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(57) Abstract: The present invention relates to a mixture of
inorganic nitrate salts comprising sodium nitrate and potassi-
um nitrate in certain proportions which can be used both for
the storage of thermal energy and as heat transter fluid, for
example within concentrated solar power (CSP) plants.
Preferably the present invention may be used in thermody-
namic solar systems with point-focusing, receiver-type power
towers using helio-stat mirror geometries on-ground. The
present invention may furthermore be used as heat transfer
fluid in a number of applications for industrial processes in-
volving heat exchanges in a wide range of temperatures. In
accordance with the invention there is provided an anhyd-
rous, binary salt mixture, comprising potassium nitrate KNO;
and sodium nitrate NaNO3 wherein the KNOs3 content ranges
from 60% by weight to 75% by weight, preferably from 63%
by weight to 70% by weight and more preferably from 65%
by weight to 68% by weight.
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Description

Salt mixture

The present invention relates to a mixture of inorganic ni-
trate salts comprising sodium nitrate and potassium nitrate
in certain proportions which can be used both for the storage
of thermal energy and as heat transfer fluid, for example
within concentrated solar power (CSP) plants. Preferably the
present invention may be used in thermodynamic solar systems
with point-focusing, receiver-type power towers using helio-

stat mirror geometries on-ground.

The present invention may furthermore be used as heat trans-
fer fluid in a number of applications for industrial process-

es involving heat exchanges in a wide range of temperatures.

Renewable energy from solar power towers is anticipated to be
able to satisfy a significant portion of the energy demand in
the upcoming decades. This form of emission-free, concentrat-
ing solar power (CSP) utilizes a multitude of so-called heli-
ostats, i.e. sun-tracking, flat mirror geometries that focus
the incident sun rays by reflection onto a spot located in
the very top of a nearby solar tower. This so-called receiver
is a highly sophisticated assembly in which a confined heat
transfer fluid is heated up to high bulk temperatures, usual-
ly approximately 565°C. The hot heat transfer fluid is then
pumped to a heat-exchanger of an ordinary water/steam cycle,
in which feed water is vaporized via a three-stage process by
an economizer, evaporator and super-heater section. The steam
is then fed through a turbine to provide electricity by means
of a generator. The supplied energy is then fed into the

electrical power grid.

In order to be able to also produce electricity in the ab-
sence of sun (e.g. at night, during shady periods or pro-
longed bad weather periods) the heat transfer fluid is not

only used to harvest heat in the receiver system in the power
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tower but also to store thermal energy. For this purpose,
most of the hot heat transfer fluid is stored in large tanks.
By doing so during sunny periods, the thermal storage system
is charged with heat for later dispatch by feeding the then
hot transfer fluid to the water/steam-cycle. This setup is

known as a direct two-tank CSP system.

As the heat transfer fluid is being heated up to temperatures
of roughly 565°C in daily cycles, the medium has to meet sev-
eral requirements such as thermal stability, specific heat
capacity, dynamic viscosity, thermal conductivity, vapor
pressure and cost for continuous operation during a typical

30-year lifetime.

Prior art direct two-tank CSP systems typically employ molten
salt mixtures as heat transfer fluid and thermal energy stor-
age medium. A well known salt mixture, often referred to as
Solar Salt, comprises sodium nitrate (NaNO;) and potassium
nitrate (KNO;3), wherein the NaNQOs; content is 60% by weight
and the KNOs; content is 40% by weight. This mixture has a
liquidus temperature of 238°C and combines a high thermal

stability at temperatures of up to ~585°C and a large specif-

ic heat capacity of roughly 1.55 with a thermal conduc-

kg-K

tivity of 0.5 and a dynamic viscosity of approximately

m-
3 mPaes at 300°C, while being non-toxic, low in corrosion
tendency towards austenitic stainless steels and relatively
cheap in salt investment costs. It is not only used in tower
CSP systems but also as thermal energy storage medium in the
known parabolic trough CSP plants with thermal storage capa-
bility.

Solar Salt, when exposed to air, starts decomposing irrevers-
ibly to alkali oxides via nitrites at about 600°C. The same
is true for other known NaNO;/KNOs; mixtures such as eutectic
NaNO3/KNO; having a liquidus temperature of approximately
223°C.
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Using fluids that can sustain even higher maximum tempera-
tures is highly desirable as the Carnot efficiency of the
overall system increases with the maximum temperature in the

cycle.

