
energies

Article

High-Temperature Chloride-Carbonate Phase Change Material:
Thermal Performances and Modelling of a Packed Bed Storage
System for Concentrating Solar Power Plants

Giovanni Salvatore Sau 1, Valerio Tripi 2, Anna Chiara Tizzoni 1,* , Raffaele Liberatore 1 , Emiliana Mansi 1,
Annarita Spadoni 1, Natale Corsaro 1, Mauro Capocelli 2 , Tiziano Delise 3 and Anna Della Libera 2

����������
�������

Citation: Sau, G.S.; Tripi, V.; Tizzoni,

A.C.; Liberatore, R.; Mansi, E.;

Spadoni, A.; Corsaro, N.; Capocelli,

M.; Delise, T.; Della Libera, A.

High-Temperature

Chloride-Carbonate Phase Change

Material: Thermal Performances and

Modelling of a Packed Bed Storage

System for Concentrating Solar

Power Plants. Energies 2021, 14, 5339.

https://doi.org/10.3390/en14175339

Academic Editor: Adrián

Mota Babiloni

Received: 5 July 2021

Accepted: 13 August 2021

Published: 27 August 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 ENEA—Italian National Agency for New Technologies, Energy and Sustainable Economic Development,
Casaccia Research Centre, 00123 Rome, Italy; salvatore.sau@enea.it (G.S.S.); raffaele.liberatore@enea.it (R.L.);
emiliana.mansi@gmail.com (E.M.); annarita.spadoni@enea.it (A.S.); natale.corsaro@enea.it (N.C.)

2 Department of Chemical Engineering for the Sustainable Development, University Campus Bio-Medico,
00128 Rome, Italy; Valeriotripi@hotmail.it (V.T.); m.capocelli@unicampus.it (M.C.);
annadellalibera@outlook.it (A.D.L.)

3 ENEA—Italian National Agency for New Technologies, Energy and Sustainable Economic Development,
Faenza Research Centre, 48018 Faenza, Italy; tiziano.delise@enea.it

* Correspondence: annachiara.tizzoni@enea.it; Tel.: +39-0630486856

Abstract: Molten salts eutectics are promising candidates as phase change materials (PCMs) for
thermal storage applications, especially considering the possibility to store and release heat at high
temperatures. Although many compounds have been proposed for this purpose in the scientific
literature, very few data are available regarding actual applications. In particular, there is a lack of
information concerning thermal storage at temperatures around 600 ◦C, necessary for the coupling
with a highly efficient Rankine cycle powered by concentrated solar power (CSP) plants. In this
contest, the present work deals with a thermophysical behavior investigation of a storage heat ex-
changer containing a cost-effective and safe ternary eutectic, consisting of sodium chloride, potassium
chloride, and sodium carbonate. This material was preliminarily and properly selected and charac-
terized to comply with the necessary melting temperature and latent enthalpy. Then, an indirect heat
exchanger was considered for the simulation, assuming aluminum capsules to confine the PCM, thus
obtaining the maximum possible heat exchange surface and air at 5 bar as heat transfer fluid (HTF).
The modelling was carried out setting the inlet and outlet air temperatures at, respectively, 290 ◦C
and 550 ◦C, obtaining a realistic storage efficiency of around 0.6. Finally, a conservative investment
cost was estimated for the storage system, demonstrating a real possible economic benefit in using
these types of materials and heat exchange geometries, with the results varying, according to possible
manufacturing prices, in a range from 25 to 40 EUR/kWh.

Keywords: phase change material; packed bed storage; thermal storage; concentrating solar plant

1. Introduction

The world energy demand, which could rise by 1.3% each year to 2040, is an imminent
challenge to be faced [1–3]. Recent climate agreements and international policies encourage
the reduction of fossil fuels-based energy consumption, mainly through the increase of
renewable energy sources (RES), such as wind or solar. However, these technologies suffer
from intermittent and unstable energy output, which can be overcome by coupling with
heat storage systems.

