt upon the addition of another
component, resulting in a decreased intersection point of the temperature dependent chemical potential in the solid
and liquid state as is shown in Fig. 1.
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Fig. 1 Reduction of melting temperature following the addition of new components

Even though calculations are possible for ternary salts i.e. by FactSage, iphase diagrams of complex salt mixtures
cannot be calculated accurately. Therefore experiments to find the appropriate composition are required. By using
high throughput screening methods multiple component nitrate/nitrite salts with decreased solidification
temperatures have been reported as shown in Table 1.

Table 1. Overview of alkali nitrate/nitrite salt systems for CSP.

Ions Classification Example and minimum melting temperature

2 Single salt NaNO3 ~ 306 °C; KNO3 ~ 334 °C

3 Binary system, common anion KNO3-NaNOs3 ~ 222 °C ("solar salt" system) [2,3,4,5,6]
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4 Ternary reciprocal K, Na // NOy, NO3 ~ 142 °C (Hitec) [7,8,9,10,11,12,13,14]
Ternary additive, common anion  Ca(NO3),-KNO3-NaNO3 ~ 130 °C (HitecXL) [15,16,17,18,19,20,21]

5 Quaternary additive, com. anion  Ca(NO3)2-KNO3-LiNO3-NaNO3 ~ 105 °C  [22]
Quaternary reciprocal Li, Na, K // NO,, NO3 ~ 80 °C [23]

As the melting temperatures of the novel salt formulations still exceed the temperatures reached in specific
applications there was still need for the optimization of salt mixtures.

Thus, at DLR a novel method was used to develop a novel molten salt with a solidification temperature less than
100 °C, the molar composition of which is 31,16 % NO,", 20.55 % NO5", 14 % Li", 9.6 % Na®, 21 % K" and 3.6 %
Ca”" [1]. In this paper the salt is characterized by thermodynamic properties which are essential to assess its value as
thermal storage medium. For the optimization not only the solidification point is of importance but also the thermal
stability which correlates with the efficiency of connected processes and which increases the usable temperature
range. The temperature range is directly proportional to the storage capacity. Therefore, a high thermal stability is
essential and requires careful investigations. The second parameter directly affecting the storage capacity is the
specific heat capacity which needs to be analyzed as well. Another property comes into play when launching the
plant initially. In case of multicomponent salts the addition of the single components resulting in an accurate
composition is challenging and therefore it is essential to test the melting properties close to the eutectic point by the
characterization of phase diagrams. This allows to assess the effect of an altered composition on the solidification
temperature. If the effect will be low the filling process can be simplified in a similar way as for the solar salt.
Because the liquidus in the 40/60 wt% mixture deviates only by 20 K from the melting point of the eutectic
composition (KNOj3: 54 wt%, NaNOj;: 46 wt%) , the storage tank can be filled with full packages, in the ratio 4:6,
without the need of weighting the salt on site. Additionally knowledge of the viscosity is important to evaluate the
feasibility of the pumping process.

Nomenclature

TGA  Thermogravimetry Analysis

MS Mass Spectrometry

DSC  Differential Scanning Calorimetry
Cp Heat capacity at constant pressure

2. Materials and methods
2.1. Measurement of the Heat Capacity and phase transitions

For the determination of the heat capacity as well as the phase transitions a commercial heat flux type differential
scanning calorimeter (DSC) was utilized (Netzsch DSC404). This device is equipped with an intracooler and
contains a constantan (CuNi) disc sensor. The heating rate was 10 K/min and the atmosphere was nitrogen
(25 ml/min). The sample mass of approximately 15 mg was checked before and after the DSC measurements with a
microbalance. Aluminum crucibles (mass of crucible: 61 mg) with a lid were used. Sapphire was utilized as heat
capacity reference material. The 2™ cycle was used for analysis of the data. The temperature calibration was
performed with the substances Hg, In, Sn, Bi and Zn.
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2.2. Investigation of the thermal stability

The investigation of the thermal stability was examined by TG/MS measurements using a commercial system
(Netzsch STA449). For those measurements a heating ramp of 2 K/min was used. The atmosphere was pure
nitrogen. The gas flow rate was kept at 100 ml/min. The sample mass of around 30 mg was checked before and after
the TG measurements with a microbalance to confirm mass losses. Platinum crucibles without a lid were used.

