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ABSTRACT 
Implementation of molten salt compounds as the heat 

transfer fluid and energy storage medium provides specific 
benefits to energy collection and conversion.  Nitrate salts have 
been identified as a strong candidate for energy transfer and 
storage and have been demonstrated for use in these 
applications over time.  As nitrate salts have solidification 
temperatures above ambient, concern for recovery from salt 
freezing events has instigated efforts to understand and predict 
this behavior.  Accurate information of salt property behavior 
in the solid-phase is necessary for understanding recovery from 
a freeze event.  Thermal properties for three representative salts 
(that span the range of melting temperatures from 
approximately 90 – 221 °C), have been obtained.  These 
properties include coefficient of thermal expansion, thermal 
conductivity and specific heat.  Thermal conductivity and 
specific heat were measured using differential scanning 
calorimetry. 

 
INTRODUCTION 

Interest in raising the operating temperature of 
concentrating solar technologies and the incorporation of 
thermal storage has motivated studies on the implementation of 
molten salt as the system working fluid.  Recently, salt has been 
considered for use in trough-based solar collectors and has been 
shown to offer a reduction in levelized cost of energy as well as 
increased availability [1].  Concerns regarding the use of 
molten salt in troughs are often related to issues with salt 
solidification and recovery from freeze events.  Differences 
among salts used for heat transfer and storage are typically 
designated by a comparison of liquid phase thermal properties 
and cost.  However, the potential for a freeze event necessitates 
an understanding of salt thermal and mechanical properties in 
the solid-phase in order to characterize and mitigate possible 
detrimental effects during freeze event recovery.  This includes 
stress imparted by the expanding salt.   

Initial modeling efforts of tube stress during freeze event 
recovery have been reported [2].  However, reliable material 
property data is an integral part to model validation.  Previous 
modeling efforts have assumed mechanical properties similar to 
published data on common salts.  Here, data is presented for 
measured thermal properties of three salts used for heat transfer 
and storage.  Samples of solar salt, HITEC salt (Coastal 
Chemical Co.) and a low melting point quaternary salt 
(developed at Sandia National Laboratories) were cast for 
solid-phase characterization tests to determine coefficient of 
thermal expansion (CTE), thermal conductivity and specific 
heat.  Where possible, experiments were conducted over a 
range of temperatures below the melting point to determine 
temperature dependence in the solid-phase.  This work is 
presented as an extension to the temperature dependent 
mechanical properties (unconfined compressive strength, 
indirect tensile strength, Young’s modulus, and Poisson’s ratio) 
previously reported [3]. 

 

Table 1.  Approximate temperature ranges and melting 
temperatures for thermal property testing of each material. 

Salt Type CTE Thermal 
conductivity Specific heat 

Solar salt [4, 5] 
Tm,A = 221 °C 30-200 °C 30-35 °C 0-325 °C 

HITEC [6]   
Tm,B = 142 °C 30-120 °C 30-35 °C 0-150 °C 

Quaternary [7] 
Tm,C = 90 °C 30-75 °C n/a Pending 

 
In an effort to span the typical range of melting point 

possibilities of thermal storage salts, three representative salts 
were selected for property testing:  solar salt (60 wt% NaNO3, 
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40 wt% KNO3)[4, 5], HITEC salt [6], and a low melting point 
quaternary salt (42.3 wt% KNO3, 39.4 wt% Ca(NO3)2, 12.1 
wt% NaNO3, 6.1 wt% LiNO3)[7].  For simplicity the solar, 
HITEC and quaternary salts are referred to as salts A, B, and C, 
respectively.  Table 1 lists the melting temperature (Tm) for 
each case along with a summary of the temperature ranges over 
which the tests were performed. 