Thermal energy storage (TES) materials, based on sensible (SH) and latent heat (LH,
phase change materials (PCM)) are considered viable solutions for this purpose. In particu-
lar, the formers represents the most established technology at an industrial scale, as they
have been largely exploited in concentrated solar plants (CSP), where solar energy is con-
verted into thermal power [4–6]. These systems are expected to reach a worldwide capacity
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of 982GW by 2050, supplying 11% of the global electricity [7,8]. More recently, latent heat
storage technologies are gaining growing interest thanks to the possibility to obtain higher
energy densities compared to sensible heat storage systems [9]. LH accumulation takes
advantage of energy absorbed or released during phase changing, typically liquefaction
or solidification. This enables the storage of a large amount of heat at the phase transition
point, making it suitable for those several processes that require thermal energy at constant
temperature (e.g., electricity generation in Rankine cycles thermal power plants). A proper
PCM should ideally satisfy the following requirements:

• Suitable phase change temperature;
• Large phase change enthalpy (at least 50 kJ/kg);
• Complete reversibility and good cycling stability avoiding phases separation;
• Little sub-cooling to assure that melting and solidification can proceed to a narrow

temperature range;
• Good thermal conductivity;
• Low vapour pressure;
• Small volume change;
• Chemical stability;
• Compatibility with the vessel and the surrounding materials;
• Safe, non-toxic and non-flammable species;
• High availability of materials at acceptable cost;
• Positive life cycle assessment (LCA).

The main investigated systems comply with most of the above criteria and include
organic compounds, metals, salts, and their eutectics [10–12], as summarized in Figure 1.
Actually, organics are oxidizable materials and have to be used below their thermal stability
limit or segregated from the air, and molten salts can be extremely corrosive (especially
chlorides and carbonates) and can require to be confined using expensive alloys [13,14].
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Figure 1. General classification of PCM.

PCMs are available in a broad temperature range. Hoshi et al. [15] classified these
materials according to their melting points, establishing three temperatures ranges: low
below 220 ◦C, medium between 220 and 420 ◦C, and high above 420 ◦C. Regarding the
latter, numerous molten salts mixtures can be feasibly employed, as shown in Table 1. For
single compounds, the melting point tends to increase following the sequence of nitrates,
chlorides, carbonates, and fluorides. Another way to categorize PCMs is by examining
their latent heat and consequent storage density capacity, as reported in Table 2 [16].
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Table 1. Thermophysical properties for pure or mixed molten salts for high-temperature applications (Q. Li et al. 2019). ** %
mol/mol.

Salt Type % wt/wt

Melting
Tempera-

ture
(◦C)

Latent
Heat

(kJ/kg)
Salt Type % wt/wt

Melting
Temperature

(◦C)

Latent
Heat

(kJ/kg)

AgBr pure 432 48.8 NaBr/MgBr2 45/55 431 212
LiOH pure 462 873 KCl/ZnCl2 54/46 432 218
PbCl2 pure 501 78.7 NaCl/MgCl2 48/52 450 431
LiBr pure 550 203 NaCl/CaCl2/MgCl2/KCl 47.4/41.6/8.8/2.2 ** 460 245

Ca(NO3)2 pure 560 145 KCl/NaCl/MgCl2/BaCl2 52.3/20.7/18.2/8.7 ** 475 248

Ba(NO3)2 pure 594 209 KCl/NaCl/CaCl2/BaCl2
47.3/22.7/16.9/13.1

** 478 208

Sr(NO3)2 pure 608 221 KCl/NaCl/CaCl2/BaCl2 42.7/25.8/22.2/9.3 479 217
LiCl pure 610 441 Li2CO3/K2CO3 47/53 488 342
CsBr pure 638 105 Na2CO3/Li2CO3 56/44 496 370
CsCl2 pure 645 121 Na2CO3/Li2CO3 72/28 498 263
FeCl2 pure 677 338 NaCl/CaCl2 33/67 500 281
RbBr pure 692 141 CaCl2/NaCl/KCl 66/29/5 504 279
CsF pure 693 143 BaCl2/KCl/NaCl 53/28/19 542 221

MgBr2 pure 711 214 LiCl/MgF2 94.5/5.5 ** 573 131
MgCl2 pure 714 454 KF/KCl 55/45 ** 605 407
RbCl pure 719 198 NaCl/Na2MoO4/NaBr 38.5/38.5/23 ** 612 168

Li2CO3 pure 732 509 NaF/LiF/CaF2 38.3/35.2/26.5 ** 615 636
KBr pure 734 215 LiF/NaF/CaF2 52/35/13 ** 615 640

CaBr2 pure 736 145 CaCl2/CaSO4/CaMoO4 38.5/11.5/50 673 224
NaBr pure 749 225 NaCl/NaF 66.5/33.5 ** 675 572
KCl pure 771 248 Na2CO3/K2CO3 52.2/47.8 710 176

CaCl2 pure 772 353 Na2CO3/K2CO3 50/50 710 163
RbF pure 774 253 Na2CO3/K2CO3 49/51 710 782

NaCl pure 802 482 LiF/MgF2/KF 64/30/6 ** 710 790
PbF2 pure 824 60 LiF/CaF2 80.5/19.5 ** 767 650
LiF pure 845 1044 NaF/MgF2/KF 64/20/16 ** 804 543

Na2CO3 pure 854 275.7 NaF/MgF2 75/25 ** 832 627
Li2SO4 pure 858 84 CaF2/CaSO4/CaMoO4 49/41.4/9.6 ** 943 237

KF pure 858 468
Na2SO4 pure 884 165
K2CO3 pure 897 235.8
BaCl2 pure 961 76

K2CrO4 pure 973 170
NaF pure 996 794

PbSO4 pure 1000 133

Table 2. Inorganic PCMs with melting temperature above 400 ◦C, latent heat and energy density.

