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Molten salts have better thermal properties than synthetic mineral oil, and hence they can be directly

used as heat transfer fluids in solar power plants, but in practice their direct applications as heat

transfer fluids are constrained due to their high freezing temperature points. In this paper, a class of

ternary nitrate salt mixtures consisting of 50–80 wt% KNO3, 0–25 wt% LiNO3 and 10–45 wt% Ca(NO3)2

were processed and tested. Experimental results indicated that some mixtures within this range

exhibited excellent thermal properties, such as a low melting point (o100 1C), robust reliability, high-

temperature stability (upto 500 1C) and a low viscosity (e.g.,o5 cP at 190 1C). Apart from these

desirable thermo-physical properties, the manufacturing cost of these novel inorganic salts HTFs (Heat

Transfer Fluids) is considerably lower than those of the existing commercial heat transfer fluids (HTFs).

& 2011 Elsevier B.V. All rights reserved.
1. Introduction

In the past decade, with the exacerbation of energy shortage
around the world and the continuous increase in the level of
greenhouse gas emissions, the use of various sources of renewable
energy was increasingly important for sustainable development.
Solar energy is becoming one of the most promising sources of
energy. Among various technologies of solar energy, the solar
thermal power plant has been considered as the most potential
way [1–3] to massively utilize the solar energy in the future.

Thermal energy storage (TES) system plays a key role in solar
thermal power plants by providing the ability to match the
electrical output for peak and off-peak demands [4–9]. Heat
transfer fluids play a vital role in the TES system and solar
thermal power plants. A huge amount of heat transfer fluids
(even more than thousands tons) is usually required for carrying
thermal energy in solar power plants and hence entails high
capital investment cost. Therefore, the criterion of minimizing the
cost whilst maximizing the heat transfer performance is a major
pursuit for the selection of heat transfer fluids.

Most of the existing commercial solar thermal power plants
currently use synthetic oil as the heat transport fluid in the
collector field. It offers a very low freezing point (less than 0 1C)
ll rights reserved.
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and tolerable temperature limit (393 1C) among those available
heat transfer fluids. This highest temperature at which heat
transfer fluids can be used essentially determines the gross
efficiency of the Rankine Cycle. In other words, a higher operating
temperature implies a lower Levelised Electricity Cost. For a direct
thermal storage system, synthetic oil as the storage medium is
generally considered to be far too expensive.

To relax the temperature limitation of synthetic oils, some
inorganic molten salts are employed recently as the heat transfer
and storage fluids. Several papers presented the results for the
inorganic salts used as thermal energy storage materials [10–14].
Zalba et al. [11] summarized thermal characteristics of phase
change materials used in thermal energy storage systems.
Gil et al. [12,14] and Kenisarin [13] analyzed the phase change
materials and their practical applications for power plants. How-
ever, still very few papers reported research results for the
suitable molten salts used as heat transfer fluids in solar thermal
power plants [15,16]. The inorganic fluids can offer several
favorable thermal properties, including higher operating tem-
peratures up to 700 1C, lower vapor pressures, satisfactory phy-
sical properties and a lower unit cost. These could allow more
rooms for further improvement in thermal efficiency for solar
thermal power plants, e.g., increasing the Rankine Cycle efficiency
by increasing the operating temperature.

In most current commercial projects, the indirect solar energy
storage system is adopted where thermal energy received by the
solar collectors is transferred by the heat transfer fluid to a second

www.elsevier.com/locate/solmat
dx.doi.org/10.1016/j.solmat.2011.07.029
mailto:Changying.zhao@sjtu.edu.cn
dx.doi.org/10.1016/j.solmat.2011.07.029


C.Y. Zhao, Z.G. Wu / Solar Energy Materials & Solar Cells 95 (2011) 3341–33463342
medium for storage purpose. In such a kind of system, the
temperature drop between the two heat transfer media obviously
lowers the overall performance of the storage system. Further-
more, the cost of collection-to-storage heat exchangers raises the
whole solar plant investment.

