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A B S T R A C T

Micro-encapsulated phase change material with metallic core can work under high temperature for energy
storage purpose, making it an appealing candidate for renewable energy technologies, such as thermal
energy storage for concentrating solar power plants. The objective of this work is to study the impact of
encapsulation on the thermal performance of the micro-encapsulated phase change materials under various
operating conditions. To evaluate the thermal performance of the micro-encapsulated phase change material
particles, the governing equation of transient heat conduction with phase change in spheres with composite
walls is solved numerically. The impact of encapsulation shell on the convective heat transfer rate, total energy
absorption, latent heat ratio, energy density, and duration of phase change is presented and analyzed under
different operating conditions. Three different core materials including tin, aluminum and copper with distinct
Stephan numbers are investigated. In addition to the encapsulation shell effect, this model can be used to study
micro-encapsulated phase change materials with different material compositions, core to shell ratios, and it
can be used to analyze the impact of air gaps in between materials. Understanding the thermal performance
at particle level is essential, and the results of this study could potentially be used as input for thermal energy
storage system level analysis, such as the charging and discharging processes.
1. Introduction

A micro-encapsulated phase change material (MEPCM) is composed
of a core that is enclosed in an outer shell. When used for thermal
energy storage (TES) purposes, the MEPCM core, which is the phase
change material (PCM), experiences melting or vaporization to absorb
latent heat, while the encapsulation shell remains in its original phase
during the process. The shell helps to restrain the core in its liquid
or gaseous state and keep the absorbed energy in place. Heat stored
in the system can later be released through a heat exchange process
and be used directly. The stored thermal energy can also be converted
to a different form of energy, such as electricity. TES systems with
PCMs are of great interest to renewable energy sources that are only
available intermittently such as concentrating solar power (CSP) and
the recovery of industrial waste heat. The added latent heat storage can
improve system efficiency and further enable flexibility and stability in
heat/electricity delivery rate.

The amount of latent heat absorbed and stored in PCM has drawn
much attention for TES systems and research in this area has been
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reviewed [1] for many applications, such as thermal comfort in ve-
hicles [2], passive energy storage in buildings to meet heating and
cooling needs [3], and food transportation [4,5] etc. PCMs that are used
in these applications include organic substances (paraffin wax) [6],
inorganic substances (salt hydrate, water/ice) [7], and fatty acids [8],
have low thermal conductivity (less than 1W/(m K)), and most of them
have a phase transition temperature below 80 °C [9]. They are not
suitable to be used as CSP energy storage medium, which needs to
operate at a much higher temperature. The current state of the art TES
medium in CSP plants is molten salt, which delivers thermal energy
at 565 °C [10]. In order to increase the energy efficiency, CSP Gen3
project in the US has expected the operating temperature to be greater
than 700 °C and up to 1500 °C [11] in order to meet their 2030 cost
target. The PCMs that have been considered for such high temperature
applications [12–15] are metallic and alloy PCMs for their high phase
transition temperature and other superior thermal properties, including
high thermal conductivity and thermal capacity.
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The objective of this work is to investigate the impact of micro-
encapsulation on the thermal performance of metallic PCMs. The ben-
efit of encapsulating metal PCMs is intuitive and well known: The
containment prevents PCMs from reacting with external environments,
serves as corrosion resistive barrier and supporting structure for the
PCMs, and provides ease of handling. Additionally, the encapsulation
increases surface area for heat transfer. Established encapsulation meth-
ods include self-assembly, coaxial electrospinning, and sol gel [16–18].
Most of these methods are designed to fabricate organic polymers that
melt at lower temperature. The encapsulation of metallic PCMs was
conceptualized in the 1980s [19], and recent developments in metallic
PCM encapsulation including thermal oxidation [20,21], chemical va-
por deposition (CVD) [22], electroplating [23], phase separation [24,
25] and flow mold casting (FMC) [26] have made significant progress
in the past decade, thus moving high temperature MEPCMs from re-
search and development stage closer to applications. Along with the
advancement in manufacturing, this work will fill in the knowledge gap
to understand the effect of encapsulation on the thermal characteristics
of MEPCM at the particle level before it can be successfully utilized
in batch as TES medium at the system level. Understanding the effect
of encapsulation is also of great importance for the development of
certain manufacturing processes [26], during which the shell and core
materials go through melting and solidification to form the MEPCM
particles.