One promising class of fluids contain the chlorides of lithi-
um, sodium, potassium, caesium and/or strontium in the proper
eutectic composition. Such fluids liquefy at temperatures of
around 250°C and do not decompose at temperatures of up to
700°C and in some cases above. However, these fluids have
several disadvantages. Components such as LiCl or CsCl are
expensive or even unavailable in larger quantities. Also,
chlorides demand expensive stainless steels to handle the
corrosion and chromium depletion accompanied by liquid chlo-
ride attack. The tank system must not get into contact with
any water since corrosion tendency accelerates tremendously
when in contact with moisture, simultaneously forming hazard-
ous, gaseous hydrogen chloride when overheated. Generally
speaking, the disadvantages in using salt mixtures containing

chlorides outweigh the advantages.

It is therefore an object of the present invention to provide
a salt mixture that can sustain higher temperatures than the
well-known 60/40 mixture of NaNO; and KNO; by weight while at
the same time avoiding the disadvantages that come with the

use of chlorides in such salt mixtures.

In accordance with the invention there is provided an anhy-
drous, binary salt mixture, comprising potassium nitrate KNO3
and sodium nitrate NaNO; wherein the KNO; content ranges from
60% by weight to 75% by weight, preferably from 63% by weight
to 70% by weight and more preferably from 65% by weight to
68% by weight.

In one preferred embodiment the KNO; content is 66.6% by
weight and the NaNO; content is 33.4% by weight.
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The invention also relates to the use of the salt mixture for
transferring and/or storing energy; a heat transfer and/or
thermal-energy storage fluid; a heat transfer process; and a

concentrated solar power plant.

Advantageously, the salt mixture in accordance with the pre-
sent invention employs the same inexpensive components, i.e.
sodium nitrate and potassium nitrate as the well-known Solar

Salt and can therefore be manufactured at low cost.

Surprisingly, the salt mixture in accordance with the present
invention has almost identical thermo-physical properties
(melting point, specific heat capacity, thermal conductivity
and dynamic viscosity) but can sustain temperatures of up to
640°C (film temperature) with no or minimal decomposition.
Allowing for a safety margin, the maximum system temperature
can thus be increased to 620°C film temperature. The storage
temperature can be increased to 585°C bulk temperature, such
that for both thermal energy transfer and thermal energy
storage a surplus of 20 Kelvin is gained in contrast to the
prior art technology which operates at 565°C bulk temperature

and 600°C maximum film temperature.

Advantageously, when compared to the prior art technology, a
mixture in accordance with the present invention exhibits a
substantially diminished, almost halved NaNO; content and is
therefore significantly more stable at high temperatures, es-
pecially when high heating rates are applied. This is due to
the fact that among NaNO; and KNOj;, NaNO; is the less stable

compound. The nitrate/nitrite equilibrium, expressed as
NOs;- + 0.5 0, o« NO3- (1)
shifts in favor of NO,- at higher temperatures. Higher heat-

ing rates may further increase the stability of the mixture

due to non-equilibrium conditions.
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Further advantages and objects of the present invention will
become apparent from the following detailed description and
the accompanying drawings, provided as non-limiting examples,

wherein:

Figure 1 shows the melting and solidification behavior of the
mixture in accordance with the present invention in compari-

son to Solar Salt;

Figure 2 shows the specific density of the mixture in accord-

ance with the present invention plotted vs. temperature;

Figure 3 shows the dynamic viscosity of the mixture in ac-

cordance with the present invention plotted vs. temperature;

Figure 4 shows the thermal conductivity of the mixture in ac-

cordance with the present invention plotted vs. temperature;

Figure 5 shows the specific heat capacity of the mixture in
accordance with the present invention plotted vs. tempera-

ture; and

Figure 6 shows key characteristics of the mixture in accord-
ance with the present invention in comparison to Solar Salt

in tabular form.

The present invention relates to a KNOs-enriched formulation
of the NaNO3;/KNOs; binary system having a KNO; content of at
least 60% by weight. In the preferred embodiment the KNO;
content is 66.6% by weight and the NaNO; content is 33.4% by
weight. It should be noted that there may be technical or
other reasons for deviating from the preferred ratio and that
such deviations are well within the scope of the present in-

vention.

For example there may be imperfections in each step of the
manufacturing process of either component NaNOs; or KNOs3, and

there may be further imperfections in mixing the two solid
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components. The components may also be impure to a certain
extent, depending for example on the quality of the used raw
materials. While such imperfections or impurities may lead to
a slightly decreased performance of the mixture it may still
bear the lesser overall cost to employ an imperfect manufac-
turing process and accept the decreased performance. For the
purposes of the present invention, a binary salt mixture of
N% NaNO; and M% KNO; mixture shall mean a mixture of essen-
tially N% NaNO; and M% KNOs; in the sense that N may deviate
by tn and M may deviate by #m where n and m represent afore-
mentioned impurities and imperfections. Note that in practi-
cal applications N + M cannot always be 100%, for example due

to the presence of impurities.

