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Abstract: In the present paper, the finite element method is used to perform an exhaustive analysis
of the thermal behavior of encapsulated phase change materials (EPCMs), which includes an
assessment of several materials in order to identify the best combination of PCM and shell material
in terms of thermal energy storage, heat transfer rate, cost of materials, limit of pressure that they
can support and other criteria. It is possible to enhance the heat transfer rate without a considerable
decrease of the thermal energy storage density, by increasing the thickness of the shell. In the first
examination of thermomechanical coupling effects, the technical feasibility can be determined if the
EPCM dimensions are designed considering the thermal expansion and the tensile strength limit of
the materials. Moreover, when a proper EPCM shell material and PCM composition is used, and
compared with the current storage methods of concentrated solar power (CSP) plants, the use of
EPCM allows one to enhance significantly the thermal storage, reaching more than 1.25 GJ/m? of
energy density.
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1. Introduction

Worldwide, high dependence on fossil fuels and the increased energy demand have set two
challenges for society: (1) to identify environmentally friendly energy sources, and (2) to develop
more efficient methods and technologies, in order to satisfy the high energy demands. To achieve
these targets, renewable energy generation technologies have become a key factor by allowing
exploitation of cleaner and abundant energy sources. Nevertheless, these technologies have their
own limitations, like low capacity factor as a consequence of using variable and unpredictable
primary energy sources.

In the case of concentrated solar power (CSP) plants, the intermittency problem is addressed
with the use of thermal energy storage (TES) systems [1-4]. Thanks to TES the CSP plant can
produce energy when no sunlight is available, then this component contributes to produce an
almost continuous supply of electricity and, as consequence, increase its capacity factor. In fact,
currently TES systems could increase capacity factor from 20% (no TES system) to 50% (TES system
of 7.5 h) [5]. Moreover, new CSP projects are more ambitious, reaching more than 10 h of thermal
storage, as the case of an under-construction solar power plant in Chile, which TES module is
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designed for 17.5 h. of storage obtaining a capacity factor above 80% [6]. According to Ma et al. [1],
CSP plants integrated with TES can provide utility-scale, dispatchable electricity to the power grid.

Most commonly used TES commercial designs corresponds to a two-tanks system with molten
salt as heat storage medium, also known as solar salt. This is a mixture composed by 60% NaNO:s
and 40% KNO:s [7], but there is still space for improvement. The importance of TES in CSP plants
has encouraged several researchers to achieve higher capacity factors and more efficient systems,
by improving structural and operational features like energy storage density, heat transfer rate and
system size, within others. Reducing the costs of TES systems is also important. Several studies
have concluded that among the three types of TES (latent heat, sensible heat and thermochemical),
latent heat storage (LHS) is the most attractive to store energy, since this method has higher storage
densities and lower costs in comparison to sensible and thermochemical heat storages, respectively
[8,9]. Since higher energy densities allow one to reduce TES material volumes and tank sizes, TES
system cost is expected to decrease.

2. Phase Change Materials

LHS uses phase change materials (PCMs) as heat storage medium. These materials absorb and
release energy through phase change transitions at constant temperature. Several PCMs such as
hydrated salts [10], inorganic salts [11-14], paraffins [15], fatty acids [16], polyester [17] and
polyether [18] have been investigated for thermal energy storage in different temperature ranges
[19]. PCMs are principally classified according to their working temperature and chemical
composition.

According to working temperature, they are divide into low (below 120 °C), middle (between
120 and 200 °C) and high (up to 200 °C) temperature, where PCMs with fusion temperatures inside
the 300-550 °C range are compatible with currently technologies used in solar plants [9].

According to chemical composition, PCMs can be divided into organic and inorganic. Since
organic PCMs’ low conductivity reduces the energy efficiency during heat charging and
discharging processes [20,21], inorganic materials are preferable to organics as TES material.
Moreover, compared with other PCMs, inorganic salts usually present high thermal stability and
advantageous behavior for high temperatures application [22-24].

Inorganic PCMs include hydrated salts, inorganic salts, saline compounds and metallic alloys.
Among them, inorganic salts like nitrates, sulfates, carbonates, chlorides and hydroxides with
melting temperatures above 300 °C can be highlighted as storage media in solar power plants for
high-temperature TES systems [8].

According to Khan et al. [25] organic PCMs is preferable to salt hydrates, for their
non-corrosive nature and insignificant solubility in water. Hydrate salts are often highlighted as
thermal energy storage materials, but hydrates cannot be used as TES medium on CSP plants, due
to the unavailability of recombination with water during the reverse process of freezing, which
results in incongruent melting [26,27].

Due to the use of PCMs like inorganic salt mixtures, it is possible to increase the energy density
by 50% and reduce the cost by over 40% [28]. Nevertheless, PCMs’ solid-liquid transition has
technical challenges such as the low thermal conductivity of nitrates and phase instability during
melting process [26]. Therefore, PCMs require large heat transfer areas. Moreover, there are other
problems such as container complexity, phase segregation and sub-cooling, which can be very
severe and completely hinder stored energy extraction [9,10].

As consequence, an interesting PCM enhancement method is encapsulating the PCM with a
high thermal conductivity material, therefore obtaining an encapsulated phase change material
(EPCM) as heat storage medium. Using EPCM as a TES material has features that could position it
as an excellent and highly efficient TES method [19].