In order to study the effect of encapsulation on the thermal per-
formance of MEPCM particles, such as energy density, absorption and
release rate, one needs to solve the transient heat conduction prob-
lem that involves phase change. A considerable amount of theoretical
analysis exists on heat conduction in spherical geometry [27–29], with
solutions available for both steady state and transient heat conduction
with different boundary conditions. When considering phase change
inside of a spherical enclosure, the experimental [30,31] and numerical
studies [32,33] are conducted at a larger scale (PCM is in mm𝑠 or big-
ger) under low temperature, and the shells are very thin. The shell was
either ignored justifiably or assumed to have a thermal conductivity of
infinity in these studies. Since the thickness of the shell at micro-scale
is comparable to the core radius, the impact of the shell in MEPCMs
cannot be ignored.

To look into the encapsulation effect on the thermal performance
of MEPCMs at high temperature, this paper is organized as follows.
First, we present the numerical approach in the methods section to
solve the transient heat conduction problem in a composite sphere with
melting and solidification. The method is verified using analytical and
numerical solution when applicable. The numerical model is applied to
explore the encapsulation effect during energy absorption after verifica-
tion. Three different PCM materials including tin, aluminum and copper
with Ste number ranging low, medium, and high are evaluated, and
the impact of shell thickness on energy absorption quantity and rate
is discussed. Since the thermal performance of the MEPCMs is process
dependent, next we show that change of parameters such as the initial
temperature, heat transfer fluid flow rate and temperature will alter the
ratio of the latent heat to the total energy storage during the process.
Among the operating conditions, the impact of heat transfer fluid tem-
perature and flow rate is illustrated in the content of theoretical thermal
cycling that includes both melting and solidification, to demonstrate
the scale of variables at particle level.

2. Methods

In this study, we assume the MEPCM particles with metal cores are
exchanging energy with the surrounding fluid (the heat transfer fluid)
by convection only. The shell surface is exposed to heat transfer fluid
at temperature 𝑇HTF, and heat transfer coefficient ℎ. The transient heat
conduction with phase change inside the particle, from the shell to the

center of the core, is solved using the enthalpy formulation [34,35]
Table 1
Bi & Ste for three different core materials.

Material 𝑇ref (◦C) Bi Ste

Sn 1500 (15 ∼ 375) × 10−6 3.84
Al 800 ∼ 1500 (4.8 ∼ 119) × 10−6 0.31 ∼ 1.32
Cu 1500 0.3 × 10−6 ∼ 0.0025 0.26

of the energy equation, where the specific enthalpy 𝑖(𝑇 ) is added as a
dependent variable in addition to temperature in the energy equation:

𝑑
𝑑𝑡 ∫𝑉

𝜌𝑖𝑑𝑉 = ∫𝐴
𝑘∇𝑇𝑑𝑨. (1)

In the single phase region, the control volume V is independent of
time and the integration is continuous with respect to volume and
surface area. Since 𝑖(𝑇 ) is the product of specific heat and temperature
(𝑇 ) = 𝑐p𝑇 , the enthalpy in Eq. (1) can be eliminated to obtain the
onventional heat equation:

𝑐 𝜕𝑇
𝜕𝑡

= ∇ ⋅ (𝑘∇𝑇 ). (2)

n the region where both liquid and solid are present, the 𝑖(𝑇 ) is the
um of sensible enthalpy and latent heat. For isothermal solidification
nd melting, the added energy is the specific latent heat of fusion L,
hich is released at the melting temperature of the material:

(𝑇 ) =

{

𝑐p𝑇 when 𝑇 < 𝑇m
𝑐p𝑇 + 𝐿 when 𝑇 ≥ 𝑇m.