The liquid molten salts having a low cost and a low vapor
pressure can offer huge potential to be used as the heat transfer
fluid directly as well as the thermal storage medium. The elimina-
tion of the oil-to-salt heat exchangers in this direct system also
reduces the unit storage system cost. Certainly, such a kind of
system would benefit greatly from a redesigned parabolic trough
system. Several molten salts as heat transfer fluids have been used
in solar thermal systems. From the 1980s, the molten nitrate salt
mixture consisting of 60% NaNO3 and 40% KNO3 by weight has
been used as an attractive candidate of heat transfer fluid and
thermal energy storage medium in the Solar Two Concentrating
Solar Power (CSP) pilot plant [16–18]. Now this binary Solar Salt
mixture of NaNO3 and KNO3 is used in the 2-tank direct system of
the Archimede project in Italy [19] and the Gemasolar Thermosolar
Plant (Gemasolar) in Spain [20]. The Solar Salt has the highest
thermal stability, the lowest cost and the highest melting point.
The other known heat transfer liquids of commercially available
inorganic salt mixtures are the Hitec consisting of a ternary
mixture of 53 wt% KNO3, 40 wt% NaNO2 and 7 wt% NaNO3 with a
melting point of 142 1C and the HitecXL formed of a ternary
mixture of 48 wt% Ca(NO3)2, 45 wt% KNO3 and 7 wt% NaNO3 with
a melting point of 133 1C [12]. The molten salt, Hitec has been used
as the coolant in 2 MW Themis CSP pilot plant in 1983 [21]. The
thermal stability of Hitec can reach up to 454 1C, and could be used
up to 538 1C for a short period, but a nitrogen cover gas is required
to prevent the slow conversion of the nitrite component to nitrate.

However, in comparison with the organic synthetic fluids with the
freezing temperature less than 0 1C, the major disadvantage of molten
salt mixtures is the high freezing temperature, typically more than
100 1C. Thus considerable extra care and action must be taken to
avoid the freezing of the molten salt used as heat transfer fluid in
solar collectors and piping systems. To the authors0 best knowledge,
very few molten salts with the low melting temperature (o100 1C)
are reported in open literatures. Becker [15] compared the overall
performance for some typical heat transfer fluids, e.g., Na, K, Hitec,
thermal-oil, mercury, air, water vapor, hydrogen, helium and ammo-
nia, which are used in Solar Thermal Power Stations. The results
showed the superiority of the Hitec in thermal properties; however
its melting point is the highest and this limits its application. Peng
et al. [22] developed several nitrate mixtures composed of potassium
nitrate, sodium nitrite and sodium nitrate with some additives that
can achieve a high temperature thermal stability (up to 550 1C) and a
relatively low melting temperature 138 1C. A similar result was
obtained in the patent [23]. Valkenburg et al. [24] tested three kinds
of ionic liquids, and lower melting points are achieved, but a severe
decomposition happened at 350 1C. Sandia National Laboratories
developed a low-melting heat transfer fluid made of a mixture of
four inorganic nitrate salts: NaNO3, KNO3, LiNO3 and Ca(NO3)2 [25].
The composition has a liquidus temperature less than 100 1C, but the
composition increases the complexity of mixtures and failure prob-
ability in practical applications in solar power plants, and also the
viscosity is dramatically increased compared to the ternary nitrates
mixtures.

Therefore the primary target is to find a suitable molten salt
formulation with an acceptable freezing temperature (ideally
below 100 1C) and high temperature durability. In summary, the
heat transfer medium used in solar thermal power plants must
meet a number of specific criteria, such as
�
 Low freezing temperature;

�
 Low vapor pressure;
�
 Good chemical stability under high temperatures;

�
 Favorable thermal properties—low viscosity, high thermal

conductivity and specific heat, etc.

The mixture of 68% KNO3 and 32% LiNO3 has a melting
temperature of 133 1C, and it is already used in thermal energy
storage systems [12]. Based on the above material, the target to
find a salt mixture with a lower melting temperature (o100 1C)
is attempted through the addition of Ca(NO3)2. The properties
of ternary salt mixture are also tested in this paper. Since the
melting points of Ca(NO3)2 binary compounds (Ca(NO3)2 and
KNO3) [26] and (Ca(NO3)2 and LiNO3) [27] are both much lower
than that of binary compound (LiNO3 and KNO3), the authors have
reasons [28] to believe that Ca(NO3)2 can lower the melting
temperature of the ternary salt mixture of Ca(NO3)2, KNO3 and
LiNO3.

The properties of molten nitrate salt mixtures as heat transfer
fluids for solar thermal systems are evaluated, whilst the focus is
placed on the melting temperature of salt mixtures with different
compositions. The working temperature range of these mixtures
is determined experimentally. The results revealed that one
mixture studied in this paper has a significantly lower melting
point than that of HitecXL. Evidenced by the chemical stability
test, these nitrate salt mixtures can be used at a maximum
temperature of 450 1C. The viscosity is measured only in the
low temperature range of these molten salts due to the limitation
of the test machine. The results showed that the viscosities of
these novel heat transfer fluids are considerably lower than those
of HitecXL. The economic impact of these novel heat transfer
fluids is discussed at the end of this paper. Overall these novel
heat transfer fluids are developed for meeting the practical
demand well, and the test showed that their properties are
superior to those of the existing commercial products used in
large-scale solar thermal power plants.
2. Mixing process