3. EPCM State of the Art

EPCMs possess large heat transfer surface areas, allowing them to increase the heat transfer
rate during charging and discharging processes [7,25]. As a consequence, the demand response of
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the CSP plants could be improved. Moreover, encapsulation provides a barrier between the PCM
and heat transfer medium which contributes to prevent corrosion [8,29,30]. In additon, the shell
barrier contributes to mitigation of sub-cooling and segregation problems during thermal cycling
[31]. EPCMs’ size is relevant to enhancing the heat transfer rate. Based on size, EPCMs can be
classified as nano (below 1000 nm), micro (from 1000 nm to 1000 um) and macro (above 1000 pim)
[30]. According to Alam et al. [2] between micro and macro EPCMs, micro EPCMs provide faster
charging and discharging rates because of the smaller distance for heat transfer.

Shell cracking and incomplete melting process are main possible problems of using an EPCM.
They occur because of the high pressure during the solid-liquid transition, as a consequences of the
thermal expansion of the PCM. Among these technical challenges, incomplete melting could be
observed just in very constrained situations and it could be accompanied by local recrystallizations.
Instead, in order to avoid shell cracking, shell materials must be strong enough to resist high
pressure imposed by solid-liquid transitions. Therefore, in order to minimize pressure and maintain
structural integrity, leaving sufficient hollow space inside EPCM capsule or using high shell
thickness to prevent deformation could be essential [32-35].

According to Pitié et al. [36], during melting processes PCMs should have high latent heat but
low volumetric expansion, which leads to a lower pressure increase. According to Lopez et al. [32]
shell cracking during heating processes could be also avoided by reducing the pore-wall rigidity,
increasing pore-walls thickness or increasing pores’ connectivity. According to Parrado et al. [37]
pressure decreases with time, guaranteeing that the shell will not crack, during cooling process.

Regarding the EPCM fabrication methods, according to Khan et al. [3] between chemical and
physical PCM encapsulation manufacturing methods, chemical encapsulation techniques result in
better heat storage capacity. The following are interesting examples of EPCMs applied as storage
medium:

(1) Cascade system is a TES technique characterized by using encapsulated salts in packed beds,
which are progressively ordered according to their melting points from the bottom to the top
of a single tank [38]. This method allows one to significantly increase the heat transfer rate, due
to the constant melting. In fact, cascades of macro-encapsulated PCMs can store 50% more
energy per unit volume than conventional two tanks system of CSP plants [39]. Compared to
traditional CSP two-tank systems, the cost of such a TES system could decrease from 27 to 16
$USD/kWHh, according to [40,41].

(2) Micro-encapsulated phase change slurry (MEPCS), which consists of a suspension where
PCMs are microencapsulated, enhancing heat transfer due to direct surface contact between
EPCM and heat transfer fluid (HTF), without altering the physical properties of the liquid
(density, viscosity) [42].

(3) Fluidized bed storage (FBS) is similar to the packed bed of cascade system, but instead of fixed
PCM, EPCMs flow inside a TES single-tank. This method allows one to work at uniform
temperature and increase the heat transfer rate of micro-encapsulated PCMs [43]. High heat
transfer rates can be achieved between a fluidized bed of coated PCM particles and a heat
exchanging surface [44]. In circulating fluidized bed, heat transfer rate determines heat
exchange surface area required, which depends on capsule diameter [44,45].

In summary, EPCMs’ potential to enhance TES system is improved by using different
geometries (like tubular or spherical EPCMs), sizes (nano, micro or macro) and multiple TES
applications (like cascaded systems, MEPCS’, fluidized beds, within others).

4. Methodology

The general objective of the present work was to perform an exhaustive thermal evaluation of
different combinations of PCMs and shell materials, in order to identify which combination
produces the highest energy density and heat transfer rate during the heat charging process.

For this purpose, a thermomechanical analysis using material properties like specific heat,
density, thermal conductivity coefficient, latent heat (i.e., enthalpy of fusion and crystallization),
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temperature of phase change, Poisson ratio, Young’s modulus and thermal expansion coefficient is
presented.

Criteria Selection for EPCM Materials

An ideal shell material should have at least the following features [31]: high thermal
conductivity to ease the heat exchange between PCM and HTF, should not react with the shell,
sufficient structural and thermal strength to withstand phase change process, and retain all the
thermo-physical properties at the micro and nano level size, and impermeability.

Previous studies of EPCMs have been focused on copper [36], graphite [35,46], and silicon
carbide [35], among others, as shell materials. Nevertheless, it is interesting to review materials
used by other heat transfer enhancing methods since they could also improve the efficiency and
reduce costs of the system. Also, they fulfill at least two of the most important selection criteria for
shell materials: they are good thermal conductors and they do not react with PCMs.

These methods and materials are the impregnation of highly conductive porous materials like
expanded graphite [47], compressed expanded natural graphite (CENG) [48], aluminum [49,50],
nickel [32,51] and copper [52-54]. The dispersion of highly conductive particles in the PCM like
nano-graphite [55], aluminum microparticles [56], silver nanoparticles [57] and copper
nanoparticles [58]. Placing of metal structures in the PCM like thin walled hollow cylindrical steel
structures [59] and stainless-steel balls combined with stainless steel screens [60]. The use of highly
conductive and low-density materials such as carbon nanofiber additives [61].

According to Fukahori et al. [4], heat transfer rate can significantly increase (e.g., Al/Si: 40%) by
using several metallic materials due to their high thermal conductivity coefficients (e.g., Cu: 400
W/m-K). However, metallic PCMs’ fusion points (e.g., Cu: 1100 °C) usually are far above feasible
currently working temperature of CSP plants (300-550 °C). As consequence, metallic PCMs cannot
be used for CSP plants. Nevertheless, using metallic materials as shell material is useful to enhance
the heat transfer rate by increasing the PCM transition rate.

