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Highlights

« Thermodynamic modelling of enthalpy of fusion using entropy and enthalpy
approaches.

« Best practical option found to be ideal liquid, immiscible solid and entropic
approach.

« Generalised to require only melting temperature measurements.

» Screened all ternary combinations of 35 salts resulting in achieved storage cost of
1.8 $/MJ.

» Demonstrated that the use of non-eutectic slurries can reduce cost to below 0.045
$/MJ.

Abstract

Thermal energy storage represents a cost-effective means of integrating variable,
renewable resources into the energy mix. The utilisation of latent heat in addition to
sensible can reduce capital costs. To accurately screen the numerous possible ionic
salts, accurate enthalpy of fusion predictions are essential. Three possible modelling
approaches were considered: enthalpic, regular solution entropic and rigorous
entropic. These approaches were combined with different techniques to represent the
enthalpy of mixing and the temperature-composition dependence.

Ultimately it was found that disregarding the entropy of mixing and assuming an
ideal liquid phase, combined with an immiscible solid phase resulted in adequate
predictions of the experimental data. The approach can be used to rapidly screen a
wide range of components using only pure component properties. It can be further

generalised to require only melting temperatures through the use of a modified
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“Richard’s Rule”. The method was used to economically compare binary and ternary
combinations over the range of 290-565 °C.

The analysis indicated that ternary eutectic mixtures can achieve storage costs
using fine chemicals of around 0.18 £ 0.045 $/kJ, with bulk materials conservatively
estimated to cost more than 100 times less at ~1.8 $/MJ. This assumes that storage is
achieved through a combination of latent and sensible heat. A set of eight suitable salt
candidates were identified that require detailed thermal studies. Lastly it was
demonstrated that the use of non-eutectic mixtures, using for example LiNOs and
KCI, may hold the key to bulk storage costs as low as 0.045 $/MJ, if the issues facing

practical implementation can be mitigated.
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1. Introduction

To improve the long term sustainability of energy supplies, renewable resources
are being increasingly incorporated into the electricity grid. However, significant
issues hindering widespread implementation are the variability of renewable supplies,
in conjunction with supply-demand mismatches [1-3]. Thermal energy storage (TES)
systems can be used to mitigate these issues by storing heat during times of excess
supply and discharging when demand is at its peak. Despite the fact that TES has
already been implemented on industrial scale [4,5], these systems are not yet fully
cost-optimised. The current sensible heat based implementations comprise roughly
30% of the total capital expenditure for concentrated solar power plants [6-8]. If this
cost could be reduced it may hold the key to enabling pervasive integration of stable,
renewable energy resources.

In an effort to increase storage density and thereby bring down costs, systems
which incorporate phase transitions are being explored. Latent heat thermal energy
storage (LHTES) incorporates the enthalpy of fusion in addition to sensible heat, in
order to increase the energy stored per unit mass (kJ/kg). However, simply
maximising the energy density does not guarantee economical optimality since the
material under consideration may be too expensive ($/kg). Thus it is necessary to
consider both the energy density and the cost, or simply the cost per unit energy

stored ($/kJ), in order to find the optimal storage material.
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From a power generation perspective it would be preferred if the stored energy
could be recovered at a roughly constant temperature, thereby mitigating complex
heat integration and pinch considerations [9]. The required temperature will vary
widely depending on the power block requirements, as influenced by the type and
configuration of the turbine. Pure component phase transition occurs at a specific
temperature, thus it is necessary to match the most economical option to a given
application temperature. From a thermodynamic perspective higher temperatures
result in higher overall efficiencies. Thus in the long term, the objective is to move to
power blocks which are capable of operating at progressively higher temperatures.

An alternative solution to the use of pure compounds is the option of
multicomponent mixtures. For high temperature storage, ionic salts have been
identified as suitable candidates [10-14]. Salt mixtures tend to form low melting
eutectics at one or more compositions. Eutectic solutions behave much like pure
components, with a single, fixed phase transition temperature at which the entire
mixture melts and freezes. At compositions other than the eutectic, freezing will either
occur as a pure component or a multicomponent phase. This component or phase
remains in equilibrium with the melt, from its initial melting point up to the eutectic
point. When this temperature is reached the remaining material will solidify at the
eutectic composition. Thus this process creates a multi-phase solid system, which may
lead to incongruent melting and component segregation issues. However, provided
there is some mixing when the system is completely molten, this may prove to be
inconsequential in practice, thus both eutectic and non-eutectic mixtures should be
considered.

The objective of the investigation is to identify a set of salts which are the most
likely to minimise energy storage cost over the range of temperatures of interest to
industrial scale energy storage for power generation. This will form the starting point
for detailed future studies of their thermal properties. However, in order to fully
explore the feasibility of a set of candidate materials and their mixtures, accurate
prediction of the enthalpy of fusion is a necessity. As pointed out by a recent review
[15], very little work has been done on the estimation of the mixture heat of fusion,
using pure component and mixture properties.

Prior work in this area has focused almost exclusively on the ability to predict the

phase diagram [16-18], i.e. composition as a function of temperature. In contrast, the
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current investigation explores the influence of increasing non-ideality on the predicted
enthalpy of fusion for both eutectic and non-eutectic mixtures. Both enthalpic and
entropic approaches are considered as starting points for the derivation of the model
equations. The aim is to determine the minimum number of parameters required for
the satisfactory estimation of the enthalpy of fusion, at any composition. In addition,
the prediction of the melt composition and the melting temperature are also examined
since, in some models, these are required inputs for the enthalpy estimation. The
predictions are compared to multiple, experimentally measured binary systems across
the whole composition range.

To further generalise the work an attempt is made to estimate the pure component
enthalpies of fusion. The inference is based on the melting temperature, a property
which is easier to measure using a variety of techniques and at a higher confidence
than typically associated with enthalpy measurements. This allows the prior approach
to be applied to components for which accurate enthalpy of fusion data is not
available. The different estimation methods are further validated against the measured
enthalpies of more than 20, binary, salt eutectics. This establishes the extent to which
the estimate is degraded by a lack of measured enthalpy data.

The most suitable enthalpy estimate was then used to evaluate a set of thirty five
ionic salts for the cost optimisation of LHTES as a function of storage temperature.
This process constitutes a preliminary screening to identify the most attractive
candidates, as well as establishing the achievable energy storage cost. The
investigation is limited to four halide salts (F, Cl, Br and I) in addition to the nitrates,
carbonates and sulphates of three alkali metals (Li, Na and K) and two alkali earth
metals (Mg and Ca). Thus a total of 35 salts have been screened. The analysis
considers both eutectic and non-eutectic mixtures, across a wide temperature range,
using between one and four components. The optimal candidates are identified at
temperature intervals of 5 °C across the range.

The obtained optima are compared to traditional, sensible heat options to quantify
the competitive advantage of utilising LHTES. The proposed approach provides a
framework for identifying and analysing potential LHTES candidates using first
principles based prediction of the enthalpy of fusion and minimal measured
parameters. This enables rapid screening of a very wide range of materials for which

only limited data is available. The work aims to highlight which LHTES materials are
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the most economically attractive, in order to limit the number of compounds requiring

detailed thermal analysis.