2.3. Determination of viscosity

For the measurement of the viscosity a commercial shear theometer was utilized (Anton Paar MCR 501). This
device is equipped with a cylinder of a diameter and height of 24 mm and with a distance between inner and outer
cylinder of 1 mm. Measurements were performed at a torque of 500 uNm. The viscosity was determined up to
400 °C with a heating rate of 2 K/min.

3. Results and discussion

Previous work focused on the development of a new method to find nitrate/nitrite salts with a low solidification
point in order to optimize sensible storage media especially in the case of direct storage media which means that the
same medium is used in the pipes for the heat transfer. In the present paper we describe additional properties which
are essential for effective thermal energy storage.

3.1. Thermal stability

High thermal stabilities are essential for high conversion efficiencies of connected processes and to increase the
usable temperature range and thereby the storage capacities. Mass losses of the salt may occur due to three
mechanisms: nitrite formation in the melt and oxygen (1) release, alkali metal oxide formation in the melt and
nitrogen oxide release (2) as well as vaporization of the salts.

(1) NaNO; = NaNO, +1/,0,
(2) 2NaNO, - Na,0 + NO, + NO

Fig. 2 shows results of TG measurements with concomitant analyses of the gaseous phase by a connected mass
Spectrometer.
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Fig. 2 TG/ MS results of Ca,Li,Na,K//NO,,NO3; the dashed line represents TG data, the remaining curves MS data
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The initial mass loss of approximately 1 % at temperatures below 300 °C correlates with the release of water, as
is shown by the signal in the MS with a mass of 18. The formation of oxygen with mass numbers of 16 and 32 as
well as nitrogen oxide N,O and NO, with a mass number of 44 and 46 only starts at temperatures of around 450 °C.
The formation of those gases correlate with an onset of the TG curve at 470 °C. The heating rate was low with
2 K/min, for which the onset is close to decomposition temperatures measured with static experiments. Still dynamic
TG measurements rather give semi-quantitative decomposition results and are best suited to compare the onset
temperatures of different salts. Therefore the TG experiment was performed for solar salt at the same conditions.

The result is shown in Fig. 3.
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Fig. 3 TG measurements of solar salt (top) and the Ca,Li,Na,K//NO,,NO3 system (bottom) acquired with a heating rate of 2 K/min

The decrease in thermal stability relative to solar salt is 70 K, when measured and analyzed at the same
conditions. The reduction in the upper operating temperature therefore is significantly less than the decrease in the
solidification temperature (approximately 140 K, as is shown in Fig 4 and [5]), resulting in a larger usable
temperature range and storage capacity of this salt formulation.

3.2. Heat capacity

The storage capacity Q, being defined as Q = m ¢, AT, not only is proportional to the usable temperature range
but also to the heat capacity. Therefore the investigation of the heat capacity is important. Fig. 4 shows the heat
capacity in the range of 65 °C to 230 °C.
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Fig. 4 Cp measurements of the Ca,Li,Na,K//NO,,NO; system
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The heat capacity of the new salt formulation is approximately 10 % higher than that of solar salt. Taking into

account that the temperature range is increased by 23 % as well, the storage capacity even is increased by 35 %.