(3)

heat source term may be derived for the core region undergoing a
hase change based on the definition of enthalpy in Eq. (3):

= 𝜌
𝜕(𝑖 − 𝑐p𝑇 )

𝜕𝑡
, (4)

and substitute Eq. (4) to Eq. (1) we got:

𝑑
𝑑𝑡 ∫𝑉

𝜌𝑐p𝑇𝑑𝑉 + 𝑆 = ∫𝐴
𝑘∇𝑇𝑑𝑨. (5)

The source term 𝑆 represents the rate of change of volumetric latent
heat in the system. It is zero when phase change is not present, and the
energy equation can be simplified shown in Eq. (2). When the system
undergoes an isothermal phase change, this source term is discretized
linearly using a numerical scheme detailed in [36]. One eighth of the
MEPCM particle is selected as the computational domain over which
Eq. (5) is solved numerically, using C++ code written in open source
CFD package OpenFOAM. Symmetric boundary condition is applied on
the three cut planes. The computational domain consists of a metallic
core (of radius 𝑟c) and a shell (of thickness 𝑡ℎ). Two interfaces exist in
the computational domain. One is the geometric interface between the
core and shell, which is assumed to remain in place during the process.
The other is the solid and liquid state interface within the core of the
MEPCM particle, which only exists during phase change and moves
through the core region radially. One key encapsulation parameter,
shell thickness to core radius ratio 𝜙 = 𝑡ℎ∕𝑟c, and its impact on the
thermal performance of MEPCMs with metal cores of various materials
will be investigated. 𝜙 = 0 refers to a case where the metal particle is
not encapsulated.

It is helpful to note the range of two dimensionless variables for
this study, as they provide insight of the physical phenomena. One is
Biot number, which signifies the surface convection compared to the
MEPCM particle internal conduction: 𝐵𝑖 = ℎ𝑟o∕𝑘. The other is Stefan
number, which indicates the importance of latent heat compared to sen-
sible heat during the phase change process 𝑆𝑡𝑒 = 𝑐p|𝑇m − 𝑇ref |∕𝐿 [37].
The range of Biot number and Stefan number for selected core materials
in this analysis is shown in Table 1. ℎ is set to be 100 ∼ 500W/(m2 K),
and the heat transfer fluid temperature surrounding the MEPCMs (𝑇HTF)
is used as the reference temperature. The small Biot number (≤0.1)
suggests that the spatial temperature gradient within the metal core is
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Fig. 1. Model validation. Plotted data is for MEPCM particle with Tin core, 𝑟c = 50 μm, 𝜙 = 0, Bi = 1.5 ∼ 7.5 × 10−5, and Ste = 0.82. (a) Temperature history from the current
numerical model, LCM and Levi’s model. LCM is shown in red dashed line and only available in the sections without solidification. The duration of the isothermal solidification
from Levi’s model is extracted and plotted in blue dotted line. (b) The total solidification time 𝑡𝑠 increases linearly with PCM core radius as shown in both the current model and
Levi’s model. (c) The change of liquid fraction 𝛼 decreases linearly with time shown in both models.
negligible. It implies that lumped capacitance method (LCM) applies
when Robin condition, the boundary condition of the third kind, is
imposed on the computational domain. Small Stefan number means
that the latent heat is the majority form of energy absorbed or released
at the solid/liquid interface during the phase change process. Because
𝑇HTF is used as the reference temperature, the change of the ratio
of latent heat to total energy due to the change of 𝜙 and initial
temperature 𝑇i of the process are not reflected by values in Table 1,
but they will be discussed in Section 3.

2.1. Numerical model validation

For the purpose of model validation, we separate the temperature
history results obtained from the numerical model into two segments:
without and with phase change. LCM is used to verify the numeri-
cal results before and after the phase change, and Levi’s Newtonian
method [38,39] is used to confirm the time duration of the isother-
mal solidification. When the internal resistance to conduction in the
MEPCM particle is much less than the external convective resistance
across the particle boundary layer, LCM states that transient heat
conduction presented in Eq. (2) with Robin boundary condition can be
rewritten by ignoring the spatial temperature distribution. This means
that the rate of heat loss at the particle surface must equal to the rate
of change of internal energy shown in Eq. (6).