Referring now to Fig. 1, there is shown the melting and so-
lidification behavior of a mixture having a KNOs; content of
66.6% by weight and a NaNO; content of 33.4% by weight
(dashed line). Also shown in Fig. 1 is the melting and solid-
ification behavior of Solar Salt having a KNO; content of 40%
by weight and a NaNO; content of 60% by weight (solid line).
Both mixtures melt and solidify at almost the same tempera-
ture (225.5°C and 226°C, respectively) which 1s an important
fact as it facilitates retrofitting existing systems with the
novel mixture. More importantly, the novel mixture has a 20%
lower heat of fusion compared to Solar Salt meaning that less
energy is required to affect the phase change from solid to

liquid.

Referring now to Fig. 2, there is shown the specific density
of the mixture in accordance with the present invention plot-
ted vs. temperature. The specific density of the novel mix-

ture almost linearly decreases as the temperature increases.

Referring now to Fig. 3, there is shown the dynamic viscosity
of the mixture in accordance with the present invention plot-
ted vs. temperature. As can be seen from Fig. 3 the dynamic
viscosity decreases in non-linear fashion as the temperature

increases.
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Referring to Fig. 4, there is shown the thermal conductivity
of the mixture in accordance with the present invention plot-
ted vs. temperature. In detail, the thermal conductivity

slightly increases with the temperature.

Referring to Fig. 5, there is shown the specific heat capaci-
ty of the mixture in accordance with the present invention
plotted vs. temperature. The specific heat capacity also in-

creases slightly with the temperature.

Referring to Fig. 6, there are shown some key characteristics
of the mixture in accordance with the present invention in
comparison to Solar Salt. Notably, the specific heat capacity
of the novel mixture is about 4% lower than that of Solar
Salt which means that about 4% more novel mixture is regquired
to replace any given amount of Solar Salt in terms of accumu-

lated enthalpy.

As discussed above, the novel mixture has a more favorable
(i.e. lower) decomposition tendency into nitrites at film
temperatures of 620°C or higher. By applying pump pressures
in the CSP system's receiver unit of 20-30 bar or more, this

tendency can be diminished further.

Exploiting the thermo-physical properties of the novel mix-
ture, an extra of 20 Kelvin in maximum operational tempera-
ture during steady-state conditions can be achieved, enhanc-
ing the thermal stability limit to 585°C as bulk temperature.
Also, covering and/or bubbling the storage tanks with air or
pure oxygen at atmospheric pressure significantly reduces the
rate of nitrite formation while keeping the mixture at said
585°C bulk temperature (in some embodiments at a bulk temper-
ature in the range from 575°C to 595°C, in other embodiments
at a bulk temperature in the range from 580°C to 590°C, and
in yet other embodiments at a bulk temperature from 583°C to
587°C) during day-charge. A system's thermal storage capabil-

ity can be enhanced using the present invention as less salt
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is needed owing to the increased operating temperature span,
thus compensating to some extent the effect described with

reference to Fig. 6.

Moreover, since the ultimate heat-up stage of the molten salt
formulation to approximately 620-640°C film temperature in
the power tower receiver is realized by a sharp temperature
transient for a very short time (corresponding to a high
heating rate), this overheating, non-equilibrium procedure
can be limited to a very short time frame. The present inven-
tion allows for an enhanced heat up to higher film tempera-
tures compared to the prior art. With the application of pump
pressures and/or covering with pressurized air and/or oxygen,
the equilibrium condition (see chemical equation (1) above)
of the nitrate decomposition is not reached and thus thermal

degradation can be limited or even avoided.

The equilibrium constant K of the chemical reaction repre-

sented by equation (1) can be expressed as follows:

<Ko )

wherein p, represents the oxygen pressure and wherein K 1is
expressed in units of VVbar. For the eutectic mixture com-

prised of approximately equal molar portions of KNOz and
NaNO;, K is 18..20 1/yJbar at 600°C.

Evidently, the increase of the maximum allowable bulk and
film temperature will increase the Carnot efficiency of the
system, resulting in a decreased amount of salt required to

generate and store an equivalent amount of output power.