3.3. Viscosity

Besides the above mentioned thermal properties the viscosity is an important parameter for direct storage media
applications with molten salt pumping. Therefore the viscosity of the novel salt formulation has been determined for
temperatures ranging from the phase transition up to 400 °C as is shown in Fig. 5.
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Fig. 5 (a) viscosity of Ca,Li,Na,K//NO,,NO;

The viscosity strongly depends on the temperature. At temperatures between 200 °C and 400 °C it is around
15 mPa s and roughly one order of magnitude higher than that of solar salt (Fig. 6). At temperatures close to the
phase transition it reaches 500 mPa s. So far no investigations on the effect of the viscosity on the pumping process
exist. Therefore this effect needs to be investigated in future.
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Fig. 6 Viscosity of solar salt as reported by [24]

3.4. Phase diagram close to the melting temperature

The investigation of the effect of a modified composition on the solidification temperature is essential to get an
idea of the required precision of the storage filling process. Therefore selected slices of the multidimensional phase
diagram close to the eutectic point were measured. The evolution of the liquidus temperature with increasing ratio of
potassium and with increasing ratio of sodium is shown in Fig. 7 a) and b) respectively.
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Fig. 7 Selected dimensions of the phase diagram of the Ca,Li,Na,K//NO,,NO; system

The results show that in this multicomponent system the effect of the cation variation on the liquidus temperature is
similar to the effect in the Na,K//NO; system (Fig. 8 ).
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Fig. 8 Overview of different phase diagrams of the system KNO3-NaNOs [5]
4. Summary and conclusion

The studies presented in this paper did characterize a novel nitrate/nitrite salt mixture to assess its utilizability as
storage medium for thermal energy storage technology. It was shown by thermogravimetry with coupled gas
analysis (MS) that even though the solidification point is close to ambient temperature, the thermal stability still
exceeds 400 °C in nitrogen atmosphere. Therefore this salt system allows high operating temperatures of a direct
storage material reducing the requirement of elaborated anti-freeze systems significantly. Additionally, the increased
usable temperature range increases the storage capacity by 23 %. Because the heat capacity of the novel salt is
higher than that of the state of the art solar salt, the storage capacity is increased even up to 35 %.

Furthermore, phase diagrams of this system have been measured to assess the effect of an altered composition on
the solidification temperature. It could be shown that the phase diagram close to the eutectic point when changing
the ratio of potassium and of sodium is similar to that of solar salt. Thus the filling process does not requires specific
measures.

Finally, the viscosity has been investigated which was shown to be one order of magnitude higher than the
viscosity of solar salt for temperatures ranging from 200 °C to 400 °C. For temperatures close to the eutectic point
the viscosity approaches the operating limits of state of the art pumps. Overall the study presented in this paper
shows that the storage capacity can be increased by the Ca,Li,Na,K//NO,,NO; system as well as the efficiency of
power plant process due to the increased thermal stability as compared to organic storage materials.

References

[1] Bauer T, Braun M, Pfleger N. Development of salt formulations with low melting temperatures. 18th SolarPaces Conference; 2012

[2] Laue, W. et al. (1998) Nitrates and Nitrites, in Ullmann's Encycl. of Industrial Chemistry, 6. Edition.

[3] Rogers DJ, Janz GJ. (1982) Melting-Crystallization and Premelting Properties of NaNO3-KNO3 Enthalpies and Heat Capacities, Journal of
Chemical & Engineering Data 27 pp. 424-428.

[4] Berg RW, Kerridge DH (2004) The NaNO3/KNO3 system: the position of the solidus and subsolidus, Dalton Transactions pp. 2224-2229.

[5] Zhang X, Tian J, Xu K, Gao Y. (2003) Thermodynamic evaluation of phase equilibria in NaNO3-KNO3 system, J. of Phase Equil. and
Diffusion 24 pp. 441-446

[6] Bauer T, Laing D, Tamme R. (2010) Overview of PCMs for concentrated solar power in the temperature range 200 to 350 °C, Advances in
Science and Technology 74 pp. 272-277

[7] Kirst W E, Nagle W M, Castner JB (1940) A New Heat Transfer Medium for High Temperatures, Trans. of the Am. Institute of Chemical
Engineers 36 pp. 371-394. Molten Salts Chemistry and Technology, MS9, Trondheim, Norway 5 - 9 June 2011 Page 10/ 10

[8] Alexander J, Hindin SG (1947) Phase Relations in Heat Transfer Salt systems, Industrial & Engineering Chemistry 39(8) pp. 1044-1049.