PCM Type
(wt %)

Melting Point
(◦C)

Latent Heat
(kJ/kg)

Energy Density
(MJ/m3)

MgCl2-NaCl (38.5/61.5) 435 351 870
Na2CO3-Li2CO3 (56/44) 496 370 858

NaF-MgF2 (75/25) 650 860 2425
MgCl2 714 452 967

LiF-CaF2 (80.5/19.5) 767 816 1950
NaCl 800 492 1062

Na2CO3 854 276 698
K2CO3 897 236 540

Organic compounds consist of paraffin waxes, esters, acids, and alcohols; inorganic
materials include salt hydrates, eutectics of inorganic salts, metals, and their eutectics.
Organic materials species generally cover the temperature range up to 200 ◦C, but due to
the presence of covalent bonds, most of them are not stable to high temperatures, showing
additionally a relatively low density and, as a consequence, smaller melting enthalpies per
volume than inorganic materials.

Metals PCMs usually have similar melting enthalpies per mass with respect to salt but
higher energy volumetric accumulation due to their higher density. Their main disadvan-
tage is the coupling compatibility with construction materials and heat transfer fluids [17].
Overall, molten salts and their mixtures look like the most suitable compounds for heat
storage at high temperatures.
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Although several PCM TES systems have been proposed in the scientific literature
(Table 2), very few results have been presented about applications in the 420–600 ◦C range,
necessary to increase the efficiency of Rankine cycle power blocks [18–22].

Moreover, little is available regarding the configuration of a suitable heat exchanger.
In general, as far as latent heat storage is concerned, direct and indirect systems can
be considered [23]. Direct systems facilitate heat transfer through immediate contact
between the heat transfer fluid (HTF) and the PCM. Indirect systems separate the HTF and
storage material with a solid heat transfer border: thermal energy can both be delivered
from and to a container filled with the PCM, and heat transfer occurs by way of pipes,
finned tubes, or flat-plate exchangers, or the material is confined in capsules. The latter
technique is of particular interest because it allows maximizing the PCM surface in contact
with the HTF [10,24]. This aspect overcomes, at least partially, the problems related to
volume changes during phase transitions. The shape of the encapsulation depends on the
applications, and the material must be compatible with the contained PCM [25].

Packed bed reactor configurations are among the most suitable systems in the stor-
age field [26], and the related thermal efficiency studies are mainly performed through
numerical simulation approaches, pioneered by Schumann [27], who proposed one of
the most adopted modelling methods. Ismail [28] reported successively on a packed bed
cylindrical reactor composed of spherical capsules (made of different materials, such as
copper, aluminum and polyethylene) filled with water as PCM: a numerical model and
experimental investigation were performed to assess the charging/discharging efficiency
for cold storage. While most articles have been focused on low-temperature PCM appli-
cations [28], whereas fewer works are related to higher thermal levels. Peng et al. [29]
investigated a storage system involving sodium nitrite as PCM in a temperature range
from 200 to 400 ◦C, with solar salt utilized as HTF. Bellan et al. [30] proposed sodium
nitrate as encapsulated PCM (working at about 300 ◦C), using air as HTF and analyzing
experimentally and theoretically the dynamic thermal performances as a function of the
heat exchanger operating parameters.

To summarize, no data are currently available about PCM packed-bed heat exchangers
operating at high-temperature levels, especially around 600 ◦C, although this value is of
particular interest given a Rankine power block presents a quite high efficiency if the
steam operates between 530 and 240 ◦C [22,31]. In particular, a storage system presenting
this working temperature can be suitable for CSP configurations operating with air as
HTF. In this contest, both towers with central receivers [32] and, less often, parabolic
trough plants [33] have been experimentally and theoretically investigated. Regarding the
formers, excluding some exception [34], this type of arrangements are currently coupled,
or proposed to be coupled, with a Brayton cycle as a power generator [35], but several
recent studies showed significant benefits in using hybrid CSPs with a combined cycle
(CC), where Brayton and Rankine sections are configured in series in order to increase the
efficiency [36–38]. In this regard, the system investigated in this work can be proposed
as heat accumulator for the Rankine power block, along with another storage equipment
necessary for the higher temperatures required by the Brayton cycle.