2. Theory
2.1. The enthalpic approach
Since enthalpy is a state quantity it is often convenient to estimate the value of a
specific transition by considering a hypothetical closed cycle. The melting
temperature of a mixture varies with composition, but the enthalpy of fusion of a
mixture at a given melting temperature (including the eutectic melting temperature)
should be quantifiable based on its respective components. To achieve this one
possible cycle can be described as follows:
1) Two pure components in the solid phase are taken from the mixture melting
temperature (Tmmix) to their individual melting temperatures (Tmi)
2) They undergo melting, represented by the pure component enthalpies of fusion
of each (4Hius,i)
3) Both liquids are cooled to the mixture melting temperature and are mixed in
the liquid phase, constituting an enthalpy change of mixing (4Hmix)
4) The mixture is frozen, releasing the enthalpy of fusion of the mixture (4Hfusm)
5) The solid mixture is “unmixed”, reconstituting the individual solids at their
starting temperatures and having an associated enthalpy change of mixing
(4Hunmix)
This cycle can be represented mathematically by:

Tm,i Tm,mix
0= Z Xj <J Cps,idT + AHqu‘i + f Cpl'idT) +
i

Tm,mix Tm,i

AI_Imix, liquid — AHfus,m + AHunmix, solid (1)

The final step is impossible to perform in practice; however it is conceptually
possible in reverse. It may be assumed that the solid mixture (after freezing) was
ground into a powder as part of this process. Then the reverse step hypothetically
represents the mechanical mixing of two solid powders. The energy associated with
such a path would depend on a variety of factors which determine the extent to which

ordering is developed in the cooling mixture. Under conditions of rapid cooling the



random nature of the liquid phase will be maintained, as opposed to slow cooling
which could enable the formation of a more structured lattice.

Practically, the energy required to mill a brittle material such as a salt into a
powder is comparatively low and there is no energy change associated with the
mixing of two pure powders. Thus it is expected that the final term in equation (1)
may be considered negligible compared to the others. Additionally, since the mixture
melting temperatures are comparatively close to the melting temperature of the
individual constituents and the heat capacities of solid and liquid salts are usually
fairly similar, the sensible heat terms may also be omitted to yield:

AHfysm = XiXiAHpsi + AHpmix  (2)

This essentially constitutes the definition of the enthalpy of mixing, applied to
multicomponent fusion as a type of mixing process. In the case of an ideal mixture the
enthalpy of mixing may be neglected which gives the equation proposed by Raud et
al. [19] for the prediction of the enthalpy of fusion of a mixture.

2.2. The entropic approach

Entropy is also a state quantity; however using the third law of thermodynamics it
is possible to obtain an absolute value for the entropy. Thus in order to obtain the
entropy of a phase transition it is not necessary to consider a closed cycle. Instead the
absolute entropy of the constituents as well as the mixture, can be calculated at a
given temperature starting from zero entropy, i.e. zero Kelvin. Hence the following
two cases can be considered equivalent, as proposed by Kosa et al. [20]:

A) The two pure component solids are heated from zero Kelvin to their individual
melting points. They undergo phase transition and each is cooled to the
mixture melting temperature. At this point they are mixed in the liquid phase,
with an associated entropy change of mixing (4Smix)

B) A mixture of the components in the solid phase, is heated from zero Kelvin to
the mixture melting temperature where it undergoes melting

These two processes are quantified mathematically by:

Tm,i CDs,i Tm,mix C i
Zixi (fo ' %dT + A'sfus,i + me£ %dT) + A'Smix (3)

Tmmix CDs,
Jo =T + ASpusm ()



By employing the Neumann-Kopp law to relate the heat capacity of the solid
mixture to that of the individual components [20], the integrals from zero Kelvin up to
the mixture melting point may be eliminated. Using this and equating these two
expressions produces the equation derived by Kosa et al. [20]:

Tmi CbDsi Tmmix CPLi
ASfus,m = Zixi (me;m.x%dT + ASfus,i + mel: %dT) + ASmix (5)

As before, in the enthalpic approach, it may be assumed that the sensible heat
terms are negligible. The thermodynamic Gibbs free energy is defined as [21]:
G = H —TS and by implication GE = HE — TSE  (6)
For an equilibrium process, such as the transition from solid to liquid phase (at
constant temperature, Trys), the associated Gibbs free energy change is zero [22], thus

in general:

Similarly for the process of mixing (at constant temperature, Tmixing) it may be
stated that:
_ AHpmix—AGmix

ASmix = —1—= (8)

Tmixing
Based on fundamental considerations and the definitions of the appropriate
quantities, the following two equations can be established [21]:

GE
— = Lixin(y)  (9)
AGmL'x = GE + RT Zixiln(xi) (10)
Substituting equation (9) into (10) and the result back into (8) yields:

ASpix = — =R ¥; x;In(y;x;) (11)

By substituting equations (7) and (11) into equation (5), entropy may be
eliminated from the expression. Noting that in case A) it is stated that mixing occurs

at the mixture melting temperature (Tmmixture) and rearranging, one arrives at:

AH ¢y, i
AHfus,m = Immixture Zixi( Tfnls - Rln(yixi)) + AHp;,  (12)

The derivation has been based on the assumption that freezing occurs at the
mixture melting temperature. For freezing at the eutectic temperature this is
fundamentally consistent. However, even for a simple eutectic the real situation is not

as straightforward, as indicated in Figure 1.
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Fig. 1: Behaviour of a simple eutectic cooled from T; at composition x;

During freezing the system moves from the initial mixture melting temperature to
the eutectic temperature, beyond which the mixture is fully solidified. Since the
temperature range is comparatively small, this effect is usually considered negligible
and thus the approach is applied to all mixtures.

In traditional thermodynamics three solution models are commonly used: ideal,
regular and real [23]. For an ideal solution the excess entropy of mixing is zero and
hence [23]:

ASpix = ASpg = =R Xy xiIn(x;)  (13)

For both regular and real solutions the entropy of mixing is also assumed to be

ideal. Thus in all cases equation (11) is effectively replaced by (13), resulting in a

simplified form of equation (12):

AH us,i
AHfus,m = Immix XX (; Rln(xi)) (14)

Tm,i B
Expressions (2) and (14) for calculating the enthalpy of fusion have also presented
by Misra and Whittenberger [24].

2.3. Phase behaviour of ionic salts

The simple eutectic illustrated in Figure 1 represents a system where the solid
phase is considered immiscible. This means a pure salt is in equilibrium with the
molten salt mixture. Thus during melting/freezing only one component is transferred
between these two phases. A slightly more complex behaviour, more typically found

in these mixtures, is demonstrated in Figure 2.
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Fig. 2: Behaviour of a complex eutectic [24]

This is known as having terminal solid solutions and implies that the liquid melt is
in equilibrium with multicomponent solid phases, a and B, as opposed to the pure
components. Hence in this case the melting/freezing process involves the
simultaneous transfer of both components (for a binary) between the phases. In these
cases simply approximating the liquidus line as a straight-line, as in the case of the
simple eutectic, may provide a sufficiently accurate estimate of the initial melting
point. Even more complex scenarios exist where the system may exhibit multiple

eutectics as shown in Figure 3.
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Fig. 3: Multi-eutectic behaviour [24]

For these very complex cases detailed modelling of the phase behaviour is
required, specifically information regarding the intermediate phase/compound. If this
is known the diagram can be split into segments and each eutectic modelled as before.
However, during screening of a wide variety of components, it is likely that this
information will not be available. The current approach will at least give a very rough

approximation of the temperature range and expected enthalpy of fusion for



estimating the storage cost during initial selection. This estimate can then be refined if

complex behaviour is found for the system exhibiting the lowest cost.