The molten salt mixtures are all prepared from KNO3 (pur-
ity499%), LiNO3 (purity499%) and Ca(NO3)2-tetrahydrate (pur-
ity499%) manufactured by Alpha-Aesar Company. A class
of ternary nitrate salt mixtures made of 50–80 wt% KNO3,
0–25 wt% LiNO3 and 5–45 wt% Ca(NO3)2 are identified. The target
is to form a salt mixture with a low melting temperature
(o100 1C), a high temperature reliability (4450 1C) and a low
viscosity (o6 cP at 300 1C) that will be ideally functioned as the
heat transfer fluid and thermal storage medium in solar thermal
power plants. In addition, its physical properties, including
viscosity, heat capacity and thermal conductivity, etc., will be
determined to evaluate its thermal performance.

Based on the mole percent, a total 0.2 mol nitrate salts are
weighed and loaded into a stainless steel container. The heating
temperature is initially maintained at approximately 200 1C, and
the Ca(NO3)2-tetrahydrate constituent will be dissolved into
liquid state. It will absorb other salt components, and thus yields
a homogeneous phase. Then the molten mixture is exposed to the
air for 1 h at this temperature, and this assures that the com-
pound is fully dehydrated.
3. Test equipment and measurement procedures

The melting temperature, heat capacity and chemical stability are
all measured by the Simultaneous Thermal Analyzer (STA-1500),
which can simultaneously analyze weight loss (TGA) and heat flow
change (DTA and DSC) for multipurposes. The chemical stability test
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is performed by successively heating a typical sample in a small
crucible, and the sample is maintained in a liquid phase at each
different temperature (400 1C, 450 1C, 500 1C and 540 1C) for more
than 30 h in an attempt to get its weight loss.

The viscosity of molten salt mixtures is measured by using a
Kinexus Ultra Rheometer (Malvern, UK). The temperature range is
�40 1C to 200 1C. The uncertainty of this equipment is less than
0.2%. The salt mixtures are placed on a hot stainless steel disk and
maintained at a constant temperature above the melting point.
The viscosity is measured through changing the temperature
sequentially from 130 1C to 190 1C with a 10 1C interval and then
successively reducing the temperature to repeat its value. For
each case, the molten salt mixtures are maintained at each
stepping temperature for 1 h to reach its steady state.

The thermal conductivity of ternary nitrate salts is calculated
by the Arrhenius Eq. [29] due to the instrument limitation.
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Fig. 1. Heat capacity of nitrate salts mixture sample.
4. Results and discussion

A wide range of mixtures consisting of KNO3, LiNO3 and
Ca(NO3)2 have been tested. The properties of one representative
sample with the lowest melting temperature are selected and
discussed in the following section. The components of three
representative samples A, B and C with the lowest melting
temperature are selected and described in Table 1.

4.1. Melting temperature and heat capacity

The most important property of the molten salt to be used as
heat transfer fluid is the melting temperature below which the
liquid molten salt will be solidified and then blocks the pipe. For
binary nitrate salt mixtures, the minimum allowable temperature,
is the eutectic point. The phase diagram of ternary nitrate salts is
usually more complex than those of binary eutectic salts.

The thermal properties of these novel ternary nitrate salts
were measured using the Simultaneous Thermal Analyzer (STA-
1500), which can test samples from room temperature to 1000 1C.
Fig. 1 gives the heat capacity profiles for three samples based
on the reference standard material—alumina. The tested phase
transition temperatures for samples A, B and C are 78 1C, 80 1C
and 76 1C, respectively. They are less than the melting point of
HitecXL,142 1C [4]. Due to the limitation of test conditions only
the fusion heat and average heat capacity cp of sample B in the
liquid phase are given in Fig. 1(c), and they are 156.1 kJ/kg and
1.2 kJ/kg-K, respectively. Though its heat capacity is slightly less
than that of HitecXL, 1.45 kJ/kg-K at 300 1C, the novel nitrate salt
mixture is still a kind of very promising heat transfer fluid in solar
thermal systems due to its low melting temperature. Since there
is no big difference of thermal properties for the three samples,
sample C is chosen as the representative sample in the following
section.

It is noted that there is a superposed peak between 125 1C and
150 1C for the three samples. For the peak at about 130 1C it could
be caused by the unstable operation of the ternary system during
the heating/cooling process. Further investigations on these
phenomena will be conducted in the future.
Table 1
Three samples of three component mixture.