In particular, an eutectic chloride-carbonate based salt (NaCl-KCl-Na2CO3) was se-
lected for operating near 600 ◦C and, at the same time, to provide low environmental impact
and toxicity [24], along with low cost and high availability of the single basic components.

For this purpose, the mixture thermal properties were experimentally determined,
including melting temperature, specific heat, latent heat and storage energy density, while
thermal conductivity was estimated. In order to maximize the heat exchange surface, a
spherical encapsulation is considered in this work, with aluminum selected as separation
material, given both its feasible thermal conductivity properties and good compatibility
with the molten salts [39]. Clearly, this configuration type is expectably more costly than
arrangements where the PCM is inserted in shells, tubes, or macrocapsules. On the other
hand, a fixed bed presenting small particles can lead to a quite high, efficient heat exchange,
and the techniques for microencapsulation could become more cost-effective in the future.
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Although chlorides are reported to be highly corrosive for stainless steel [13], this latter
material was proposed for the tank, assuming a predictable limited extent for eventual
PCM leakages.

Then, the selected packed-bed was simulated by a fluid dynamic model, in order to
calculate the efficiency of the storage system. Finally, a realistic investment cost analysis was
carried, and the results were compared with commonly used commercial storage systems.

2. Materials and Methods
2.1. Sample Preparation

A ternary mixture of sodium chloride (NaCl), potassium chloride (KCl), and Ssodium
carbonate Na2CO3) (0.26/0.40/0.34 mol fraction) was selected as the PCM material charac-
terized in this work [40]. Analytical grade salts were purchased by Sigma-Aldrich: NaCl
(CAS number 7647-14-5), KCl (CAS number 7447-40-7) and Na2CO3 (CAS number 497-
18-8). The pure compounds were mixed according to the eutectic weight percentages in
order to synthetize about 10 gr of final product, dissolved in about 40 mL of deionized
water, and then, the aqueous mixture was agitated for about 30 min to obtain a complete
solubilization. The solutions were then dehydrated under stirring by employing a heated
plate and maintaining the water temperature at the boiling point; the whole evaporation
process took around 3 h to be completed. The acquired ternary salt was finally poured into
a mortar and made as fine and homogeneous as possible.

2.2. Experimental Measurements

The PCM thermo-physical properties were experimentally investigated, including
latent heat, heat capacity, density, and thermal conductivity of the PCM material.

To evaluate both latent heat and heat capacity, a DSC 1 Mettler Toledo was employed.
The measurements were performed under an inert ambient provided by a nitrogen flow of
40 Nml/min.

The latent heat was measured by a DTA analysis between 50 ◦C and 600 ◦C, using
heating and cooling ramps at 10 ◦C/min. Its value, with a relative error of ±10%, was
obtained by integrating the endothermic and exothermic phase transition peaks. With
this technique, the reference and sample crucible are placed inside the same heating cell.
When an endothermic process occurs, sample temperature rises slower than the reference
temperature, because of the heat absorbed during the melting process. On the contrary,
during an exothermic process (e.g., solidification), the sample temperature resulted higher
than the reference one. The difference between the temperatures is proportional, by a
calibration curve, to the absorbed heat flow, visualized as the resulting DSC peak, and the
peak onset represents the start of the sample phase change.

The standard DSC method for calculating the heat capacity is provided by the protocol
DIN51007, where the heat capacity is determined by comparison with pure sapphire
(NIST), employing a series of isothermal steps alternated with temperature heating ramps
(10 ◦C/min). The assessed experimental uncertainty was around ±5%.

Density measurement in the liquid phase was performed taking advantage of Archimedes’
principle: for this purpose, a dynamometer was used to measure the difference between
gravity and Archimedes buoyancy forces. Solid-phase apparent density was determined at
room temperature by a pycnometer after re-solidification of the PCM.

Thermal conductivity was estimated by literature references regarding the constituent
pure compounds values.

2.3. Modelling Numerical Method and Governing Equations

In order to assess the performances of the PCM for energy storage purposes, a direct
contact configuration was assumed. The heat exchanger was modelled considering a
cylindrical geometry where the HTF (pressurized air) flows vertically, as schematized in
Figure 2. The capsule diameter was assumed to be 5 cm, as a good compromise between a
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proper heat exchange and a feasible preparation of the material; as a consequence, each
capsule includes about 127 g of PCM.