2.4. The enthalpy of mixing

For an ideal solution the enthalpy of mixing is assumed to be zero, whereas in the
regular and real solution models it is not. For the regular solution model the enthalpy
of mixing is assumed to be a function of composition only, whereas for real solutions
it is additionally a function of temperature [23]. Since this investigation is only
concerned with the behaviour in a relatively narrow range around the melting/freezing
temperature, real solution behaviour will not be considered. Since the entropy of
mixing is ideal in all cases, the excess entropy is zero. This implies the excess Gibbs
energy is equal to the excess enthalpy using (6). Furthermore, since the excess
enthalpy is by definition equal to the enthalpy of mixing, the result is that, from
equation (9):

GE — H_E — AHpix

= = ar = ZiXxdn(yy)  (15)
Thus any one of the following options is a valid solution for determining the
enthalpy of mixing:
1) Specify a model for the excess Gibbs energy, for example the Wilson [25] or
UNIQUAC [26] expressions
2) Specify an empirical expression for the enthalpy of mixing, as done by Kleppa
and Hersh [27]
3) Determine the activity coefficients directly from the phase diagram, as

indicated by Misra and Whittenberger [24]

This list is not exhaustive but serves to classify the variety of approaches found in

literature. For option 1) the Wilson equation is often used and is expressed as:

g—i = —=YixIn(X;x; Ai;)  (16)

The binary model has two parameters, 4j; and /ji, which can either be found in
literature or determined using the eutectic information if available. In option 2) the
expression for the enthalpy of mixing is usually derived from experimental
measurements and has the general form for binaries [27]:

AHpir = x;(1 — x)[a + bx; + cx;(1 — x)]  (17)
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Either of these approaches can be used to specify the enthalpy of mixing in
equation (2) and (12). The third option requires complete knowledge of the phase
diagram, which is unlikely to be available during preliminary investigations and hence
this option is not considered in this study.

2.5. Temperature dependence on composition

Equation (2) is unique in the sense that if the enthalpy of mixing is specified, it
requires no additional information other than the enthalpies of fusion of the pure
components. For equations (12) and (14), using either an ideal or non-ideal enthalpy
of mixing, an additional expression is required which gives the mixture melting
temperature as a function of composition. To obtain this, an expression for phase
equilibrium, at constant temperature and pressure, is conventionally used [21, 22]:

fi=F @8

Where f! is the fugacity of species i in the liquid solution and the superscript s
represents the solid solution. The expression can be reformulated using the fugacities
of the pure components and the activity coefficients:

xtvifi =xvife (19)
The pure component fugacities can be related to the Gibbs free energy and in turn

to the enthalpy, which can be integrated to yield [21]:
f/fl — exp [AHqul T Tml ] (20)

RTm i

In the simplest case, the assumptlons are made that there is complete immiscibility
for all species in the solid state, i.e. xi® yi* = 1 and ideal-solution behaviour in the liquid
state yi' = 1. This leads to the simple eutectic behaviour demonstrated in Figure 1. The
resulting expression for composition as a function of temperature is also called the
Schroder or Schroder-van Laar equation [22]. This expression fully specifies the
temperature-composition relationship using only the pure component melting points
and enthalpies of fusion. In this case the equilibrium curve between solid and liquid is
a straight line. Curvature can be taken into account, to a certain extent, by assuming
non-ideal behaviour in the liquid phase (' # 1) and retaining immiscibility in the
solid phase. In this case the conventional expression for the activity coefficient can be

used as given by [21]:
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d(nGE/RT
ny, = 2200 (21)

T,P,nj

From equation (15) the excess Gibbs energy and the enthalpy of mixing are
equivalent. Thus either a modelled expression (for GE) or an experimental expression
for the enthalpy of mixing can be used to determine the activity coefficient. Finally,
by considering non-ideality in both the solid and liquid phases (yi' # 1, yi® # 1), the
more complex behaviour exhibited in Figure 2 can be represented. However, in this
case the prior expression (21) can no longer be used to determine the activity
coefficients since it requires that all species, other than the one under consideration
remain constant. For an immiscible solid phase this is the case but as mentioned, in
the presence of terminal solid solutions, both components transfer between phases
during phase transition. For a regular solution (S = 0), the partial molar enthalpy of

mixing can be alternatively represented as [23]:

AdAH i

Iny; = AGE = AH™ = AH i + (1 — x7) e

(22)

Using this expression the activity coefficients can be found for both the solid and
liquid phases, provided an expression is available for the enthalpy of mixing for both
liquid and solid. The former was experimentally determined by Kleppa [28] for
various salts. The latter is provided by Kramer and Wilson [29] and the current
approach is equivalent to their alternative expression for the transition, using Gibbs

free energy directly, expressed as:

solid

HA _ (ARmix — TaSmiIx) M (23)

AG; = 0 = AHpyg; — TASpys; + (AHM™ — TAS™Y)
Depending on the available information a variety of options exist for specifying

the mixture enthalpy of fusion, the enthalpy of mixing and the temperature-
composition dependence. A range of combinations are explored in the following
sections, in order to determine the least information required for an acceptable

representation.

3. Methods and calculations
3.1. Solution models

Based on the prior theoretical analysis the following progressively less ideal
options for calculating the enthalpy of fusion exist:

1) Enthalpic approach, i.e. equation (2)
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2) Regular solution entropic approach (SE = 0), i.e. equation (14)

3) Rigorous entropic approach, i.e. equation (12)

In cases 1) and 3) an expression for the enthalpy of mixing must be found, for
which three options are possible:
i. ldeal, AHmix =0
ii. Modelled, AHmix = GF = —RT ¥; x;In(X; x; A;;)
iii. Measured, AH,,;,, = x;(1 — x)[a + bx; + cx;(1 — x;)]

To predict the compositions the following expression is used:

H us,i T_Tm,i
xiyi = xyiexp [—f (—)] (24)

A
RTp T

Three progressively less ideal options can be used:

a. ldeal liquid phase, immiscible solid phase: yi' =1 & x*y* =1

b. Non-ideal liquid phase, immiscible solid phase: y' #1 & x*y*=1
c. Non-ideal liquid phase, Non-ideal solid phase: yi' # 1 & yi® # 1

There are some restrictions on the ways in which the enthalpy of mixing estimates
can be combined with the compositional estimates. For example: the assumption of
ideal behaviour necessarily fixes both options resulting in only one possibility: (i)
combined with (a).

The non-ideal behaviour of the temperature-composition dependence (b & ¢) can
be calculated using either the modelled or measured enthalpies of mixing (ii & iii).
For non-ideality in the liquid phase alone, it is possible to fit the Wilson parameters
using only the eutectic temperature and composition. This is done by specifying the
mole fraction of one component in the liquid phase, which in a binary fixes the other
component. Equation (24) can be applied twice, once for each component, thus one is
left with two equations and two unknowns.