As discussed with reference to Fig. 1, the inventive mixture
also exhibits a 20% decrease in apparent heat of fusion due

to its reduced NaNOs; content but, as discussed with reference
to Fig. 6, has a 4% lower specific heat capacity, the effects

of which are compensated to some extent by the increased tem-



10

15

20

WO 2016/008617 PCT/EP2015/061159

perature range. Consequently, the very first melt-up proce-
dure (i.e. the step of preparing the molten salt for the
first time in the storage tanks) consumes approximately 16.5%
less natural gas when the mixture in accordance with the pre-

sent invention is used instead of Solar Salt.

Consider the following example:

A CSP plant with 1300 MWh (thermal) energy storage capacity

(corresponding to 8 hours of thermal storage at 50 MW (elec-
trical) output with a power block net efficiency of approxi-
mately 40%), employing classical SolarSalt with a heat of fu-
sion of approximately 100 kJ/kg (equivalent to 27.8 kWh/ton),

will require approximately 11415 metric tons of salt.

For a CSP plant of equal dimensions, employing the inventive
mixture with a heat of fusion of approximately 80 J/g (equiv-
alent to 22.2 kWh/ton), approximately 11917 metric tons of
the salt mixture will be required (due to its 4% reduced spe-
cific heat capacity). Additionally, in an event of an acci-
dental freeze-up, the mixture in accordance with the present
invention will liquefy faster and more easily than Solar
Salt.
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10

Claims

1. An anhydrous, binary salt mixture comprising potassium ni-
trate KNO3; and sodium nitrate NaNQOj3, wherein the KNOs; content

ranges from 65% by weight to 68% by weight.

2. The salt mixture of claim 1 wherein the KNO; content is
66.6% by weight and the NaNO; content is 33.4% by weight.

3. The salt mixture according to any of the preceding claims

wherein the liquidus temperature ranges from 235°C to 250°C.

4. The salt mixture according to any of the preceding claims

wherein the heat of fusion is less than 100 J/g.

5. The salt mixture according to any of the preceding claims
wherein the equilibrium constant K at 600°C at equilibrium
conditions is equal to or higher than 20 I/VbM'.

6. The salt mixture according to any of the preceding claims,
wherein the weight loss is lower than 3% with respect to the

initial weight for temperatures of approximately 635°C.

7. Use of the mixture according to any of the preceding

claims to transfer and/or store thermal energy.

8. Use of the mixture according to claim 7 to transfer and/or

store thermal energy in concentrated solar power plants.

9. Use of the mixture according to claim 8 to transfer and/or
store thermal energy in concentrated solar power plants with

a power tower receiver unit.

10. A heat transfer and/or thermal-energy storage fluid com-

prising the mixture according to any of the claims 1 to 6.

11. A heat transfer process wherein the heat transfer fluid

comprises the salt mixture according to any of the claims 1
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to 6, characterized in that it operates in the temperature

range from 250°C to 640°C, including the interval bounds.

12. The heat transfer process according to claim 11, charac-
terized in that it operates at a bulk temperature of at least
575°C and a film temperature of at least 620°C.

13. The heat transfer process according to claim 11, charac-
terized in that it operates at a bulk temperature of at least
585°C and a film temperature of at least 620°C.

14. The heat transfer process according to any of the claims
11 or 12, characterized in that the salt mixture is heated up
to a film temperature in the range of 620° to 640°, including
the interval bounds, and that the heating ramp from 300°C to
640°C 1s preferably in the range of 100-1500 K/min, more
preferably in the range of 300-1300 K/min and most preferably
in the range of 500-1100 K/min during non-equilibrium condi-

tions.

15. The heat transfer process according to any of the claims
11 to 13, characterized in that internal pump pressure and/or
applied air and/or pure oxygen gas phase pressure is prefera-
bly in the range of 1-40 bar, more preferably in the range of
1.5-30 bar, most preferably in the range of 2-25 bar.

16. Concentrated solar power plant comprising at least a re-
ceiving pipe wherein the heat transfer fluid according to
claim 10 flows, and/or at least a collecting device wherein
the thermal energy storage fluid according to claim 10 is ac-

cumulated.

17. Concentrated solar power plant according to claim 16
wherein the accumulated thermal energy storage fluid is heat-
ed up to a bulk temperature in the range of 575°C to 595°C,
including the interval bounds, and stored in the collecting
device at steady-state conditions for later dispatch into a

water/steam-cycle heat exchanger.
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18. Concentrated solar power plant according to claim 16
wherein the accumulated thermal energy storage fluid is heat-
ed up to a bulk temperature of 585°C and stored in the col-
lecting device at steady-state conditions for later dispatch

into a water/steam-cycle heat exchanger.
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