Energies 2021, 14, x FOR PEER REVIEW 6 of 18 
 

 

The latent heat was measured by a DTA analysis between 50 °C and 600 °C, using 
heating and cooling ramps at 10 °C/min. Its value, with a relative error of ±10%, was 
obtained by integrating the endothermic and exothermic phase transition peaks. With this 
technique, the reference and sample crucible are placed inside the same heating cell. When 
an endothermic process occurs, sample temperature rises slower than the reference 
temperature, because of the heat absorbed during the melting process. On the contrary, 
during an exothermic process (e.g., solidification), the sample temperature resulted higher 
than the reference one. The difference between the temperatures is proportional, by a 
calibration curve, to the absorbed heat flow, visualized as the resulting DSC peak, and the 
peak onset represents the start of the sample phase change. 

The standard DSC method for calculating the heat capacity is provided by the 
protocol DIN51007, where the heat capacity is determined by comparison with pure 
sapphire (NIST), employing a series of isothermal steps alternated with temperature 
heating ramps (10 °C/min). The assessed experimental uncertainty was around ±5%. 

Density measurement in the liquid phase was performed taking advantage of 
Archimedes’ principle: for this purpose, a dynamometer was used to measure the 
difference between gravity and Archimedes buoyancy forces. Solid-phase apparent 
density was determined at room temperature by a pycnometer after re-solidification of 
the PCM. 

Thermal conductivity was estimated by literature references regarding the 
constituent pure compounds values. 

2.3. Modelling Numerical Method and Governing Equations 
In order to assess the performances of the PCM for energy storage purposes, a direct 

contact configuration was assumed. The heat exchanger was modelled considering a 
cylindrical geometry where the HTF (pressurized air) flows vertically, as schematized in 
Figure 2. The capsule diameter was assumed to be 5 cm, as a good compromise between 
a proper heat exchange and a feasible preparation of the material; as a consequence, each 
capsule includes about 127 g of PCM. 

 
Figure 2. The heat exchanger unit geometry scheme used for the modelling. 

A MATLAB 2020 pdepe function was used to solve the differential equations system. 
The equations necessary to define the heat exchanger mass and energy balances are 
reported in Table 3. To take into account the convective energy exchange with spherical 
particles, it is necessary to define a parameter “aPCM” ((1)) that is equal to the PCM surface 
per length divided by the tank section [41–43] ((2)). The thermal resistances of, respec-
tively, air, PCM, and aluminum shell are defined in (5)–(7). The Reynolds number for 
packed beds [43] was calculated with (9) [11], using the HTF mass flow rate from (3), while 
the convective heat transfer coefficient between PCM and air ((4)) was evaluated utilizing 
the method described by Xu et al.[8], with the Prandtl parameter defined in (10). 

  

Figure 2. The heat exchanger unit geometry scheme used for the modelling.

A MATLAB 2020 pdepe function was used to solve the differential equations system.
The equations necessary to define the heat exchanger mass and energy balances are reported
in Table 3. To take into account the convective energy exchange with spherical particles, it
is necessary to define a parameter “aPCM” (1) that is equal to the PCM surface per length
divided by the tank section [41–43] (2). The thermal resistances of, respectively, air, PCM,
and aluminum shell are defined in (5)–(7). The Reynolds number for packed beds [43] was
calculated with (9) [11], using the HTF mass flow rate from (3), while the convective heat
transfer coefficient between PCM and air (4) was evaluated utilizing the method described
by Xu et al. [8], with the Prandtl parameter defined in (10).

Table 3. Equations necessary to determine: Reynolds, Prandtl numbers, and the heat exchange global
coefficient (P = 5 bar, T = 420 ◦C).

Equation Units

aPCM = Sr
πR2

1
m (1)

Sr = 3 APCM
r M (2)

vair =
.

mair
ρair ε Ac

m
s (3)

hAIR−PCM = 1
RAIR+RPCM+Rw

W
m2K (4)

RAIR = 1
hair

(5)
RPCM = s

kPCM
(6)

Rw = s
kw

(7)

h =
0.191

.
mRe−0.278cpair Pr

επR2
W

m2K (8)

Re = 2 r
..

mair
(1−ε)ρairµairπR2

(9)

Pr = µaircpair
kair

(10)

The heat exchange behavior as a function of time and HX length is described by the
1-D scalar energy expressions for HTF and PCM (11) and (12), as listed in Table 4 The z
coordinate is evidently the flow direction of the HTF.

Table 4. 1-D Energy governing equations, which describe the heat exchange between PCM and air, as a function of time and
HX length.