For complex eutectic behaviour (both phases non-ideal) two expressions for the
enthalpy of mixing are required to predict the compositions, one for the liquid phase
and one for the solid phase. This would require two Wilson expressions and hence

four model parameters. Despite the fact that equation (24) can be applied four times,
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an additional unknown remains, namely the solid phase mole fraction. If the eutectic
composition is used, the same equations are generated for the solid and liquid phase.
Thus a point other than the eutectic is required to perform the model parameter fit.
This information is unlikely to be available when screening a wide variety of new
mixture possibilities. For this reason the combination (ii & ¢) was not considered,
leaving four combinations (i & a), (ii & b), (iii & b) and (iii & c). For reference these
approaches are designated:

1) Ideal liquid, immiscible solid (i & a): IL, IMS

2a) Non-ideal liquid, immiscible solid, modelled AHmix (ii & b): NIL, IMS, MOD

2b) Non-ideal liquid, immiscible solid, measured AHmix (iii & b): NIL, IMS, MEA

3) Non-ideal liquid, Non-ideal solid, measured AHmix (iii & c): NIL, NIS

These combinations are applied to each of the three enthalpy of fusion modelling
approaches, i.e. 12 possibilities. However, since the enthalpic approach does not
require the temperature-composition dependence, there is no distinction between
options (iii & b) and (iii & c). Furthermore, the assumption of ideality means equation
(12) is equivalent to (14) for this case (IL, IMS). Overall, that leaves 10 possible
modelling combinations. By progressively considering the availability of data as well
as the predictive performance for the temperature-composition dependence and
enthalpy of fusion, the possibilities can be reduced as demonstrated in the following
section.

Experimental data is utilised to validate the predictions for multiple systems:
NaNOs-KNO3, LiNO3-KNOs and NaNOs-LiNOs across the entire range of
composition. A combination of literature data [30-33] and experimentally determined
DSC measurements (PerkinElmer DSC4000) are used. The measured data for 21
binary eutectics were found in literature [34]. In addition, the pure component
properties for the 35 salts under consideration were also obtained from the same
source [34] and are given in Table 1. The cost data was retrieved for reagent grade
materials from the Sigma-Aldrich (Merck) online catalogue. For all salts the cost for
supplying 500 g of material was used as this was the only amount at which prices for
all the salts were available. These individual prices for the 35 salts used are also listed
in Table 1.

14



Table 1: Salt properties and prices

Compound Melting Point (°C) Enthalpy of Fusion (J/g) Price ($/kg)
LiF 849 1041 661
LiCl 610 416 726
LiBr 550 203 204
Lil 469 44 4287

Li,SO, 858 84 210
LiNOs 253 373 234
Li,CO3 732 509 280
NaF 996 794 563
NaCl 801 482 56
NaBr 742 255 522
Nal 661 158 355
Na;SO, 884 165 110
NaNO; 307 177 133
Na,CO; 858 165 138
KF 858 507 378
KCl 771 353 53
KBr 734 215 134
Kl 681 145 159
K2SO4 1069 212 87
KNO; 335 88 121
K2COs 900 202 126
MgF2 1263 938 50
MgCl, 714 454 167
MgBr 711 214 381
Mg, 633 93 1187
MgSOs 1137 122 156
Mg(NOs); 426 275 3911
MgCOs 990 698 423
CaF, 1418 381 127
CaCl, 772 253 512
CaBr; 742 145 5020
Cal; 783 142 4582
CaSO, 1460 203 81
Ca(NOs), 560 145 149
CaCOs 1330 521 299

15




4. Results and discussion
4.1. Solution model influence on enthalpy of fusion estimates

Since the temperature-composition dependence is implicitly required for the
enthalpy of fusion calculation using the entropic approach, it is considered first for the
NaNO3z-KNO3z combination. The most accurate result is predictably found using the
least idealised approach, as demonstrated in Figure 4. This requires the use of
expressions for the enthalpy of mixing for both the liquid [35] and solid [29] phase, in
order to generate the activity coefficients via equation (22). The next best performer,
in terms of the liquidus line, or initial freezing point, prediction is the Wilson model.
However, this is not unexpected as the model parameters have been fit using the

eutectic composition and temperature.
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Fig. 4: Temperature-composition prediction (NaNOs;-KNOs)

The least accurate result is found for the use of the experimentally determined
enthalpy of mixing, combination (iii & b). Since the enthalpy of mixing is derived
from purely liquid phase based measurements and not intended for application in
situations of an immiscible solid phase, the result is perhaps not unsurprising. Due to
the poor performance, this combination was excluded from the modelling
possibilities. Since it can only be used in conjunction with the entropic approaches,
this eliminates a further two options. The Schréder equation, based the assumption of
ideality, performs only slightly better, however it requires only pure component

properties.
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These representations can now be used in conjunction with either the enthalpic or
entropic approaches to determine the enthalpy of fusion for the mixture. However,
significant variability is present in the available experimental data for enthalpy of
fusion measurements. This is illustrated in Figure 5 for the NaNO3-KNO3 system. The
cause of the spread is unclear and may be related to the cooling rate as discussed in
the theory section. Nonetheless, it is important to combine these measurements in
some way to obtain a representative baseline against which to rank model
performance. One option would be to average the data. However, since the
measurements have not all been conducted at the same compositions, this would
require interpolation. Instead it was decided to fit a polynomial through the data

which minimises the error w.r.t. to all available data points.
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Fig. 5: Experimental enthalpy of fusion (NaNO3-KNO3)

Variation between datasets can be as high as + 20%. The remaining eight
modelling options can be compared to the representative fit of the experimental data.
The liquid phase enthalpy of mixing is required in two of the three mentioned
approaches and is a quantity which can be measured experimentally. The parameters
of the Wilson model, 4jj and 4ji, have been fit using the eutectic composition and
temperature as data points to give values of 0.329 and 0.984. These values agree well
with those found by Davison and Sun [25] for the same system: 0.593 and 1.02. It is
sensible to first compare the enthalpy of mixing predicted by the fitting of the Wilson
model, using equation (15), to the measured values. The result is rather unexpected as
shown in Figure 6, where the original, experimentally measured values and the

expression given by Kleppa [35] are included.
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Fig. 6: Enthalpy of mixing in liquid phase (NaNO3-KNO3)

Not only is the value significantly larger than expected, it is has the opposite sign
compared to the measured values. This demonstrates the risk when fitting a two
parameter model solely based on the phase diagram. Despite providing a fairly
accurate representation of the liquidus line, the approach is clearly invalid for
calculating the enthalpy of mixing. Since the “regular solution entropic approach”
does not contain the enthalpy of mixing, the Wilson equation can still be used in this
case to represent the temperature-composition dependence. However, since the
remaining two models, enthalpic and rigorous entropic, use AHmix directly, these two
combinations were also eliminated from consideration. The remaining four entropic

based models, along with the two enthalpic ones, are considered in Figure 7.
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Fig. 7: Enthalpy of fusion prediction entropic approach (NaNO3-KNO3)

Overall the performance is very poor and the trend is opposite to expectations,
based on experimental measurements. The figure demonstrates that in fact expression
18



(12) and (14) are identical, thus assuming the excess entropy of mixing is zero, has no
impact in terms of the enthalpy of fusion. Furthermore, neither the assumption of
ideality, nor the use of the Wilson equation significantly deteriorates the already
unsatisfactory prediction. The Wilson equation very closely approximates the fully
non-ideal behaviour in terms of the liquidus temperature-composition behaviour and
as such does not deviate much from the full non-ideal descriptions. The figure also
demonstrates that despite a fairly poor prediction of the phase diagram using the
Schroder equation, the impact on the enthalpy of fusion prediction is comparatively
low.