COEFFICIENT OF THERMAL EXPANSION 

Sample Preparation 
Cylindrical samples (with diameter of approximately 5.08 

cm and cut to length) were cast in a PTFE tube with silicone 
stopper and extracted for property testing.  Molten salt was 
poured so as to fill the PTFE tube contiguously and avoid layer 
formation in the salt.  The samples were cooled at room 
temperature. Cratering near the top of the samples (due to 
phase-dependent density change) and void formation in the 
salt-core interior were avoided by cross sectioning and 
identifying unaffected regions of the solidified salt.  Solar salt, 
which has a large volume increase during phase change from 
solid to liquid (4.6%), had the most pronounced cratering [4, 5].  
The quaternary salt had no visible cratering. 

All CTE samples were prepared using a lathe and wire saw 
to achieve a nominal diameter and length.  Samples of A and B 
were cut to 4.57 cm long and samples of C to 3.30 cm long.  
All samples were nominally 2.29 cm in diameter.  The 
estimated porosity is about 3% for salt types A and B an about 
5.5% for salt C, as computed from the measured dimensional 
density divided by the sum of the constituent theoretical 
densities.  Two polycrystalline samples of each salt material 
with undetermined grain size were sent to Harrop Industries, 
Inc. for CTE measurement.  

Test Procedure and Results 
Salt samples were loaded into a temperature controlled 

oven with a long push rod and heated at 3 °C/minute.  Each 
sample was heated and then cooled back to its starting 
temperature.  The target high temperature was approximately 
90% of the melting temperature.  Expansion and contraction of 
the salt was recorded using linear displacement transducers 
relative to the starting point throughout the test procedure.   

 

 

(a) 

 

(b) 

Figure 1.  Percent length change as a function of 
temperature for (a) solar salt sample 1A, (b) HITEC salt 
sample 3B and (c) a quaternary salt sample 5C.  Trend lines 
are generated using all data points from the heating or 
cooling regions. 

Figure 1 and 2 illustrate the percent elongation (relative to 
the initial length at room temperature) as a function of 
temperature for all three salt types.  A repeat experiment was 
performed for each salt type yielding similar results; values for 
all CTE experiments are provided in Table 2.  Solid lines in 
Figure 1 and 2 represent actual data collected while the dashed 
and dotted lines represent the least squares best fit (linear 
regression) over the heating and cooling regions.  The slopes of 
these curve fits correspond with the best-fit values in Table 2.  
Averages of the two test samples for each material over the 
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heating and cooling regions are provided in the “Avg” column 
of Table 2.  For samples of materials A and B, there appears to 
be continued expansion of the materials when the temperature 
is said to be decreasing.  This effect may indicate that there was 
some thermal inertia coupled with a heating and cooling rate 
for the selected sample size that was slightly high and resulted 
in a possible non-uniform temperature throughout the sample.  
The values of CTE for salt types A and B are similar for both 
heating and cooling (Table 2).  Both salts exhibit rather linear 
thermal expansion upon heating and both expand slightly for 
the first 10-20 °C of cooling.  A single reported value for the 
thermal expansion of solid-phase HITEC salt has been reported 
as 51.3 x 10-6 °C-1 [6].  This value agrees well with the CTE 
values measured upon heating (see Table 2). 

For the purpose of comparison, the CTE of Halite (NaCl) 
is presented at the bottom of Table 2.  The first value of 40 × 
10-6 °C-1 was selected at a temperature near the midrange (~75 
°C) of test temperatures for salts A and B [8].  The second 
value given for Halite of 45.0 × 10-6 °C-1 was defined as the 
coefficient of linear thermal expansion and therefore implies 
temperature independence [9].  CTE for salts A and B are more 
than 30% higher than that for naturally occurring 
polycrystalline Halite.   

 

Table 2.  Coefficient of thermal expansion values over 
specified ranges. 