Finally, the properties of selected shell candidates are summarized in Table 1. They were
selected for analysis because they are characterized by high values of thermal conductivity (e.g.,
SiC, silver and copper), Young’s modulus (e.g., iron, granite and silicon), volumetric density (e.g.,
gold, silver, nickel, iron and copper) and/or specific heat (e.g., Al/Si and SiC).

Table 1. Solid thermo-physical properties of shell material candidates [62-65].

Thermal . Specific Thermal Melting . Young's
. Density . Poisson
Material Conduc. (kg/m?) Heat Expansion Temperature Ratio [5] Modulus
(W/m-K) (J/kg-K) (1/K) (°C) [48] (GPa)

Nickel 90.7 8900 445 1.34 x 105 1453 0.31 219
Iron 80.2 7860 449 1.18 x 105 1535 0.27 152
Copper 401 8960 384 1.65 x 105 1083 0.34 120
Al/Si (12/88) 160 2700 1038 2.19 x 105 830 0.33 71
Gold 317 19300 129 1.42 x 105 1064 0.44 70
Silver 429 10500 235 1.89 x 105 962 0.37 83
Aluminum 237 2700 904 2.31x 10 660 0.35 70
Granite 2.9 2600 850 7.00 x 10- 1215-1260 0.25 60
Silicon Carbide 450 3200 1200 3.80 x 10~ 2730 0.18 450
Silicon 130 2329 700 2.60 x 10~ 1410 0.28 17
Graphite 100 1950 710 7.50 x 10- 3550 0.35 30

In literature there are many reviews of PCM materials and their respective properties
[9,10,66,67]. The main criteria to manage the selection of PCM are usually classified into thermal,
physical, chemical and economical properties, as follows [68,69]:

i. Thermal: The melting point in within the desired operating temperature range. A high latent
heat of fusion per mass unit, so that a smaller amount of material stores a given amount of
energy. A high specific heat to provide additional significant sensible heat storage effects. A
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high thermal conductivity, so that the temperature gradients for charging and discharging the
storage material are reduced.

ii. Physical: Small volume changes during phase transitions, so that a simple container and heat
exchanger geometry can be used. High density. Exhibit little or no sub-cooling during
freezing. Low vapor pressure in order to avoid stresses and problems with the container and
the needed heat exchangers.

iii. Chemical: Chemical stability, no chemical decomposition and corrosion to construction
materials. No phase separation. They must contain non-poisonous, non-flammable and
non-explosive elements/compounds.

iv. Economical: Available in large quantities. Low cost.

An extensive review of TES materials was performed in order to select the PCMs presented on
Table 2. They were selected due to their higher potential in comparison with several PCMs
reviewed in the literature. In the case of binary and ternary salts, their eutectic composition is
chosen since this weight proportion melts and freezes congruently forming a mixture of the
component crystals during crystallization. Due to crystallization this mostly eliminates possible
separations. Recently, eutectic salts of nitrates are widely used in solar applications because of their
low melting points, low causticity, high thermal stability and reasonable commercial price [7].

The salt composed of KNOs and NaNOs was selected because it is currently used on CSP
plants [70]. In all this work, KNOs/NaNOs is used to represent eutectic mixture composed of 40 wt
% of KNOs and 60 wt % of NaNOs. Particularly, eutectic composition of LINOs, NaNOs and KNOs
is selected for allowing decrease melting point by 103 K (from 496 K to 393 K) and increase latent
heat by 50 k]/kg in comparison to KNO3/NaNOs. These improvements are attributed to the addition
of LiNOs to the mixture. In the presented paper, LiINO3/NaNOs/KNO:s is used to represent this
eutectic mixture composed of 30 wt % of LiNOs, 20 wt % of NaNOs and 50 wt % of KNOs.

In addition to these PCMs, some nitrate-free composites were also included in the simulation
since it was also of interest to confirm that the nitrates have better performance as PCMs than other
composites, such as MgClz and the salt of the eutectic mixture of MgClz and NaCl composed of 57
and 43 mol %, respectively, which is represented as MgCl2/NaCl.

Table 2. Thermal properties of PCM candidates.

PCM State Density Thermal Conductivity Specific Heat Melting Latent Heat

(kg/m?3) (W/m-K) (J/kg-K) Points (K) (kJ/kg)

LiNo, quid 100 07172 swpy  EP R
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Table 3 collects information concerning the characterization of readily-made capsules for
PCMs and shell selections. In the available literature data, authors use different descriptions and
characterization methods for their investigated systems. It therefor appears to be difficult and even
impossible to compare heat storage covering charging/discharging range with the latent heat. To
compare and present available results more comprehensibly some unification was made. The
following table indicates that the usage of different shells for the same PCM significantly influences
the system’s performance. For instance, the shell made of copper [83] supports the energy storage
by 34 kJ/kg more efficiently than the steel [84] or polymer ones. Generally, metallic shells enhance
the heat accumulation capability much more effectively than polymers. During the EPCM design
process, the performance can be also adjusted by filling the same shells with different PCMs.
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Table 3. Thermal properties of selected EPCMs.

6 of 20

Charged Temp.