A slightly more accurate but equally disappointing estimate is found by using the
enthalpic approach. The ideal enthalpic approach is simply a linear combination of the
pure component enthalpies of fusion based on mole fraction. This is only marginally
improved by the addition of the enthalpy of mixing (liquid phase). The reason for this
is that the enthalpy of mixing is comparatively small, it amounts to less than 0.5
kJ/mole, as seen in Figure 6. Thus for this system it deviates very little from the ideal
behaviour.

As pointed out in the derivation, the entropic approach is not theoretically sound
at compositions other than the eutectic. The reason is the fact that everywhere else
solidification involves multiple phases and occurs over a temperature range. Several
attempts were made to correct for these phenomena by more accurately representing
the behaviour as indicated in Figure 1. However, none of these corrections were able
to reverse the direction of the deviation from positive (relative to ideal enthalpic
mixing) to negative (observed experimentally). Ultimately the terms contributing to
the expression were evaluated individually.

For the simplified entropic approach, equation (14) only has two terms, a
temperature weighted average of the pure component properties and an entropic
mixing term. The influence of each term was investigated and it was found that the
poor fit arose from the fact that the entropic mixing term is multiplied by the mixture
melting temperature. This greatly exaggerates its contribution. By implication
materials with higher melting temperatures gain a higher contribution from the mixing
entropy. This seems notionally inconsistent with the concept of entropy increase
through mixing. It was found that if this term is omitted the prediction is significantly

improved, as demonstrated in Figure 8. Using the idealised Schrdder equation makes
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very little difference compared to the fully non-ideal temperature-composition

dependence (Wilson omitted due to its similarity, to aid visualisation).
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Fig. 8: Enthalpy of fusion prediction improvement (NaNO3-KNO3)

Clearly more work is still required to derive a fully consistent thermodynamic
model which predicts fusion with high precision. Nonetheless, it was further found
that subtracting the solid enthalpy of mixing term from the enthalpic approach also
significantly improved the prediction. This term is supplied by Kramer and Wilson
[29] through a fit of the full phase diagram. The solid enthalpy of mixing represents
the reverse of the “unmixing” step proposed as part of the enthalpic derivation. Thus
subtracting it from the liquid enthalpy of mixing is theoretically consistent. Initially it
was thought that this contribution would be insignificant, however for the system
under consideration this is clearly not the case. These four modified approaches
provide adequate predictions for preliminary screening:

1) Modified enthalpic:

AHpysm = Xi%idHpys i + AHmix, tiquia — 4Hmix, sotia (25)

2) Modified entropic:

AH us,i
AHfus,m = Tm,mix XX (#) (26)

a) Temperature-composition using the Schroder equation
b) Temperature-composition using the Wilson equation
c) Temperature-composition using the enthalpy of mixing for both liquid and

solid
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Both the modified enthalpic and the third modified entropic approaches require
expressions for the enthalpy of mixing for both liquid and solid. The former can be
measured experimentally. As mentioned, the latter can only be obtained once the
former has been measured, using a detailed phase diagram as the basis for fitting the
remaining empirical expression [29]. This makes the approach impossible to apply to
the screening of new components. However, once suitable components have been
identified and fully characterised, these options will provide the most accurate
estimate of the enthalpy of fusion as a function of composition. The use of the Wilson
equation requires knowledge of the eutectic composition and temperature to obtain
the model parameters, which is usually also unavailable for novel combinations. Thus
the only practical option for preliminary property estimation is the modified entropic
expression in conjunction with the Schréder equation which has thus far been proven
to perform satisfactorily.

To ensure the conclusions reached do not exclusively apply to the NaNO3-KNO3
system, the modelling was also applied to two other nitrate systems: LiNO3-KNO3,
NaNOz3-LiNOs. For these systems the experimentally obtained enthalpy of mixing for
liquids can be found in literature [27]. Furthermore the phase diagrams are freely
available via the FactSage database [36]. Using this information it is possible to
obtain the expression for the enthalpy of mixing in the solid phase, assuming a similar
form to the liquid phase. The modelling results for the two systems, using all four

modified models are shown in Figure 9 A and B.
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Fig. 9: Enthalpy of fusion prediction A) LiNO3-KNO3z B) NaNO3-LiNO3
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In general the predictions are adequate and there is very little difference between
the models. The entropic approaches seem to provide a slightly better representation
of the data compared to the enthalpic. This demonstrates that the use of the Schroder
equation in conjunction with the modified entropic equation should provide
reasonable preliminary estimates for the enthalpy of fusion of nitrate salts. As wider
validation of the approach, this model (2a) was used to predict the enthalpy of fusion
for 21 binary eutectics found in literature [34]. The predicted results are compared to
the actual values in Figure 10.
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Fig. 10: Enthalpy of fusion prediction for 21 binary eutectics

The salts span a wide variety including halides, carbonates, sulphates and nitrates.
The predictions agree well with the measured values and the uncertainty is close to
the 20% deviation observed for different enthalpy of fusion measurements on the

NaNO3z-KNOs system in Figure 5. The average root-mean-square (RMS) prediction

error is 24.7%, calculated as \/{Z(predicted value — measured value)?}/n where
n is the number of measurements. Individual errors are reported in Appendix A: Table
Al. The presented approach requires only pure component properties, making it ideal
for rapidly screening a wide selection of salts to explore all possible multicomponent
combinations.
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4.2. Pure component enthalpy of fusion estimation

In an effort to further extend the flexibility of the approach, the option of inferring
the enthalpy of fusion was explored. This assumes that melting point data is easier to
obtain than enthalpy of fusion data for potential, pure component candidates. In doing
so, the search space of prospective mixtures could be greatly enlarged. An extensive
list of enthalpies of fusion is available in the Yaws handbook of physical properties
[37]. Additional values for ionic salts have also been reported by Kenisarin [34]. The
values for all the elements in the Yaws list are plotted in Figure 11 against their

melting temperature.
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Fig. 11: Enthalpy of fusion vs melting point for elements

A distinction is made between metallic and non-metallic compounds. It is clear
that the metallic compounds follow the trend indicated by the solid line (slope = 10
J.mol1.K1). This line represents the well-known “Richard’s Rule” [38], which states
that the entropy of fusion is roughly constant at 7-14 J.molX.K™X. This is related to the
enthalpy of fusion via equation (7). As pointed out by Nishizawa [39], non-metallic
compounds tend to release more energy during melting since they have more ordered
and complex crystalline structures than metals. This prompted a subdivision of the
compounds in the list along a similar distinction, namely covalent and ionic
compounds.