𝜌𝑉 𝑐p
𝑑𝑇
𝑑𝑡

= −ℎ𝐴(𝑇 − 𝑇∞). (6)

he analytical solution of Eq. (6) describes the temperature history of
he particle without phase change:

= (𝑇i − 𝑇HTF)𝑒−
𝑡∕𝜏t + 𝑇HTF, (7)

here 𝜏 is the thermal time constant 𝜏 = 𝜌𝑉 𝑐 ∕ℎ𝐴.
t t p
Since both LCM and Levi’s model are only for homogeneous mate-
rials, 𝜙 is set to be 0 for the case in Fig. 1. Core center temperature
is plotted in Fig. 1a, which overlays the prediction from the current
model and the LCM method (Eq. (7)) in solid line and dashed red
line, respectively. The section of numerical results during which solid-
ification happens is compared to Levi’s model. His Newtonian model
began with a single nucleation event occurring on the particle surface.
The solid and liquid interface propagation rate is solved and correlated
to particle size, the liquid and solid interface kinetic coefficient 𝐾 =
(𝑟c∕𝛼L)(𝐿∕𝑐pL)𝐾M, where 𝛼𝐿 is the thermal diffusivity of the material
at liquid state, 𝑐𝑝𝐿 the specific heat at liquid state, and 𝐾M is a kinetic
parameter. 𝐾M describes the interface velocity in the linear law at the
melting temperature 𝑇m: 𝐾M = −(𝐿𝐷LM∕𝑎𝑅𝑇m2), where 𝐷LM is the
self diffusion coefficient in the liquid at 𝑇m, 𝑎 is the atom spacing, R
is the gas constant. This interface velocity governed by linear growth
law applied for processes with small to moderate undercooling [38,40].
Very good agreement is observed for the solidification time 𝑡s for
various particle sizes (Fig. 1b) with a root mean square error (RMSE)
of 0.58 ms, and for the liquid fraction 𝛼, which tracks the liquid/solid
interface propagation with time, shown in Fig. 1c with RSME of 0.0017,
respectively.

The validated numerical model can expand the limits of the LCM
and Levi’s model. It can be used for (1) materials with non-trivial spa-
tial temperature gradient, (2) crystalline and glassy solids, (3) sphere
particles with composite walls and (4) both melting and solidification
processes. The current work employs the model to study the encapsu-
lation effect for various materials, boundary and initial conditions. The
direct variables by solving Eq. (5) numerically on the computational
domain are the temperature history everywhere on the MEPCM, and the
time duration of the phase change 𝑡melt and 𝑡s. To study encapsulation
shell effect on the thermal performance of MEPCMs, more variables are
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Fig. 2. q vs. t for MEPCM particle with Sn, Al, and Cu core. The core radius 𝑟c is 50 μm, and the initial and boundary conditions are the same for all cases (𝑇i = 100 °C, 𝑇HTF =
500 °C, ℎ = 200W/(m2 K)).
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Table 2
Thermal physical properties of the MEPCM core and shell.

Material 𝑘
W/(m K)

𝑐p
J/(kg K)

𝜌
kg/m3

𝐿
kJ/kg

𝑇m
K

Tin 66.6 228 7260 59.2 505
Aluminum 210 900 2699 386.9 933.5
Copper 401 385 8960 208.7 1357.8
Fused Silica 1.38 749 2200 2400 –a

aThe melting temperature for fused silica is listed differently under various manu-
facturers due to chemical composition variation and form; typically above 1500 ◦C
[41].

extracted, including the heat transfer rate 𝑞, energy density per unit
volume 𝐸̇vol and per mass 𝐸̇sp, and the ratio of latent heat to the total
energy storage, referred to as latent heat ratio LHR. These variables are
evaluated at different encapsulation shell thicknesses, quantified by the
ratio of shell thickness and core radius 𝜙.

3. Results and discussion

Three different core materials, including tin, aluminum, and copper
are presented. The shell material of all MEPCM particles is set as fused
silica. The relevant material properties are listed in Table 2. While the
material properties offer many insights, the thermal performance of the
MEPCMs is inevitably associated with the process parameters, which
we will take into consideration and explore in this study.