Energy Stored

Shell PCM Size Encapsulation Method
- Re) (KJ/kg) P
Copper [83] NaNOs 76.2 Diameter x 254 Height 425 211 Macro-encapsulation
teel 1018, Stainl teel 304
Carbon Steel 10 [Sé 4S] ainless steel 30 NaNOs - 308 177 External coating
Ni 200/201 [84] KOH - 280 150 External coating
. . Zn/Al
Fe-Ni-Cr-Co and Co-Ni-Cr-W alloys [84] 95.96/4.00 - 381 138 Preformed shell
. . Al/Si/Mg
Ti and its alloys [84] 83.14/11.70/5.16 - 555 485 Preformed shell
. . Al/Cu/Mg
Ti and its alloys [84] 70.60/25.46/3.94 - 560 545 Preformed shell
254 Di ter x 50.8
Stainless steel 304 [85] Zinc mm 1am.e er mm 455 113 Macro-encapsulation
Height
254 Di ter x 50.8
Stainless steel 304 [85] Aluminum mm 1;2;;: mm 710 398 Macro-encapsulation
Carbon Steel 1018 [85] NaCl/MgCl eutectic ~ 50.8 mm Diameter x 127 mm Height 490 700 Macro-encapsulation
Stainless steel 304 [85] MgCl2 254 mm Dl;z;;f: * 508 mm 745 1000 Macro-encapsulation
Stainless steel 304 [85] NaCl 254 mm Dl;‘:;f: %508 mm 830 1200 Macro-encapsulation
Polyurea [86] Butyl stearate 20-35 um Diameter 29 80 Interfacial poly-condensation
Silica gel polymer [86] Paraffin/HDPE - 18.55-22.60 24.94-153.46 In Situ Polymerization
PMMA [37] Docosane 0.16 um Diameter 41 54.6 Emulsion Polymerization
PMMA [37] Paraffin Wax 0.21 um Diameter 497 106.9 UV irradiation-initiated
polymerization
PMMA [37] Paraffin 0.2 pm Diameter 26.24 84.0 Sol-gel
PMMA [37] n-Octadecane 0.119 pm Diameter 31.9 208.7 Miniemulsion Polymerization
PTFE [87] NaNOs - 326 170 -
PTFE + Nickel coating [87] NaNOs - 326 172 -
PTFE + Nickel coating [87] KNOs - 350 92 -
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5. Modeling of EPCM

On this section the modeling used to calculate the thermal energy storage produced by heating
EPCMs is presented.

5.1. Geometry Characterization

In this work, two concentric spheres are considered where several dimensions for external
radius (R), internal radius (r) and, therefore, thickness (T') are used:

(1) Geometry characterization 1: For the selections of materials, to compare in equal conditions
different types of materials, R, r and T values are 1.1, 1.0 and 0.1 mm, respectively. These
dimensions are selected considering previous studies under ideal conditions.

(2) Geometry characterization 2: Using the best material combination found, , in order to analyze
the pressure and the thermal storage for different shell thickness for the thermomechanical
coupling, the PCM thickness is varied five times (T; = 0.1, 0.2, 0.3, 0.4 and 0.5 mm) with R
alwaysequalto 1.1 mmand r; =R —T;.

(3) Geometry characterization 3: Using the best materials combination for thermal analysis, R and r
adopt several values, keeping the relative thickness (Tielative €qual to (R; —1;)/R; = 10%). For
this part the following dimensions in (mm) are used for (R;,7;) = (1.1, 1.0), (11, 10), (22, 20), (33,
30), (55, 50), (66, 60), (77, 70), (110, 100), (220, 200), (330, 300). Since previous studies used
different dimensions, making it difficult to decide a correct dimension, this evaluation is
performed in order to know the effects of increasing geometry dimensions.

Thermal Assumptions: The shell is considered to be homogeneous and isotropic. The density
(p), specific heat (Cp) and thermal conductivity (k) are constant values. The PCM in a solid state is
homogeneous.

Mechanical Assumptions: The shell has a linear elastic behavior with no-influence on the
thermal behavior. For the PCM in liquid state, the pressure of the liquid within the shell is uniform.
The PCM is non-deformable in a solid state.

In the Interfaces: For the external radius, a temperature imposed and heat flux continuity at the
melting front, and for the shell/PCM interface, an equality of temperature and pressure is assumed.

EPCM boundary condition: The initial temperature inside the sphere is T, =293.15 K.
Boundary temperature is T = 550 K. As consequence of these conditions, the inside of the EPCM
will increase its temperature from T, to Ty. It is important to mention that to use the latent heat of
the PCM, its melting point must be within this range. The melting point of the shell must be higher
than the temperature range of heating, to maintain the shell in its solid state.

5.2. Heat Transfer Modeling

5.2.1. Shell Modeling

The equation to describe the conductive heat transfer is:
oT
pCy 5y + V- (kVT) = Q M

where p is the density in (kg/m?), C, is the specific heat capacity at constant pressure in (J/(kg-K)),
T is absolute temperature in (K), t is the time in (s), —kVT is the heat flux by conduction in (W/m?2),
which depends on the temperature and the thermal conductivity, and Q represents energy storage

-

5.2.2. Shell/PCM Interface Modeling

The heat fluxes at upside and downside boundaries depend on the temperature difference
according to following relations:
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—ng - (—ksVTy) = —h(T, — Ty) )
Ny (_kaTp) = _h(Ts - Tp) (3
h = h, + hy + h, (4)

where ng, kg, T; are the normal vector of the position, the thermal conductivity and temperature
parameter for the shell material, respectively. And n,, k,, T, are the normal vector of the position,
the thermal conductivity and temperature parameter for the PCM. The joint conductance h has
three contributions: the constriction conductance (h;) from the contact spots, the gap
conductance (hg) due to the fluid at the interstitial space, and the radiative conductance(h,).