Here covalent compounds are crudely defined as being formed by combinations

containing only non-metals, whereas ionic compounds contain both metallic and non-
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metallic constituents. The results for ionic compounds are displayed in Figure 12
along with the additional data from literature. In general the agreement is decent with
a clear correlation being distinguishable. The trend line given in the figure has a slope
of ~25 J.mol"t.K%, which is a substantial increase compared to “Richard’s Rule” and
in line with expectations for higher energy release in more complex, multicomponent,
ionic crystals. The value is close to the number obtained by Redkin [40] for metal
halide salts of 35 J.mol.K™.

so ® [37] AT NG
¢ [34] 955N

Enthalpy [k)/moale]
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Fig. 12: Enthalpy of fusion vs melting point for ionic compounds (blue=fluorides,
green=chlorides,  red=bromides,  cyan=iodides, = magenta=nitrates,  grey=sulphates,
orange=carbonates)

There appears to be a group of exceptions, as indicated by the encircled region in
Figure 12. This group predominantly contains divalent, metal halide salts. Also
excluded from this figure are the ultra-high temperature metal oxides. Both of these
groups exhibit exceptionally large enthalpies of fusion. Perhaps indicative of a more
elaborate crystalline arrangement and higher bond strength, highlighting that the
approach should be used with care in these cases. This also explains the slightly
higher value found by Redkin [40]. The proposed enthalpy of fusion model (2a),
using the Schroder equation, in conjunction with this correlation, only requires pure
component melting point data. The impact of this on the predicted eutectic enthalpy of

fusion is demonstrated in Figure 13.
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Fig. 13: Enthalpy of fusion prediction for 21 binary eutectics using melting point

The average RMS prediction error is marginally increased to RMS 30.6%. This is
still close to the measurement uncertainty. Thus the correlation is simple and will
provide a suitable first guess for compounds which only have melting point data

available.

4.3. Cost optimisation

A preliminary screening has been done to identify the most attractive candidate
combinations. In addition, this provides an initial indication of the lowest, achievable
energy storage cost. The assessment considers four halide salts (F, Cl, Br and 1) in
addition to the nitrates, carbonates and sulphates of three alkali metals (Li, Na and K)
and two alkali earth metals (Mg and Ca). As a sensible baseline for comparison it is
useful to consider an existing industrial case study.

The Gemasolar plant has been operational since 2011 [41, 42]. The heliostat field
based solar power plant uses a salt mixture close to the eutectic composition (60%
NaNOs - 40% KNOs) as storage medium. The plant has a storage capacity of around
15 hours with the salt being taken through a sensible temperature range of 290-565
°C, well above the liquidus temperature of 238 °C. At a heat capacity of around 1.5
kJ.kg.K? and at a cost of approximately $128/kg (using Table 1) this represents an
energy storage cost of ~0.31 $/kJ.
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From a pure component perspective, only six of the 35 chosen salts fall within this
temperature range, at an average cost of 20 $/kJ. Clearly a more economical and
flexible option is needed and initially only eutectics were considered. This avoids any
issues of incongruent melting and provides energy delivery at a constant temperature.
All of the possible binary eutectic combinations using the 35 salts in Table 1 are
represented in Figure 14, limited to those with a storage cost less than 20 $/kJ.

Numerous possibilities exist within a given temperature region.
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Fig. 14: Storage costs below 20 $/kJ for binary eutectics

In order to reduce the number of possibilities the combinations may be grouped. If
the given range of 290-565 °C is subdivided into 5 °C segments, it represents 55 sub-
ranges. It is likely that multiple eutectics fall within the same sub-range, if this is the
case, then the combination with the lowest storage cost is selected. For binary systems
across the full range the cost is reduced to 7.99 $/kJ and 50 of 55 sub-ranges are
covered using 27 of the 35 potential salts. The models can easily be applied to higher
order eutectics. However, further increases in the number of components leads to

diminished returns as illustrated in Figure 15.
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Fig. 15: Average storage cost over temperature sub-ranges as a function of the number of
components (latent heat only)

Using ternary combinations the cost is further reduced to 1.06 $/kJ and all of the
sub-ranges are covered using 26 of the 35 possible salts (salts excluded: Lil, LiNOg,
NaBr, Nal, MgBr2, Mglz, CaCl,, CaBr», Calz). This brings the LHTES system cost to
around three times the current sensible storage. It is possible to reduce the cost further
to 0.71 $/kJ using quaternaries, however as can be seen from the figure, this only
represents a small incremental benefit. Given the uncertainty associated with such
complex systems, this is unlikely to be utilised in practice. Thus ternary systems seem
to offer the optimal flexibility and economics to be of industrial value. The lowest
cost in each of the sub-ranges achieved for ternary combinations are shown in Figure
16, but for a wider range than the operation of the Gemasolar plant.
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Fig. 16: Minimum storage cost for ternary combinations
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The optimum combinations for each subrange are listed in Appendix A: Table A2.
Beyond 350 °C up to approximately 750 °C there is a clear reduction in the storage
cost with an increase in temperature. This is consistent with expectations from the
modified “Richard’s Rule” proposed earlier, which indicates a rise in enthalpy of
fusion with melting point. Assuming prices are more or less randomly distributed, this
leads to a reduction in storage cost at higher temperatures. Thus future work to
operate power plants at progressively higher temperatures will not only increase the
efficiency of the power block but concurrently reduce the energy storage cost. The
sudden increase in cost beyond 750 °C is a result of the exclusion of KCI and NaCl
from the available options. These materials have very low storage costs but since their
melting points are in this region, they can only form eutectics at temperatures lower
than this.

If the entire storage unit is operated around the melting point, in the region of the
maximum Gemasolar temperature (565 °C) the cost would be around 0.4 $/kJ. This is
slightly higher than the current sensible storage value (0.31 $/kJ), but this is a
conservative value. It is unlikely that the stored energy above and below the melting
point would not also be utilised. This will depend on the operating procedures of these
systems which are still being established. If the same size temperature range around
the phase transition is also utilised for LHTES (heat capacities are similar) and
assuming the two costs were in fact equal at 0.4 $/kJ, the store would achieve double
the capacity at the same cost, i.e. 0.2 $/kJ. Since the sensible cost is actually 0.31 $/kJ
the true estimate for combined latent and sensible storage is approximately 0.18 $/kJ.

An effort was made to reduce the current set of 26 salts which delivered the
lowest possible cost. An optimisation was done to find the subset of eight candidate
salts (selected from the full set of 35), which would result in the lowest cost while still
covering a substantial temperature range. The operating region of the Gemasolar plant
was chosen as the upper and lower limits (290-565 °C). The optimal eutectic subset
was found to be: LiBr, Li2SOg, Li.COs, NaF, NaCl, KI, K2SO4 and Ca(NO3)..

The average price achieved by this subset is 1.40 $/kJ, which still compares well
to the value found for the full set of possibilities over the same range (1.06). The set
manages to cover 73% of the selected temperature range. Thus future work will focus
on the experimental exploration of these compounds and their binary/ternary

eutectics. This will allow more accurate prediction of the achievable heat of fusion,
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phase behaviour and storage cost. Thereby enabling the development of eutectics
tailored to specific application requirements in terms of melting behaviour and
temperature.

Thus far only eutectic mixtures have been considered. If on the other hand
incongruent melting is assumed to be manageable, the analysis can be repeated to
include any potential composition. In this case only binaries were considered. Since
the temperature range achievable with a single combination is greatly increased, the
need for more than two components is largely negated. The enthalpy of fusion as a
function of composition is calculated for all possible combinations using the Schroder
equation and the modified entropic approach. For a given temperature interval all
possible combinations yielding a mixture with a liquidus temperature in this range are
considered. The composition is selected which minimises the energy storage cost.