Salt type Sample Heat/cool range [°C] 
α / 10-6 °C-1 

Best fit Avg 

Solar salt 
1A Heat 30.1 – 193.3 54.2 Heat 

54.7 
Cool 
70.6 

Cool 193.3 – 30.4 71.4 

2A Heat 30.0 – 199.2 55.2 
Cool 199.2 – 30.4 69.8 

HITEC 
3B Heat 30.0 – 121.6 54.9 Heat 

55.8
Cool 
84.3 

Cool 121.6 – 30.4 84.9 

4B Heat 30.0 – 120.2 56.7 
Cool 120.2 – 30.4 83.7 

Quaternary 
5C Heat 30.0 – 42.0 23.1 Heat 

22.7
Cool 
87.9 

Cool 42.0 – 34.2 87.8 

6C Heat 30.0 – 42.0 22.3 
Cool 42.0 – 34.2 88.0 

Halite 
(NaCl) N/A Heat (~75 °C) ~ 40 [8] 

unknown 45.0 [9] 
 

The behavior of salt C (Figure 2) is markedly different 
from that for salts A and B.  A small length change was 
observed upon heating to about 55 °C.  From 55 °C to 95% of 
the melt temperature, salt C exhibited contraction.  The 
pressure applied on the sample during measurement was 
calculated to be 8.48 MPa.  Although small, this non-zero 
pressure is likely linked to the observed shrinkage.  It is 
possible that the low melting point of salt C coupled with the 
fact that the salts are hygroscopic may have cause the 
measurement probe to sink into the sample.  However, Figure 2 
indicates there is a somewhat linear region from ~42 °C down 

to the starting temperature for both the heating and cooling 
cycles.  Calculating the CTE within this region may more 
accurately represent the material behavior.  The temperature 
ranges and best-fit values listed in Table 2 are based on this 
limited range. For the starting temperature up to 42 °C and 
from 42 °C down to 34.2 °C, the CTE of salt type C averages 
22.7 × 10-6 °C-1 and 87.9 × 10-6 °C-1, respectively. 

 

Figure 2.  Percent length change as a function of 
temperature for quaternary salt sample 5C.  Trend lines are 
based on the data points collected only for the temperature 
range from 30.0-42.0 °C for heating and 34.2-42.0 °C for 
cooling as indicated by selected data points on the figure. 

THERMAL CONDUCTIVITY AND SPECIFIC HEAT 

Sample Preparation 
Similar to the CTE samples, cylindrical pieces of each salt 

were cast in a PTFE tube with silicone stopper and extracted for 
property testing.  Molten salt was poured so as to fill the PTFE 
tube contiguously and avoid layer formation in the salt.  The 
samples were cooled at room temperature. Cratering was again 
avoided by cross sectioning and identifying unaffected regions.  
Initial cutting of all CTE samples was performed using a lathe 
and wire saw to achieve a prescribed diameter and a rough 
length.  Samples of A and B were turned down to 5.84 mm in 
diameter and then cut to small segments a few mm in length.  
These segments were then sanded to achieve thickness of 1.5-
3.0 mm.  Special care was taken to ensure that the sides of 
small disks were perpendicular to the flat ends of the cylinder.  
Owing to the brittle nature of the quaternary salt, machining 
parts to a diameter of 5.84 mm was problematic.  This 
precluded the quaternary salts from being evaluated using the 
methods employed here for thermal conductivity and specific 
heat. 
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Test Procedure 
Following a procedure established by Riesen [10], a 

Differential Scanning Calorimeter (DSC) was used to establish 
heat flow through a sample salt disk to a crucible containing the 
low melting point metal gallium (see Figure 3).  Interfaces 
between the salt disk, heated surface and crucible were filled 
with a small amount heat transfer oil to maintain 
reproducibility. 

 

Figure 3.  Test configuration for thermal conductivity using 
DSC. 

The total resistance to heat flow through this stack is the 
proportionality constant between the thermal power (q) and 
temperature difference (ΔT).  For the oil interface resistances 
(Rint) and sample resistance (Rs) between the metal and heated 
surface, we obtain 

 

! 

q =
"T
#R

=
Th $Tm

Rint + Rs + Rint

. (1) 

The melt temperature of the metal (Tm) is known and the heated 
surface temperature (Th) and q are obtained during the DSC 
measurement.  The resistance due to the oil at both interfaces 
and across samples can be assumed to be the same if the same 
sample cross section is used.  Thus, we define 

 

! 