[9] Berul SI, Bergman AG (1954) Triple Mutual System of Sodium and Potassium Nitrates and Nitrites (in Russian), Izv. Sekt .Fiz-Khim. Anal.
Inst. Obshch. Neorg. Khim. Akad. Nauk SSSR 25 pp. 218-235.



996 N. Pfleger et al. / Energy Procedia 69 (2015) 988 — 996

[10] Janz GJ, Tomkins RPT (1981) Physical Properties Data Compilations Relevant to Energy Storage, IV. Molten Salts: Data on Additional
Single and Multi-Component Salt Systems, NSRDS-NBS 61 Part IV (National Standard Reference Data Series)

[11] Sakai K. (1954) A Microphotographic Research on Salt System: NaNO2—-KNO3, Bulletin of the Chemical Society of Japan 27(7) pp. 463-
465

[12] Voskresenskaya NK (1961, 1970) Handbook of solid-liquid equilibria in systems of anhydrous inorganic salts, Vol 1 and 2 (translated from
Russian), Keter Press

[13] Janz GJ, Truong GN (1983) Melting and premelting properties of the KNO3-NaNO2-NaNO3 eutectic system, J. of Chemical and
Engineering Data 28 pp. 201-202

[14] Silverman MD, Engel JR (1977) Survey of Technology for Storage of Thermal Energy in Heat Transfer Salt, Report ORNL/TM 5682

[15] Menzies AWC, Dutt NN. (1911) The Liquidus Surface of the Ternary System Composed of the Nitrates of Potassium, Sodium, and
Calcium, Journal of the American Chemical Society 33(8) pp. 1366-1375

[16] Janecke E. (1942) The quaternary system Na,K,Ca,Mg // NO3 and its subsystems (in German), Z. fiir Elektrochemie und angewandte
physikalische Chemie, 48(9), pp. 453-512

[17] Bergman AG, Rassonskaya IS, Shmidt NE. (1955) unknown title (Russian) Izvest. Sektora Fiz.Khim Anal., Akad. Nauk S.S.S.R. 16, pp. 156

[18] Levin EM, McMurdie HF, Hall FP. (1956) Phase Diagrams for Ceramists, Vol. 1, The American Ceramic Society

[19] Georig & CO GmbH & Co KG (1982) Use of a ternary mixture of salts as a heat transmitting medium and/or as a heat storage medium (in
Germnan), Patent DE3038844, EP0049761

[20] Bradshaw RW, Meeker DE. (1990) High-temperature stability of ternary nitrate molten salts for solar thermal energy systems, Solar Energy
Materials 21(1) pp. 51-60

[21] Kearney D, Kelly B, Cable R, Potrovitza N, Herrmann U, Nava P, Mahoney R, Pacheco J, Blake D, Price H. (2003) Assessment of a Molten
Salt Heat Transfer Fluid in a Parabolic Trough Solar Field, J. Sol. Energy Eng. 125(2) pp. 170-176

[22] Reddy RG. Novel Molten Salts Thermal Energy Storage for Concentrating Solar Power Generation, CSP Program Review (University of
Alabama), Presentation, 28. April, Department of Energy, US. 2010

[23] Cordaro JG, Rubin NC, Sampson MD, Bradshaw RW. (2010) Multi-component molten salt mixtures based on nitrate/nitrite anions,
Electronic Proceedings SolarPaces, 21-24 Sep. Perpignan, France.

[24] Pacheco JE, Ralph ME, Chavez JM, Dunkin SR, Rush EE, Ghanbari CM, Matthews MW. Results of molten salt panel and component
experiments for solar central receivers: cold fill, freeze/thaw, thermal cycling and shock, and instrumentation tests. Sandia National
Laboratories Report, SAND94-2525; 1995