An initial analysis indicated that the entire temperature range could be covered
using a single eutectic: LINOs-KCI. Across the operating range the storage cost would
decrease from 0.008 $/kJ to 0.0045 $/kJ at higher temperatures (more KCI) based on
latent heat alone. Unfortunately this selection, while offering excellent economics,
does have practical concerns. The eutectic composition is very close to pure LiNOa.
Thus if the system exhibits immiscible solid behaviour, as in Figure 1, a mixture with
a composition closer to pure KCI would have to be cooled through the entire
temperature range before completely solidifying (this additional energy has not been
accounted for). Thus such a mixture will not be able to supply the bulk of its energy at
constant temperature. This behaviour may be mitigated if the system exhibits terminal
solid solutions with fairly close liquidus and solidus lines.

On the other hand, the exact operating mechanisms for LHTES systems have not
yet been finalised, so for some designs a “semi-molten slurry” may prove an attractive
option for heat exchange. This slurry would operate across the same temperature
range as the current sensible store, but with significantly higher storage capacity. The
next to optimal behaviour was found for a combination of the following salts: LiNOs3,
NaNOs, Ca(NOs)2, NaCl and KCI. This selection may be capable of delivering stored
energy over a narrower range, however individual temperature regions and phase
diagrams would have to be examined in detail. The achieved storage cost for these

combinations are virtually equal to that of the prior, single binary.
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It should be emphasised that this study has used the available pricing for fine
chemicals, i.e. reagent grade materials. Industrial applications will most likely utilise
bulk raw materials. While the properties of these materials will not be as good as the
fine chemicals, indications are that their costs are up to three orders of magnitude less
(see comparison to bulk values [43, 44] in Appendix A: Table A3). If a more
conservative estimate of cost reduction by a factor of 100 is used, it means expected
storage costs of eutectic LHTES systems should be approximately 1.8 $/MJ for a store
operating temperature of around 550 °C, with concomitant sensible energy recovery.
However, given the ~25% uncertainty in the enthalpy measurements and their
predictions, a value of 1.8 £ 0.45 $/MJ is more appropriate for cost estimates using
bulk materials.

If issues such as incongruent melting associated with non-eutectic mixtures are
overcome, LHTES cost using bulk materials could potentially be decreased to a very
attractive 0.045 $/MJ. This number is conservative since it does not include the
sensible energy released, which would depend on the operating range and the shape of
the solidus line. Thus future work should focus on these “semi-molten slurry” options
to establish the practical hurdles for implementation as they could dramatically

decrease the overall storage cost.

5. Conclusions

Affordable energy storage is a key obstacle facing the widespread implementation
of renewable options such as solar energy. lonic salts and their eutectic mixtures have
been identified as suitable candidates and are currently in use in industry as sensible
storage options. However, in order to maximise the energy density and reduce the
capital cost, it is necessary to consider other options such as the incorporation of
latent heat. LHTES systems have been under investigation for some time; however no
attempt has been made to screen the very large number of possibilities to identify the
key candidates which represent the lowest cost per unit energy stored.

In order to achieve this, an adequate model for the enthalpy of fusion as a function
of composition must be established. Three possible modelling approaches were
considered: enthalpic, regular solution entropic and rigorous entropic. These
approaches were combined with different methods of representing the enthalpy of

mixing and the temperature-composition dependence. The temperature-composition
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dependence was not represented precisely using the assumption of ideality, however
the impact of this on the predicted enthalpy of fusion was minimal. It was found that
the use of a modelled excess Gibbs free energy may result in inconsistent predictions
for the enthalpy of mixing.

None of the derived expressions could suitably represent the highly variable
experimental data for the NaNO3z-KNO3s system. However, it was discovered that
modified versions of the theoretical expressions could significantly improve the
predictions. By removing the entropic mixing term the entropic approach provided the
best predictive capability across a wide range of binary systems. Additionally, by
including a solid mixing term in the enthalpic approach, the accuracy was
substantially improved. In the end it was found that the assumption of liquid phase
ideality and solid phase immiscibility, combined with the modified entropic equation
represented the best option for the initial screening of potential mixtures using only
pure component properties. It was also demonstrated that the approach could be
further generalised to using only pure component melting points via an adapted form
of “Richard’s Rule”. Because of this relationship, it was also demonstrated that as the
storage temperature is increased, storage cost should come down.

The approach was used to screen a wide variety of multicomponent, eutectic
mixtures for application in the range 290-565 °C. It was found that ternary mixtures
provided a good trade-off between cost, flexibility and excessive complexity. Across
the entire range an average price of 1.06 $/kJ was realised. For ternary mixtures the
storage cost at a temperature of around 550 °C (using only latent heat) was predicted
to be around 0.4 $/kJ. If a similar operating temperature range to current sensible
systems is assumed, the combination of sensible and latent storage could result in an
overall cost of around 0.18 $/kJ, which is significantly better than current sensible
storage using solar salt (~0.3 $/kJ).

In an effort to reduce the number of salts which should be pursued for detailed
thermal studies in the future, an optimised subset of eight salts was found (LiBr,
Li»SO4, LioCO3, NaF, NaCl, Kl, KxSO4 and Ca(NO3)2). These salts still achieve an
average price of 1.40 $/kJ and cover 73% of the selected temperature range. Finally,
non-eutectic mixtures were also considered as an alternative solution. These mixtures
do pose significant practical hurdles which must be overcome, such as incongruent

melting, a melting temperature range and the presence of multiple solid and liquid
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phases. However, if these can be mitigated, a single binary mixture, LINO3-KCI, can
cover the entire temperature range at a storage cost of between 0.008 $/kJ to 0.0045
$/kJ.

The prices used in this study are based on fine chemicals, but if bulk materials are
used it is likely that the storage cost for combined sensible and latent stores could be
as low as 1.8 + 0.45 $/MJ for a store operating temperature of around 550 °C, taking
into account measurement and prediction uncertainty. Future studies should explore
the potential of non-eutectic, “semi-molten slurry” options since these could
dramatically reduce the cost to lower than 0.045 $/MJ for bulk materials, if practical

limitations can be overcome.
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Appendix A

Table Al: Binary eutectic prediction errors

Combination | Error (%)
KF-MgF; 2
LiCI-Ca(NOs), 2
KNO3-NaNO; 5
LiF-MgF, 5
KF-LiCl 6
LiF-LiCl 7
LiF-NaF 8
NaCl-CaCl, 11
KF-CaF; 13
NaF-MgF; 14
K>C03-Na,CO3 16
LiF-KF 17
NaCl-MgCl, 20
Li»C03-K,COs 21
NaF-NaCl 21
KF-KCI 22
NaF-CaF; 25
NaF-NaBr 29
KF-KBr 35
LiF-CaF; 39
LiF-MgF; (2) 42
LiCI-KCI 46
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Table A2: Ternary salt eutectic combinations for each sub-range