Rt,int = Rint + Rint  .  (2) 

The total interface resistance (Rt,int) can be determined by 
performing multiple measurements on similar samples.  If Rt,int 
<< Rs, then Rt,int can be neglected. 

Assuming a small Rt,int, one-dimensional heat flow, steady 
state, and no internal generation, the heat flow is defined by  

 

! 

q =
L
kA

Th "Tm( )  (3) 

where L is the thickness of the sample, k is the sample thermal 
conductivity, and A is the cross sectional area.  Equation 3 can 
be solved for the conductivity of the material directly from a 
single melting curve, assuming Rt,int is small.  When Rt,int is not 
negligible, we can define the slope of the linear side of the 
melting peak (see also Figure 4a) as 

 

! 

S =
q t( ) " qonset
Th t( ) "Tonset

=
1

Rt,int + L /kA
 (4) 

where qonset and Tonset are the heat flow and melt temperature of 
metal at the onset of melting.  When two samples of the same 
material and different thicknesses are measured, the thermal 
conductivity of the sample can be obtained by 
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) 

. (5)
 

When several samples of different heights are used, the thermal 
conductivity and Rt,int can be determined by rearranging 
equation 4 and using a linear regression to obtain k, as follows 

  
1
S
=
L
kA

+ Rt,int . (6) 

Test Results 
As a validation of the procedure outlined for thermal 

conductivity above, measurements were made on PTFE and 
compared to literature values and previous DSC based 
measurements.  Using a direct approach following equation 3 
and averaging over the linear range of the heat flow vs. 
temperature curve, we obtained a thermal conductivity value of 
0.21 W/mK for PTFE.  By using the linear regression approach 
following equation 6 on multiple measurements of PTFE, we 
obtained 0.27 W/mK.  These value agree well with an accepted 
literature value of 0.25 W/mK and is an improvement over the 
0.181 W/mK measurement reported in Mettler Toledo’s 
UserCom [10] thus lending confidence to the measurement 
technique. 

Figure 4a illustrates an example heat flow curve as a 
function of temperature for a solar salt sample of thickness 2.5 
mm.  Here the onset of melting of the metal (Figure 3) is 
observed at approximately 30.5 °C.  The linear portion of this 
curve, immediately following the onset of melt is used to 
determine the slope parameter, S (equation 4), for each 
measurement taken.  The inverse of this slope from the linear 
region of each sample is then plotted as a function of the 
geometric ratio L/A as in Figure 4b and Figure 5.  Samples were 
prepared in four thicknesses; multiple stacked samples provided 
the upper range of material thicknesses as indicated in the 
figures.  Thermal conductivity is obtained in two ways from the 
data in these figures.  First, thermal conductivity was measured 
directly (kdirect) following equation 3 and averaged over all 
samples.  Second, a linear regression was performed to 
represent the measurement data of Figure 4b and Figure 5 
where the inverse of the slope of the regression model yields 
thermal conductivity of the material (kregression).  Thermal 
conductivity values obtained in these fashions are listed in 
Table 3 along with standard deviation and R2 values to indicate 
variability.   
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(a) 

 

(b) 

Figure 4.  (a) Example heat flow vs. temperature curve for 
solar salt sample of thickness 2.5 mm.  (b) Measurement 
data for solar salt samples of 4 different thicknesses and a 
combination of multiple stacked samples following 
equation 6.  The inverse of the slope of the linear 
regression trend line yields the regression-based thermal 
conductivity of the material. 

 

Figure 5.  Measurement data for HITEC samples of 4 
different thicknesses and a combination of multiple stacked 
samples following equation 6.  The inverse of the slope of 
the linear regression trend line yields the regression-based 
thermal conductivity of the material. 