5.2.3. PCM Modeling

Finally, the equation that describes the heat transfer with phase changes of the PCM is:

aT
PeaCp,g5p + Y (kegVT) = Q (5)

where p,, keq and Cpeq are the equivalent values of density, thermal conductivity and heat

capacity, respectively, and Q represents energy storage.

These equivalent values depend on 6, which represents the PCM portion in the solid phase,
and they also depend on the density (ppnasei), thermal conductivity (kppesei) and specific heat
capacity (Cpprasei) ©Of each phase of the PCMs. In this system of equations, i isequal to 1 for the
solid state or equal to 2 for the liquid state.

Peq = OPpnaser + (1 = )Ppnasez (6)
keQ = Hkphasel + (1 - H)kphasez (7)
_ oa
Cpeq - ;(epphaselcp'phasel +1- g)pphaSﬁ’ZCp,phaseZ) +L a’IT"n 8)

where, the equivalent heat capacity (Cpeq) represents the energy gain provided for the sensible
and latent heat, where L is the latent heat, i.e., enthalpy of fusion or crystallization, and «,, defines

the amount of the PCM which is under a melting process:

_ 1(1 - 9)pphasez - prhasel
2 prhasel + (1 - e)pphasez

©)

Om

Thus, aaa_Tm is the variation of the fraction of PCM that is in its melting process as a function of

the variation of temperature.

The software Comsol Multiphysics was used to solve this model. This is a software platform
based on advanced numerical methods for modeling and simulating physics-based problems. It
uses finite element method (FEM) to solve the system of equations in every node of a mesh [88].

6. Results

Results obtained from model calculation are presented in this section divided in: (1)
thermo-mechanical analysis of the shell materials and (2) thermal analysis for the entire EPCM of
different geometry characterizations explained in the methodology section, ending with a
thermo-mechanical theory analysis of the pressure imposed by the PCM’s thermal expansion on the
shell’s internal surface.

6.1. Results and Analyses of the EPCM Shell
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This section focuses on thermal energy storage comparison of the nine materials presented in
Table 1. The main thermal storage parameters used are thermal energy storage, thermal
conductivity, Poisson ratio and Young’s modulus.

Figure 1la shows the shell materials thermal energy storage and thermal conductivity
coefficient comparisons. Considering thermal conductivity coefficients, silver and copper materials
highlight and show high potential to improve heat transfer rate. However, shell made of silver is
the best thermal conductor by only presented thermal conductivity coefficient 7% higher than
copper. This difference can be considered negligible, according thermal results presented hereafter,
when entire EPCM (shell and PCM) are analyzed.

a. Thermal conductivity modulus vs thermal energy storage

¥ °
£ 400 Silver e
= Gold C
E 350 opper
> €
E 300 Graphite .
S 250 Silicon
o 2 .
S - Al/Si * |
o= 200 Aluminum ron
S 150 pe ¢ Ni ckel
‘© 100 °
£ . ) b
S 50 Granite
=
= 0 >
0,4 0,6 0,8 1 1,2 1,4
Thermal energy storage [J]
b. Young’s modulus vsthermal energy storage

250
= ”
% 200 Iron
— Aluminum Silver .
5 Ni ckel
= 150 Al/Si *
o Graphite || Granite [\
€ 100
© @
oo
S 50 L b @ Copper
2 o Silicon Gold

[ 4
0
0,4 0,6 0,8 1 1,2 1,4

Thermal energy storage [J]

Figure 1. Thermal energy storage respect to: (a) Thermal conductivity coefficient and (b) Young’s

modulus shell materials comparisons.

Considering these thermal energy storage results, iron, nickel and copper can be highlighted
and, as consequence, show potential to improve energy density of TES systems. Between them, just
copper has high potential as shell material to improve both the EPCM heat transfer rate and
thermal energy storage capacity, while iron and nickel do not even reach 25% of copper’s value (400
W/m-K).

We note that most of materials with high thermal energy storage—such as iron, copper, gold,
silver and aluminum—can be obtained from Chilean sources. In fact, they are some of principal
minerals obtained by the mining industry of this country. This is particularly important in the case
of copper, since Chile accounts with extensive reserves of this metal. Therefore, producing a shell
out of one of these materials will contribute to a synergy between TES systems for CSP plants and
mineral development in Chile.

Another interesting parameter as evaluation criterion for shell materials is resistance against to
internal shell surface pressure, caused by PCM thermal expansion during the solid to liquid phase
change transition. If this pressure exceeds a pressure equivalent to the limit of elasticity, i.e., yield
strength or yield point, materials begin to deform plastically. From there onward, only the part
corresponding to elastic deformation is recovered, producing an irreversible deformation due to the
fact the rest of the material will go on to display a plastic behavior, which means that it will not be
able to return to the initial shape. In order to maintain the initial EPCM structure, the pressure
imposed by the shell must be lower than the pressure limit of shell materials. As consequence, the
interest of researchers has been focused on materials with high yield strength, because these
materials can expand without permanently losing their structure.
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Mechanical properties used for this evaluation are Young’'s modulus and Poisson ratio. The
former measures the force needed to deform something and describes stress per unit of strain. The
latter describes the two-dimensional axial expansion displacement. Figure 1b shows thermal energy
storage and Young’s modulus shell materials comparisons of the nine types of shells, since among
these two properties it is the most important, since the expansion is volumetric.