Range [°C] Salt1 Salt 2 Salt 3
205 - 210 LiCl Li2S04 KNO3
210 - 215 LiBr Li2S04 LiNO3
215 -220 LiCl Li2S04 LiNO3
220 - 225 LiCl LiBr LiNO3
225 -230 LiBr LiNO3 Ca(N03)2
230 - 235 LiBr LiNO3 KBr
235 - 240 LiBr LiINO3 NaCl
240 - 245 LiNO3 Na2CO3 KCI
245 - 250 LiNO3 NaCl KBr
250 - 255 LiNO3 NaCl KCI
255 - 260 LiNO3 MgF2 CaCO3
260 - 265 LiBr NaNO3 MgCI2
265 - 270 NaNO3 KBr Ca(NO3)2
270 - 275 NaNO3 Na2CO3 KCI
275 - 280 NaCl NaNO3 Na2CO3
280 - 285 NaNO3 KCI KBr
285 -290 NaCl NaNO3 KCI
290 - 295 NaNO3 KCI MgClI2
295 - 300 NaNO3 KCI MgF2
300 - 305 NaCl NaNO3 MgF2
305 - 310 NaNO3 MgF2 MgCI2
310 - 315 NaNO3 MgF2 CaCO3
315 - 320 NaCl KNO3 MgF2
320 - 325 K2504 KNO3 MgCI2
325 - 330 KNO3 MgF2 MgCI2
330-335 K2504 KNO3 MgF2
335-340 KNO3 MgF2 MgCO3
340 - 345 LiCl Mg(NO3)2 | Ca(NO3)2
345 - 350 LiBr Li2S0O4 KBr
350 - 355 LiCl LiBr Na2CO3
355 - 360 LiBr Na2CO3 | Ca(NO3)2
360 - 365 LiBr KI Ca(NO3)2
365 - 370 LiCl LiBr KCI
370 - 375 LiBr KBr Ca(N03)2
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375 -380 LiBr KCI Ca(N03)2
380 - 385 LiBr NaCl Ca(NO3)2
385 -390 LiBr Li2CO3 | Ca(NO3)2
390 - 395 LiBr MgCI2 Ca(N03)2
395 - 400 LiBr Na2CO3 KCI
400 - 405 LiBr KCI MgSO4
405 - 410 LiBr NaCl Na2CO3
410 - 415 LiBr KCI KBr
415 - 420 LiBr NaCl KBr
420 - 425 LiBr NaCl KCI
425 - 430 LiF LiBr KCI
430 - 435 LiBr Li2CO3 KCI
435 - 440 LiBr KCI MgCI2
440 - 445 NaCl KCI Ca(N03)2
445 - 450 LiBr KCI CaSO4
450 - 455 LiBr KCI K2S04
455 - 460 KCI MgCI2 Ca(NO3)2
460 - 465 NaCl MgCI2 Ca(N03)2
465 - 470 KCI CaSO4 Ca(NO03)2
470 - 475 Na2C0O3 KCI KBr
475 - 480 NaCl K2S04 Ca(N03)2
480 - 485 NaCl KCI Kl
485 - 490 Li2CO3 KCI Kl
490 - 495 NaCl Na2CO3 KCI
495 - 500 NaCl KCI KBr
500 - 505 Na2CO3 KCI MgCI2
505 - 510 KCI KBr MgCI2
510 - 515 NaCl Na2CO3 MgCI2
515 - 520 NaCl Na2S04 KCI
520 - 525 Li2CO3 NaCl KCI
525 - 530 NaCl KCI MgCI2
530 - 535 NaCl KCI K2CO3
535 - 540 NaCl Na2S04 MgCI2
540 - 545 Li2CO3 NaCl MgCI2
545 - 550 NaCl KF MgCI2
550 - 555 NaF NaCl KCI
555 - 560 NaF KCI MgCI2
560 - 565 KCI KBr MgF2
565 - 570 NaCl KCI CaF2
570 - 575 KCI MgCI2 CaF2
575 -580 NaCl KBr MgF2
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580 - 585 NaCl KCI MgCOs3
585 - 590 NaCl KCI CaCo3
590 - 595 NaCl KCI MgF2
595 - 600 Na2S04 KCI MgF2
600 - 605 NaCl MgF2 MgCI2
605 - 610 NaCl K2CO3 CaF2
610 - 615 NaCl Na2S04 MgF2
615 - 620 KCI K2CO3 MgF2
620 - 625 NaF KCI CaF2
625 - 630 NaCl K2CO3 CaCo3
630 - 635 NaCl K2CO3 MgF2
635 - 640 KCI K2S04 CaF2
640 - 645 K2S04 MgClI2 CaF2
645 - 650 KCI CaF2 CaSO4
650 - 655 NaCl K2S04 CaSO4
655 - 660 NaCl K2S04 CaF2
660 - 665 KCI MgCOs3 CaF2
665 - 670 KCI K2S04 MgF2
670 - 675 MgF2 MgClI2 CaF2
675 - 680 KCI CaS0O4 CaCoO3
680 - 685 KCI MgF2 CaF2
685 - 690 NaCl K2S04 MgF2
690 - 695 KCI MgF2 MgCO3
695 - 700 NaCl CaS0O4 CaCoO3
700 - 705 NaCl MgF2 CaF2
705 - 710 NaCl MgF2 MgCOs3
710-715 K2CO3 MgCOs3 CaS0O4
715-720 KCI MgF2 CaCO3
720-725 LiF MgF2 CasS0O4
725-730 K2S04 K2CO3 MgF2
730-735 Na2S04 MgF2 CaF2
735-740 NaCl MgF2 CaCO3
740 - 745 Na2CO3 MgF2 CaCO3
745 - 750 K2CO3 MgF2 CaS0O4
750 - 755 K2CO3 MgF2 CaF2
755 - 760 NaF CaF2 CasSO4
760 - 765 LiF MgF2 CaCO3
770-775 NaF K2S04 MgF2
780 - 785 K2S04 MgCO3 CaF2
785-790 NaF MgCOs3 CaCO3
790 - 795 K2S04 CaF2 CaS0O4
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800 - 805 MgF2 CaF2 CaSO4

Table A3: Comparison of bulk and fine chemical prices

TS | BT |
LiCl 726 7.8 03
Li,COs 280 6.355 44
NaF 563 0.05 11263
NaCl 56 0.085 654
NaNOs 133 0.38 350
NazCOs 138 0.17 809
KF 378 0.1 3781
KCI 53 0.31 170
KNO; 121 0.85 142
K.COs 126 1.05 120
MgF, 50 0.01 5023
MgCl, 167 0.275 606
CaF, 127 0.5 255
CaCl, 512 0.14 3656
Ca(NO3), 149 0.25 598

Average price increase ratio bulk to fine chemical = 1838

Where multiple values are given for the same chemical the average value is used.

40



	Enthalpy of fusion prediction for the economic optimisation of salt based latent heat thermal energy stores
	Heinrich Badenhorsta , Thomas Böhmerb
	Highlights

	Abstract
	2. Theory
	2.1. The enthalpic approach
	2.2. The entropic approach
	2.3. Phase behaviour of ionic salts
	2.4. The enthalpy of mixing
	2.5. Temperature dependence on composition
	3. Methods and calculations
	3.1. Solution models
	4. Results and discussion
	4.1. Solution model influence on enthalpy of fusion estimates
	4.2. Pure component enthalpy of fusion estimation
	4.3. Cost optimisation
	5. Conclusions
	References
	Appendix A