Although made of different compositions, solar salt and 
HITEC demonstrate similar thermal conductivity values.  
Previous reporting indicates that the thermal conductivity of 
HITEC in the liquid phase appears to approach 0.44 W/mK as 
the temperature decreases towards solidification [6].  However, 
information below solidification temperature has not been 
presented previously. 

 

Table 3.  Measured thermal conductivity for solar salt and 
HITEC using a direct and linear regression approaches. 

 Solar Salt HITEC 
kdirect [W/mK] 0.76 0.74 

Standard deviation 0.12 0.10 
kregression [W/mK] 0.79 0.70 

R2 value of regression 0.96 0.93 
 

SPECIFIC HEAT 

Sample Preparation and Test Procedure 
Cylindrical pieces of each salt were cast in a PTFE tube 

with silicone stopper and extracted for property testing as 
before. The samples were cooled at room temperature.  Sample 
sizes of roughly 100 mg were sectioned for specific heat 
measurement. 

Differential scanning calorimetry was employed to 
measure specific heat by comparing heat flow into salt samples 
in a specified container to heat flow into an empty reference 
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container. Specifically, we utilized a temperature modulated 
method developed by Mettler-Toledo called TOPEM® [11].  
Both containers are heated on a temperature-controlled 
platform of calibrated resistance, K.  The temperature of the 
platform is raised at a constant heating rate.  As the heat flows 
into the containers, the flow into the salt samples is larger due 
to a larger heat capacity.  The difference in heat flow rate dq/dt 
for the two containers induces a small temperature difference in 
the platform, which is measured and used to obtain heat 
capacity following, 

 !T = K dq
dt
= Kcp

dT
dt

. (7)
 

Test Results 
Specific heat values as a function of temperature and 

obtained using DSC are presented in Figure 6.  Values were 
obtained from 0 °C through 100 °C above the melt temperature 
for each salt.  The measurement was repeated three times with 
with nearly identical results.  A sample curve for each salt was 
selected and plotted in Figure 6a.  The large peak observed in 
each trace indicates the phase change process from solid to 
liquid.  A slight increase is observed in the solid-phase specific 
heat with temperature whereas a flat profile is observed in the 
liquid phase for the temperature ranges considered.   

Figure 6b illustrates specific heat values in the solid phase 
only.  Data points from repeat measurements were all included 
and a linear regression performed to indicate temperature 
dependence.  The values for HITEC agree well with the 
reported value of 1.34 kJ/kg.K (no specific temperature 
provided) [6].  Values for specific heat at 25 °C, 10 °C below 
the melt temperature and 50 °C above the melt temperature for 
each salt is provided in Table 4. 

Specific heat values for the quaternary salt are pending. 
 

Table 4.  Specific heat values at specified temperatures for 
solar salt, HITEC and the quaternary salt.  Values in the 
solid phase were obtained from the linear regression 
equations in Figure 6b; liquid values were obtained from an 
average of three repeat measurements at the specified 
temperatures. 

  cp [kJ/kg.K] 
Temperature Phase Solar Salt HITEC Quaternary 

25 °C solid 0.73 1.13 Pending 
Tm – 10 °C solid 1.00 1.41 Pending 
Tm + 50 °C liquid 1.18 1.42 Pending 

 
 
 

 

(a) 

 

(b) 

Figure 6.  Specific heat as a function of temperature for 
solar salt and HITEC (quaternary pending) through (a) 100 
°C above melt and (b) just below the onset of melting. 

CONCLUSIONS 
Thermal properties of three representative salts for use in 

thermal storage systems have been evaluated.  The salts (solar 
salt, HITEC, and a nitrate quaternary salt) span a wide range of 
melting temperatures from 90 – 221 °C.  Measured values for 
coefficient of thermal expansion were obtained using linear 
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displacement transducers with sample temperatures ramped to 
approximately 90% of the melting temperature.  Thermal 
conductivity and specific heat were obtained using multiple 
DSC techniques.  Thermal property values in the solid-phase 
enable modeling of freeze recovery strategies when combined 
with previously reported mechanical property data. 
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