Materials with very high Young’s modulus require a higher stress to deform. However, high
Young’'s modulus values could cause incomplete melting processes, since the materials’ rigidity
cannot allow complete thermal expansion, but at least they count with very high thermal expansion
coefficients. However, low shell materials” Young’s moduli could provoke leakage of PCM in the
TES system, due to the high material deformation. Nevertheless, materials with low mechanical
property values can also be used as shell materials in EPCM, if the shell materials can bear the
pressure imposed by the PCMs’ thermal expansion without losing their structural integrity.
Nevertheless, in case of PCM pressures higher than a pressure equal to yield strength, it is possible
to decrease it by introducing an empty space at the shell/PCM interphase or increasing the shell
thickness, as was shown before. Both methods reduce the shell pressure and as a consequence the
thermal expansion of PCMs does not affect the EPCM structure.

Another important phenomenon [89-94] affecting capsule shells is the cyclic thermal loading
during charging/discharging as well as stresses generated by the expanding PCM material.
Although the repeated loads applied during solidification or melting of the PCM are below certain
threshold, e.g., yield strength, after dozens of cycles microscopic cracks start to develop and when
the critical size of the crack is reached, the structure fractures suddenly. Materials subjected to cyclic
loading at constant amplitude stress or strain can fail after some numbers of cycles Ny or not.
Simplifying, the ultimate tensile strength means that a material loses its integrity after one tension
cycle, while when the applied load is lower, failure can appear after several numbers of cycles (N)).
Moreover, below a certain amplitude, there is no number of cycles that will cause failure. This
means that a material can resist millions of cycles without damage (>10). Often constructed S-N
(stress versus a number of cycles) curves show the level of stress named stress fatigue limit below
which the material has an apparently “infinite” fatigue life. Thus, for Fe (Armco) at stress
amplitude of 181 MPa or 230 MPa (see Table 3) can resist assumed standard cycle loadings of 106 or
more, correspondingly, at room and 300 °C temperature. Similarly, material subjected to cycling
loading with a constant strain of 0.039% (20 °C) or 0.120% (300 °C) has an infinite fatigue life. It can
be seen from the table that the most resistant material is Fe, even at high temperature. Copper is
very sensitive to temperature and its fatigue strength decreases almost two times. It should be
noted that non-ferrous metals do not show a true endurance limit though for engineering purposes
this is often defined as the stress amplitude corresponding to the fatigue life of 106 cycles.

In practice pure metals, due to their low mechanical properties, are utilized exceptionally.
Though alloys exhibiting much lower thermal conductivity can be exposed to much higher stresses
and elastic strains, alloying elements e.g., Si, can also increase the stress fatigue limit for Al four
times at a higher temperature. Similarly, heat treated (T6 annealing and aging) Al alloys
supplemented with Cu exhibit high resistance to fatigue failure. In heat storage systems including
PCM melting and solidification with associated severe shrinkage voids (e.g., in the case of paraffin)
rather high local strain classified as plastic could be expected. Usually, fatigue analysis based on the
number of load cycles is sorted into high-cycle fatigue and low-cycle fatigue when high stresses or
strain causes failure after a low number of loading cycles.

Fatigue life prediction of many materials subjected to low cycle loading but with relatively
high- stress amplitude inducing plastic strain can be comprehensively described by the
Coffin-Manson equation:

£, = sji(Nf)_C (10)

where ¢ is the plastic strain amplitude, & is called fatigue ductility factor reflecting the fracture
strain, c is the fatigue exponent which for metals varies in relatively small range 0.4-0.6, Nris the
number of cycles to failure. Based on this relation and when two parameters have been estimated
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experimentally fatigue behavior and life of materials can be predicted. In effect, at observed strain
and stress level it can be calculated the number of loading cycles which leads to materials failure.

Listed in Table 4 are alloys that can resist thousands of cycles when the amplitude strain is
0.5%, but when it increases to 1%, the number of cycles decreases drastically, depending on the
alloys, to 4-16 times. A similar effect is observed when the temperature increases. High quality 2024
aluminum alloy (UTS = 420 MPa) at 1% amplitude strain cracks after 2614 cycles but after only 444
at 300 °C. The most fatigue-resistant alloys are Ni-based alloys which can be loaded with very high
amplitude stresses.

Table 4. Fatigue properties of pure metals and alloys including life cycle Ny at different strain and
stress amplitude.

Material Strain Amplitude (%) Stress Amplitude (MPa) Life Cycles Ny
0.039% 181 (20 °C)
Fe (Armco) 0.120% 230 (300 °C) >106
Ni 0.081% 160 (20 °C) >106
0.062% 77 (20 °C)
Cu 0.034% 40 (300 °C) >106
Al 0.038% 27 (20 °C) >106
. . 100 (20 °C)
AlSi12 casting [89] na. 60 (300 °C) >106
Al alloys [89]: 319 Al 38
755-T6 na 123 >106
Steel alloys [90]: 517 420
340 n.a. 340 >106
0.5 453 1466
Carbon steel API 5L [91] 10 531 467
. 0.5 930 25,956
Ni-based GH4169 superalloy [92] 10 1110 1516
2 n.a. 505
Cu alloy (8% at. Al) [93] 4 n.a. 128
- 450 10,000
0.6 380 (20 °C) 14,568
1.0 431 (20 °C) 2614
Al alloy 2024-T3 (5 4
alloy 2024-T3 (5% Cu) [94] 0.6 334 (300 °C) 3719
1.0 358 (300 °C) 444
0.5 28,612
Al all 1-T a. .
alloy 6061-T6 [95] 10 n.a 6855

Previous results consider only the thermal results of sensible shell heating, which belong just
to the EPCM external part. However, EPCMs’ total amount of energy includes PCM latent and
sensible heating, in addition to shell sensible heating. The next section focuses on thermal energy
storage capacity and heat transfer rate analyses of nine EPCM compositions, using three types of
PCMs covered by three types of shell material.