HTF (air) ρaircpairε ∂Tair
∂t +ρaircpairεvair

∂Tair
∂z = kairε ∂2Tair

∂z2 + hair−PCMaPCM(TPCM−Tair) (11)

PCM ρPCM(1 − ε) ∂H
∂t = −hair−PCMaPCM(TPCM − Tair) (12)
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The following assumptions were considered:

• Tank walls are adiabatic and heat losses are neglected;
• PCM and HTF temperatures change only along the direction in which the HTF flows;
• Averaged thermo-physical properties of PCM and HTF are assumed as constant and

independent of the temperature variation.

The PCM enthalpy is defined in (13) and (14) as the sum between the PCM latent and
sensible heats, calculated imposing a PCM final discharging temperature of 573K (300 ◦C),
that is the minimum realistic value to allow heat exchange with the HTF. In turn, the PCM
temperature is related to its enthalpy level (15).

HPCMsensible_tot = HPCMlatent +
(

HPCMsensible_T=851K − HPCMsensible_T=573K

)
(13)

HPCM = HPCMlatent +
(

HPCMsensible_T_actual − HPCMsensible_T=573K

)
(14)

TPCM =

{
TPCMmelt i f HPCMsensible_tot ≤ HPCM ≤ HPCMsensible_tot + HPCMlatente

HPCM
cpPCM

i f HPCM ≤ HPCMsensible

(15)

To solve the partial differential equations, the initial and boundary conditions were set
according to the input parameters used for mass and energy balances, as shown in Table 5.

Table 5. Boundary conditions related to (11) and (12).

HTF
Tair(z, 0) = T0

air
Tair(0, t) = Tin

air
∂Tair(z,t)

∂z = 0 f or z = L
PCM H(z, 0) = H0

3. Results
3.1. Experimental Results

The eutectic composition of the ternary mixture was verified by DTA, showing, within
the experimental error, the equivalence of the solidus (initial melting) and liquidus (initial
solidification) temperatures, as reported in Figure 3. The latter was about 5 degrees lesser
due to a small overcooling effect. Overall, the phase change temperature resulted of 572 ◦C.
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Always by DTA, it was possible to determine the latent heat (Figure 4), averaging the
liquefaction and solidification enthalpies, that present very close values, demonstrating the
absence of significant kinetics phenomena and the cyclability of the process.
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The value of density in the liquid state was measured just above the phase change
point, and it was found to be approximately 2.05 g/cm3. In the solid phase, the density
value of the powder, obtained after having melted and solidified again the PCM, was
around 1.94 g/cm3. This value represents an “apparent” behavior; in fact, the stable phase
of solid salts presents, as a rule, a higher density than the one in the molten form [44].

For specific heat determination, six independent measurements of the eutectic mixture
were carried out. An example is shown in Figure 5, where are reported, respectively, the
curves for sapphire, sample, and the specific heat (obtained with sapphire as reference).
In Figure 6 are plotted the averaged values of heat capacity, with positive and negative
deviations as a function of temperature. An almost constant trend was obtained for both
PCM phases.
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Regarding thermal conductivity, few data are available in the scientific literature and
only for the single salts composing the mixture [9,45,46]. Moreover, the apparent value
related to the solid phase depends on the solid structure formed during the PCM phase
change. In order to perform a conservative modelling analysis, the minimum thermal
conductivity value reported at the transition point was considered as the more realistic for
the ternary mixture.

3.2. Simulation Results

Table 6 summarizes the PCM and HTF thermophysical properties as well as their
operating temperature range. Both are averaged values, the former considering the re-
sults illustrated above, while the latter were taken from the scientific literature [47]. Since
discharging is bound to the user duty, which determines the HTF inlet and outlet temper-
ature along with its mass flow, this process was expected to size the heat exchanger by
a fluid-dynamic analysis. To feed a high-efficient Rankine cycle, the air inlet and outlet
temperatures were set to, respectively, 290 ◦C and 550 ◦C. Air pressure was assumed at
5 bar, in agreement with the values present in the literature for CSP plants using this fluid
as HTF [48].

Table 6. Thermophysical equation for both HTF (air) and PCM: specific heat, density (apparent for
capsules), viscosity (for air), thermal conductivity (P = 5 bar, T = 420 ◦C).