Sample KNO3 (wt%) Ca(NO3)2 (wt%) LiNO3 (wt%)

A 67.2 19.3 13.5

B 64.8 24.8 10.4

C 63.7 27.3 9.0
4.2. Viscosity

In solar thermal plants, the viscosity of heat transfer fluid will
directly influence the pumping power and the operation cost. The
viscosity of a typical nitrate salt mixture was measured using
a Malvern Kinexus Ultra, as shown in Fig. 2, to examine the
composition effects. The measured viscosity as well as the reference
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Fig. 2. Viscosity of molten salts mixtures.

Table 2
Thermal conductivity.

Salts Thermal conductivity W/(m K)

Organic oil: VP-1TM [10] 0.1 (300 1C)

HitecXL [10] 0.52 (300 1C)

Sample 0.42–0.44 (300–400 1C)
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data of HitecXL is presented in Fig. 2. Each data is the average value
under a step constant temperature within 1 h measurement time.

The results showed that the viscosities of the samples A and C
tested are all considerably lower than that of HitecXL. As the
molten salts containing calcium nitrate tend to form glassy, it can
significantly increase the viscosity. The small difference of the
viscosity between samples A and C shows that lithium nitrate
appears to have a minor effect on the viscosity of mixtures. Due to
the allowable temperature limitation of the instrument (Malvern
Kinexus Ultra), the measured maximum temperature in this
paper is 190 1C. The viscosity at a normal operating temperature
for a thermal solar plant, e.g., 350 1C, is expected to be much
lower than 5–6 cP from the lines shown in Fig. 2.
4.3. Thermal conductivity

Due to the test instrument limitation, the thermal conductivity
of ternary nitrate salts is calculated by the Arrhenius Eq. [29]:

l¼
Xn

i ¼ 1

xili ð1Þ

where l, xi and li are the thermal conductivity of mixture and the
mole percent and thermal conductivity of each component.
Kenisarin [13] summarized the thermal conductivities of a class
of fused salts and mixtures. The salt components used in this
study are listed below:

LiNO3 : l¼ 0:506�0:516W=ðmKÞ, 320�4003C

KNO3 : l¼ 0:416�0:423W=ðmKÞ, 343�4273C

However, the thermal conductivity of Ca(NO3)2 is not found in
the public reference; its value is estimated by the Rao Eq. [30]
with 22% uncertainty:

l¼ 9:21� 10�6
½Tm=ðMwV4=3Þ�1=2 ð2Þ

where Tm, Mw and V are the melting point (834 K), molecular
weight (0.1641 kg/mol) and atomic volume, respectively, which is
defined by the following Eq. [31]

V ¼
77:40þ2:02� 10�2T

106
ðm3=molÞ ð3Þ
Thus the thermal conductivity of Ca(NO3)2 is estimated as,

l¼ 0:41�0:43W=ðmkÞ, 300�400 3C

The estimated thermal conductivity of ternary nitrate salt
sample by Eq. (1) is compared with those of Organic oils and
HitecXL, as shown in Table 2. The results showed that the thermal
conductivity of novel ternary nitrate salt sample is around
0.43 W(m K), which is several times larger than those of organic
oils but slightly less than that of HitecXL.

4.4. Chemical stability at High temperatures

For the heat transfer liquids, their durability under the high-
temperature salty conditions is a critical issue to be investigated.
Sufficient stability of low-melting molten salt mixtures at high
temperatures will largely determine the operation steadiness and
safety of solar thermal energy systems. For the nitrate salts, the
primary reaction is the partial dissociation of nitrate ions, as
shown by the equation:

NO�3 ¼NO�2 þ
1

2
O2 ð4Þ

The dissociation occurs slowly and is affected by the partial
pressure of oxygen in the atmosphere of the molten salt.

The chemical stability test was conducted in a small crucible in
atmospheric environment at high temperatures in the STA. The
results a plotted in Fig. 3. Fig. 3(a) shows that the weight loss of
ternary nitrate salt after 40 h is 2% at 400 1C, 4% at 450 1C and 17%
at 500 1C. As temperature continues rising to above 500 1C its
chemical stability deteriorates sharply, as evidenced by the line of
542 1C in the figure. Fig. 3(b) presents the decomposition line of
molten salts along with the continuously rising temperatures. The
two figures indicated that the tested nitrate salt samples are more
stable below 450 1C, and their decomposition level would gradu-
ally deepen over 450 1C. Weight loss of molten salts is increased
sharply when the temperature is higher than 500 1C.