6.2. Results and Analyses of EPCMs (Geometry Characterization 1)

PCMs used on this section are LiNOs, KNOs/NaNOs and LiNOs/KNOs3/NaNOs because they
possess higher thermal energy storage than the other PCMs of Table 2, when a temperature range
which contains all melting point temperatures (293 to 1000 K) is used. This range is useful for
comparison under equal conditions, i.e., including the enthalpy of fusion, due to the fact it contains
all the melting temperatures of the six PCMs, but is not coherent with any current CSP working
temperature range (293 to 550 °C).

In addition, the three PCMs selected have melting points within a delta working temperature
mentioned before i.e, AT = 357 K, being also coherent with the normal range of CSP plants
mentioned before. Figure 2 shows the thermal energy storage behavior of these three types of
EPCMs when covered by a nickel shell under the same thermal conditions. The graph shows the
storage process just until second 15, which is the moment when all reach the thermal equilibrium at
550 K. The cooling process is not considered on this model, so consequently, all the cases remain
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constant after reaching this temperature. Other tested shell materials are composed of copper and
iron, selected in previous analyses.
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Figure 2. EPCMs thermal energy as a function of the time.

According to Figure 2, LiNOs has the highest thermal energy storage capacity, reaching 8.3 J
per EPCM, followed by the ternary salt LINOs/KNO3/NaNOs, 6.3 ] per EPCM, while the worst PCM
performance is presented by KNOs3/NaNOs reaching only 5.6 ] per EPCM. Despite the fact the
thermal storage capacity of LiNQO:s is higher than that of the other two PCMs, it takes 50% more time
to store that amount of energy (as is shown in Figure 3).

Regarding shell materials, thermal energy storage curves for the same PCM with different
coatings have almost same evolution independent of what type of shell material is used to cover it.
In addition, the thermal storage capacity difference is negligible and does not depend on the shell,
when a shell with 0.1 mm thickness is used.

A comparison of thermal energy density and heat transfer rate influence of different core/coat
combinations of EPCM is shown in Figure 3. The energy density of the shell material (amount of
energy per volume unit) is used since it facilitates interpretation of how much volume of EPCM
material is needed to fulfill the TES system requirements.
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Figure 3. EPCMs thermal energy density and heat storage rate comparisons.
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Figure 3 shows that, considering the average thermal energy density and average heat storage
rate of shells, LiNOs exhibits the highest energy density. Also, LiNOs has 37% better thermal
storage capacity than KNOs/NaNOs, while LiNOs/KNOs/NaNOs has 20% better than KINOs/NaNOs,
so LiNO:s has the best performance in the thermal storage category, but LiNO3/KNO3/NaNOs could
be a better PCM option for TES in CSP plants, due to its good thermal conductivity that allows an
enhancement of the storage rate by 98%, while the LiNOs storage rate just is 30% greater than that
of KNO3/NaNO:s.

Another key parameter for EPCM selection is material costs. In the case of LiNOs,
KNOs/NaNOs and LiNOs/KNOs/NaNOs, their costs are 4000, 717 and 1807 $USD/t, respectively
[96]. These prices were calculated by a weight ponderation of each nitrate within each mixture.
Finally, adding this third criterion to energy density and heat storage rate criteria, it is possible to
conclude that the best thermo-economical PCM option is provided by the ternary salt
LiNOs/KNOs/NaNOs.

Moreover, regarding the shell materials, nickel always presents the best behavior for the three
PCM cases on both thermal energy storage and heat storage rate. Despite the fact nickel has a
coefficient of thermal conductivity of only 25% of the copper value, an EPCM covered with nickel
always has the best heat storage rate, because nickel can store higher amounts of thermal energy,
compensating for its low thermal conductivity.

Nevertheless, Figure 4 confirms that difference between these three types of shell is negligible,
since nickel has just 3% more of the energy density and heat storage rate than iron. Moreover,
nickel has an equal value of energy density and just 1% higher heat storage rate than copper. The
only criterion that shows a significant difference between the shells is the cost of materials, since
iron, copper and nickel materials cost 55, 4000 and 8000 $USD/t, respectively [96]. As consequences,
iron is the best thermo-economical option to encapsulate PCMs.
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Figure 4. EPCMs thermal energy in function of the time.

If the thermal energy storage of the best combination is compared with the current TES system
of sensible heating of solar salt, an energy density increase of 63%, from 756 to 1230 MJ/m3, when r =
1.0 and R = 1.1 mm EPCM radius dimensions are used is possible [97,98].

Moreover, using as an example a CSP plant that needs to supply 17,244,526 kWh of annual
energy, Table 5 presents a comparison between a two-tank storage system of common molten salt
and an EPCM single-tank system, using an EPCM composed by LiNOs/KNOs/NaNOs and three
different shells. The results show that considering just the cost of materials and cost of tanks, it will
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be necessary to incur a total cost of 34,150,053 ($USD) instead of 44,281,791.09 ($USD), which
implies a 30% cost reduction when the EPCM (LiNOs/KNOs3/NaNOs covered by iron) is used
instead of traditional sensible storage (KNOs/NaNOs).

Table 5. TES cost of a CSP plant.