Parameter Value Unit

Tair_in 290 ◦C
Tair_out 550 ◦C

TPCM_melt 572 ◦C
ρair 2.5144 kg

m3

cpair 1.0748 kJ
kg K

kair 51.184·10−3 W
m K

µair 34.024·10−6 Pa s
ρPCM(liquidus) 1935 kg

m3

cpPCM 2.6 kJ
kg K

kPCM 0.56 W
m K

HPCM 195.5 kJ
kg
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The minimum necessary heat exchanger size was determined by a preliminary cal-
culation taking into account energy duty and the energy balances. In particular, it was
considered a thermal power of 50 MW for 3 h of storage. As a consequence, it was possible
to define the necessary airflow at the operating pressure.

In order to minimize the storage costs, just one single tank was configured as a heat
exchanger. As air mass flow is bound to the required thermal power, the tank section was
designed to minimize air velocity and, at the same time, to ensure a turbulent flow through
the packed bed, implying a Reynolds’ number not less than 2000 [49]. This way, air velocity
was at its minimum allowable value, leading to a theoretical optimum situation for the
heat exchange efficiency between the heat transfer fluid and PCM.

The main specifications for the heat exchanger module are reported in Table 7. Given
the resulting tank diameter and considering the capsules size, it is possible to approximately
assume a void fraction of 0.3, according the data for similar configurations present in the
scientific literature [11,42].

Table 7. Heat exchanger minimum size parameters.

Number of Tanks 1

Tank Section area 166.7 m2

Tank Radius 7.29 m
Tank Height 6 m
Tank Volume 500 m3

Volume of the PCM inside 304 m3

Weight of the PCM inside 587.7 tons
ε 0.3

T_in PCM 851 K
T_in PCM 573 K
T_in AIR 563 K

T_out AIR 823 K
HTF mass flow 65.2 m3/s
HTF velocity 1.3 m/s

Reynold number 2060
Discharging heat 94.3 GJ

Discharging time (3 h) 10,800 s
Discharging power 50 MW

The simulation results for the discharging phase, obtained by using the Matlab pdepe
function to solve the governing Equations (11) and (12) within a determined time and
length (t, z), and with a 1-D mesh grid, are described in Figure 7. In particular, in Figure 7a,
the HTF temperature is reported, while Figure 7b,c show, respectively, PCM enthalpy and
temperature as a function of the discharging time and heat exchanger height.

The modelling outcome highlights the release of sensible heat, along with latent
enthalpy, especially in the first layers of the heat exchanger. This effect cannot be avoided
and affects the thermal exchange efficiency between air and PCM, given heat is transferred
at lower temperatures. The consequence is particularly evident after about 6000 s of
discharging time, with a decrease in the air outlet temperature. Hence, in order to obtain
the necessary input temperature for the user, a larger amount of PCM must be utilized,
leading to an increase in the heat exchanger investment cost.
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The storage efficiency can be determined as proposed by Li et al. [50] (16), where the
numerator can be calculated by integrating the simulated curve of HTF temperature at
the heat exchanger outlet versus the discharging time (t), while the denominator is the
maximum theoretical outcome, related to unitary efficiency. A result of 0.77 was obtained,
showing a good efficiency despite the non-ideal behavior of the thermocline system.

η =

∫ tdischarging
0 [THTF_actual at z=z_outlet − THTF at z=z_intlet]dt

(THTF_theoretical at z=z_outlet − THTF at z=z_intlet)t f inal_discharging
(16)

On the other hand, a more realistic practical way to calculate the storage efficiency is
to consider the lowest packed bed necessary to obtain a constant HTF outlet temperature
along the entire discharging time. The fluid-dynamic simulation shows that this can be
achieved if the PCM height is increased up to 4.4 m (Figure 8). Actually, Figure 8 shows
that after a small stabilization time the air exiting temperature maintains a stable value
at 550 ◦C (823.15 K) practically over the whole discharging phase. The efficiency can be
then defined as the ratio between the lowest, related to unitary efficiency, and the actual
packed bed volume, resulting in a value of 0.6, which seems to describe more realistically
the behavior of the storage system.
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3.3. Cost Analysis

The tank cost, including stairs, platforms and the normal complements for the flow
hardware was assessed by literature price tables [51]. Both stainless steel AISI 304 and
316L, along with carbon steel, ASTM A516 grade 70, were considered as construction
materials. The cost, originally in dollars, was calculated in euros with an exchange rate
of 1.13 USD/EUR and was updated at the present year using the updated equipment
cost indexes (“Chemical Engineering Plant Cost Index: 2018 Annual Value—Chemical
Engineering | Page 1” n.d.). The price of the PCM and the capsules was estimated by an
online market search regarding the single salts and aluminum plates; the manufacturing
additional cost, including encapsulation, was assumed at 25% of the material price. The
storage efficiency calculated in the previous paragraph was as well taken into account to
determine the oversize of encapsulated PCM and tank. The investment cost per thermal
kWh resulted in a minimum calculated value of about EUR 25, which is quite consistent
with the figures expected for high-temperature thermal storage [52]. At any rate, it is
significantly lower than the value of EUR 40, presented nowadays by the two storage,
sensible heat systems, based on molten salts [22,31] and in line with the Key Performance
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Indicators (KPI) [53]. Table 8 shows the breakdown of the packed bed heat exchanger
investment costs.