Although the 40 h experimental duration is far shorter than
the practical period of 30 years in TES all the heat transfer fluids
in practical applications, work inside the sealed metal pipes with
high operating pressures, which can prevent the degradation and
loss of the salt fluid effectively [32]. In spite of commercial
synthetic organic oil used under more strict protective conditions,
most of them in the thermal storage systems will decompose
quickly for the operating temperatures above 380–390 1C [33].

4.5. Economic impact

The cost of constituent nitrate salts is critically important since it
will directly influence the overall capital investment of thermal
energy storage systems. The commercial price of the individual
nitrate constituent is in general quite volatile in the global market
and tends to go up sharply in the recent years. However, based on
the market survey, the cost of the individual constituent can be
ranked as the following sequence: lithium nitrate, potassium nitrate
and calcium nitrate. The commonly used commercial storage media
are listed in Table 3. Obviously, the synthetic organic fluids are
relatively expensive. The tested samples showed a significant cost
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Table 3
Price of these inorganic salts.

Salt Cost ($/kg)

Organic oils 3–4

HitecXL 1.1

Solar Salt 0.5

Ca(NO3)2 0.16

LiNO3 4.32

KNO3 0.29

Sample A 0.81

Sample B 0.68

Sample C 0.62

C.Y. Zhao, Z.G. Wu / Solar Energy Materials & Solar Cells 95 (2011) 3341–3346 3345
advantage as heat transfer fluids and storage media. A good strategy
of blending the constituents of nitrate salt mixtures will reduce the
cost further.

Lithium nitrate, as one constituent of the multi-component
mixtures under development, is more expensive, and hence the
addition of lithium nitrate will considerably increase the overall
cost of the storage media, although it just holds a small percen-
tage in mixtures. Usually lithium salts are available in commodity
amounts primarily as lithium carbonate, 0.50 $/kg, rather than
lithium nitrate. This suggests that lithium nitrate may be more
economically to obtained in large quantities by converting from
lithium carbonate with nitric acid, 0.40 $/kg. After conversion, the
cost of lithium nitrate is estimated to be much lower than 4.32 $/kg.
Despite its disadvantage of the cost, lithium nitrate reduces the
liquidus temperature and has a minor effect on the viscosity and
the maximum tolerable temperature of molten salt mixtures. As for
another constituent in these mixtures i.e. calcium nitrate, it can
cause a relatively high viscosity and a low thermal stability
temperature, although it has the lowest price.

An optimal strategy will be studied to minimize the cost whilst
optimizing the chemical stability and physical properties of the
mixture. For a solar power plant the investment and operating
cost will be considerably reduced by using the salt mixtures with
a lower melting temperature, since this will dramatically reduce
the heating or insulation requirement to prevent the heat transfer
liquids from being frozen in the pipe at low temperatures at night.
5. Discussion

Usually molten salts have a relatively high melting tempera-
ture and are quite corrosive at high temperatures. The measure-
ments of their properties are quite difficult and time consuming,
with a large discrepancy in accuracy. In this study it is noted that
molten KNO3 seems not very aggressive with regard to anti-
corrosion capability of stainless steels and other ferrous alloys.
The addition of Ca(NO3)2 and LiNO3 to KNO3 does not deteriorate
the corrosion, since the chemical properties of the mixtures do
not appear to change significantly. However these issues should
be further investigated in the future, as the corrosion problem in
multi-component molten nitrates under higher temperatures is
not yet reported in the open literatures. In practical applications
of solar power plants the high-temperature heat transfer fluids
are maintained at a high operating pressure in the closed pipe
systems, and this can effectively prevent the degradation.
6. Conclusions

This paper reported a novel ternary salt mixture with a low
melting temperature below 100 1C for a cheaper maintenance pur-
pose. The properties of the ternary salt mixtures consisting of KNO3,
LiNO3 and Ca(NO3)2 are measured, and the results showed that they
are advantageous compared to the commonly used synthetic oil or
HitecXL. The chemical properties in the presence of air for a long
period can still largely remain stable at approximately 450 1C, which
implies that the maximum operating temperature can be higher than
that of existing organic fluids, and therefore leads to a higher thermal
efficiency (Rankine Cycle efficiency) for those existing through
systems. The viscosity is less than 10 cP in the main operation
temperature range, and this indicates that the flow resistance will
be reduced if they are used as the heat transfer fluids in a solar
thermal system, compared to HitecXL or synthetic oil.

In summary the desirable thermal and transport properties of
these novel nitrate salt mixtures, including low melting point,
high temperature, chemical stability, low viscosity, low cost, etc,
make them more suitable as heat transfer fluids than synthetic
oils that which are being widely used in solar plants.
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