Material Cost of Materials ($USD) Cost of Tanks ($USD) Sum of C osts (SUSD)
(Materials + Tanks)
Solar salt 2 (sensible heating) $35,817,291.09 $8,464,500.00 $44,281,791.09
PCM ? with iron shell $28,947,482.50 $5,202,570.92 $34,150,053.43
PCM ® with copper shell $231,541,413.06 $5,223,805.85 $236,765,218.90
PCM ® with nickel shell $412,961,521.47 $5,078,700.13 $418,040,221.60

a: KNO3/NaNOs TES material; b: LINO3/KNOs/NaNOs PCM

Nevertheless, in addition to material costs, fabrication costs could be significantly relevant and
make using EPCMs for TES systems in CSP plants economically unfeasible.
6.3. Results and Analyses of EPCM Dimensions Variation

To complement this study, the best EPCM composition, i.e., LINOs/KNOs/NaNOs covered by
iron, is used to perform a first approach to a thermo-mechanical effects analysis of dimension
variations.

6.3.1. Thickness Variation (Geometry Characterization 2)

Figure 5 shows the shell tensile behavior, EPCM heat storage rate and EPCM energy density,
using different thicknesses of iron shell. The variation implies an internal radius reduction, keeping
external radius dimension of R =1.1 mm.
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Figure 5. Heat storage rate, energy density of iron shell, using different EPCM dimensions.

When the shell thickness increases from 0.1 to 0.5 mm, the EPCM energy density decreases
from 0.98 to 0.91 J/s and the heat storage rate increases from 1.0 to 2.2 J/s. As a consequence, the
heat storage rate increase 220% and the thermal density only decreases 6%.

Regarding the mechanical effect of this, the shell tensile strength caused by the PCM thermal
expansion decreases from 1522.9 to 218.4 MPa, considering the von Mises equivalent tensile
strength. This means that, for example, for 0.5 mm of shell thickness, the shell doesn’t crack because
its ultimate tensile strength is 220 MPa, but a copper shell has plastic behavior would be near its
cracking point and this is a risky condition for the material.

Since this is only a first approach to thermo-mechanical behavior, variation of mechanical
properties is considered as thermal effects of variations of melting temperature caused by pressure
effects.

6.3.2. Radius Variation (Geometry Characterization 3)
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Previous studies stated that lower EPCM sizes lead to higher heat transfer rates. In order to
verify this and gain a better understanding of geometry definition effects, several EPCM
dimensions will be used to measure the time required to melt the PCM. For this study ten EPCM
dimensions are used, as was mentioned in the third geometry definition of the modeling section.

Figure 6 shows that the dependence between the defined radius and the time required to
complete the melting process is non-linear. For example, when the external dimension increases
100% (from 110 to 220 mm), the melting time increases almost 300%. This dependence can be
approximated by an exponential curve, which indicates that it is not convenient to use high radius
dimensions, as was shown in previous studies.

Melting process vs geometry dimensions definition
250000

200000
150000
100000

50000

Time to complete melting process (s)

0 50 100 150 200 250 300 350
External radius R (mm)

Figure 6. Time to complete the melting process in function of geometry dimensions

7. Conclusions

The results obtained from this work show that the most promising EPCM is composed on
LiNOs/KNOs/NaNOs as PCM and iron as shell material. In comparison to the others this
composition possesses great heat transfer rate, thermal energy storage and materials cost
characteristics. An important point to notice about the result is the low importance of the thermal
conductivity of the shell when it is considered all EPCM.

Selection of component materials for capsules should consider the thermal expansion of the
PCM and the fatigue properties of shells. Thermo-mechanical cycling loading, even at relatively
low-stress amplitude, after hundreds of cycles, can generate high strain, deformation and finally
damage the capsule. For materials that exhibit high thermal expansion, which solidify with large
shrinkage voids, steel strength will be appropriate, though slightly weaker refined aluminum alloys
are characterized by much better thermal conductivity.

8. Future Works

Among the probable and certain advantages of using z single-tank system filled with an
EPCM, instead of a traditional two-tank molten salt system, there is the lower amount of materials
inside the tanks and lower tank size needed to store the same amount of energy; reduction of the
number of tanks from 2 to 1; increase of the CSP capacity factor; higher rate of response in case of
an increasing electricity demand, because of higher heat transfer rate; reduction of pump use, since
molten salt is not circulating and, partial or complete reduction of the heat tracing system, currently
used to maintain salt in a liquid state.

As a consequence, these potential CSP plant enhancements can improve the supply-demand
balance, providing a higher plant capacity factor. At the economic level, that implies a lower LCOE
(mainly caused by the increase of incomes from electricity generation, but also because of a
reduction in the cost of operation, management and investment), making CSP more attractive to
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investors and creating space for the growth of new markets, especially in Chile, since this country
has excellent solar irradiation conditions and reserves of the materials which make up the EPCMs.

A full thermo-mechanical model will be developed to further understand the physical relations
between PCMs and shells in order to discover and validate new EPCM materials. However, our
preliminary EPCM thermo-mechanical results showed that to generate an empty space inside
capsule is not strictly necessary, since that method could be replaced by finding the optimal
dimensions of the external (R) and internal (r) radius of the shell. These optimal radii are easy to
identify by using the yield strength property values of potential shell materials to calculate their
von Mises equivalent tensile strength values. A correct radius combination allows avoiding both
shell cracking and incomplete melting of the PCM during the charging process. Moreover,
increasing the shell thickness allows one to use shell material candidates with regular or bad
thermal conductivity property values, because of this enhances significantly the heat transfer rate,
without hindering the thermal energy storage capacity.
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