Table 8. Packed bed heat exchanger: investment cost analysis.

Units Total Cost in EUR

Total PCM weight 587,723 kg
Storage efficiency 60%

Actual PCM weight needed 763,277 kg
Actual PCM cost 230,406
Sphere diameter 5 cm

Al thickness 0.0040 m
Total number of spheres 6,650,113

Total Al weight 1,409,491 kg 2,635,749
Tank radius 7.29 m
Tank height 6.00 m

Tank volume 1000 m3

Total costs: tank + PCM
With SA516 gr 70 128,127

With AISI 304 253,585
With AISI 3016 293,625

PCM manufacturing impact on the
total cost 25%

Total cost including PCM manufacturing
With SA516 gr 70 3,710,821

With AISI 304 3,836,279
With AISI 3016 3,876,319

Investment costs per electric power and electric energy
Cost EUR/kW with SA516 gr 70 74.22 EUR/kW

Cost EUR/kWh with SA516 gr 70 24.74 EUR/kWh
Cost EUR/kW with AISI 304 76.73 EUR/kW

Cost EUR/kWh with AISI 304 25.58 EUR/kWh
Cost EUR/kW with AISI 316 77.53 EUR/kW

Cost EUR/kWh with AISI 316 25.84 EUR/kWh

Considering that the estimation of the encapsulation costs cannot be quite accurate, a
sensitivity analysis by varying the percentage attributed to the manufacturing of the PCM,
from 25% to 100%, was carried out on the total cost per kWh for the three different types of
steel considered, as reported in Table 9.

Table 9. PCM manufacturing variation impact to the total costs.

PCM Manufacturing Cost (%) 25% 50% 75% 100%

EUR/kWh
SA516 gr 70 24.74 29.52 34.29 39.07

AISI 304 25.58 30.35 35.13 39.91
AISI 3016 25.84 30.62 35.40 40.17

It is thus possible to deduce that PCM encapsulation price strongly affects the trend of
the total cost, as also shown in Figure 9.
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4. Conclusions

The present article aimed to evaluate the performances of a PCM storage system for
high temperatures based on a direct heat exchanger.

Firstly, it was necessary to select a suitable phase change material, which has to comply
not only with the necessary thermophysical features but also needs to present low toxicity
and cost along with high availability. To this aim, an eutectic mixture formed by chlorides
and carbonates was selected and experimentally characterized, and the results showed
a transition temperature near 600 ◦C and a high capacity for heat accumulation due to a
latent enthalpy of 195 kJ/kg and a density of about 2000 Kg/m3.

Among several possible configurations for a feasible heat exchanger, given the ne-
cessity to confine the PCM and considering a relative scarcity in the scientific literature
about studies regarding packed bed with microcapsules, a tubular geometry with spherical
encapsulation was selected and investigated.

The sizing of the heat exchanger was carried out using scalar one-dimension energy
equations to simulate the fluid-dynamic behavior, setting the accumulation power and
time, and considering a Rankine cycle as a power block. Then, the storage efficiency was
calculated, obtaining a relatively good value of 0.6.

Finally, a cost analysis was performed, using realistic prices both for the PCM and the
tank materials. The results are quite promising, showing high potential benefits for this
technology. Evidently, the weak point of this evaluation is the scarcity of data about actual
costs for the microencapsulation process, which is a key point for the suitability of this type
of storage systems. For this reason, it can be stated that this issue needs to be thoroughly
investigated in the next future in order to make the latent heat technology more efficient
and dispatchable.
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Glossary

Nomenclature Units

Density ρ kg
m3

Specific heat cp kJ
kg K

Thermal conductivity k W
m K

Void fraction of packed bed ε

Velocity v m
s

Convective coefficient of heat transfer hair−PCM
W

m2K
Convectivity factor aPCM (1/m)

Temperature T K
Time t s

Enthalpy H kJ
kg

Dynamic viscosity µ Pa s
Cross section area of the cylindrical tank Ac m2

Reciprocal of thermal exchange coefficient ω m2K
W

Thickness s (m)
Mass flow rate

.
m (kg/s)

Radius of capsule r (m)
Radius of tank R

Dynamic viscosity µ Pa* s
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