3.1. Encapsulation effect during energy absorption

The heat transfer rate 𝑞 versus 𝜙 during the energy absorption pro-
cess is shown in Fig. 2. The boundary and initial conditions including
the initial temperature 𝑇𝑖, heat transfer fluid temperature 𝑇HTF and heat
transfer coefficient ℎ are set to be the same for all the cases in the figure.
At 𝑡 = 0, 𝑞 is the same (𝑞 = 0.0088 W at 𝜙 = 0, 𝑞 = 0.0126 W at 𝜙 = 0.2,

= 0.0171 W at 𝜙 = 0.4, 𝑞 = 0.0224 W at 𝜙 = 0.6, 𝑞 = 0.0283 W
t 𝜙 = 0.8, and 𝑞 = 0.035 W at 𝜙 = 1 respectively)for all three core
aterials at fixed 𝜙, since ℎ and 𝑇i are the same. The temperature

f the MEPCM particle becomes higher as it absorbs energy, which
ffectively reduces the temperature difference between the particle and
he heat transfer fluid. This leads to a decreasing 𝑞 with time for each
urve. The melting process is isothermal for all three selected metal
ores, as indicated by the flat section on the 𝑞 curve. 𝑞 increases as
increases, due to the added particle surface area for convection with

hicker shells. As 𝜙 increases from 0 to 1, the surface area 𝐴s is enlarged
y 4 times, from 0.0314 mm2 to 0.1257 mm2. Correspondingly, the
nitial q is increased by 4 times, from 0.0088 to 0.035 W. The impact
f increasing 𝜙 is the most prominent at the beginning of heating up,
s 𝑞 decays exponentially with time.

Intuitively, the high heat transfer rate for MEPCMs particles with
hicker shells will lead to more energy absorption for one individual
article (Fig. 3a). However, in order to understand the process better
nd maximize the potential of MEPCMs in energy storage applications,
t is important to take a closer look at the constituents of the absorbed
 c
Fig. 3. Encapsulation effect on variables related to energy absorption. (a) Total energy
absorption 𝐸st . (b) Latent heat ratio (LHR). (c) Volumetric energy density 𝐸̇vol. (d)
pecific energy 𝐸̇sp. The legends for (a) & (b) and (c) & (d) are the same; therefore
hey are labeled only once respectively. The initial and boundary conditions are the
ame as Fig. 2.

nergy. The total energy stored in the particle comes from both latent
nd sensible heat. The ratio of latent heat to the total energy storage,
HR, decreases as 𝜙 increases (Fig. 3b), due to the increasing storage
f the latter form of energy—sensible heat. Because the core was com-
letely melted during the process and the total mass of core remains
he same for various 𝜙 in this study, the latent heat absorption only
epends on the intrinsic properties of the core material, including the
atent heat of fusion and density (listed in Table 2). Therefore, the latent
eat absorption remains unchanged for given core size and material.
ince the encapsulation shell does not melt during the process, it only
ontributes to sensible heat addition. The LHR values in Fig. 3b indicate
hat the sensible heat weighs more for particles with thicker shells.
opper has the highest LHR value, varying from 0.3 at 𝜙 = 0 to 0.09
t 𝜙 = 1. LHR of Tin is the lowest among all three materials, with a
ange from 0.16 to 0.02 as 𝜙 increases from 0 to 1. All the LHR values
re below 0.3, which indicates that given the boundary and initial
onditions prescribed for cases in Fig. 2, sensible heat is the major form
f energy stored within the particle.

Even though the total energy storage increases with 𝜙, the total
olume 𝑉𝑡𝑜𝑡𝑎𝑙 of the MEPCM particle increased by 8 times from 5.24 ×
0−13 m3 to 4.19×10−12 m3 when 𝜙 increases from 0 to 1, thus leading to
diminishing energy storage density per unit volume 𝐸̇vol (Fig. 3c). The

hange in 𝐸̇ due to the added shell is the most prominent for copper,
vol
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Fig. 4. (a) 𝑡heatup vs. 𝜙, (b) 𝑡melt vs. 𝜙 and (c) 𝑡total vs. 𝜙. The initial and boundary conditions are the same as Fig. 2.
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which dropped from 6.21GJ/m3 to 2.69GJ/m3 when 𝜙 increases from 0
to 1, representing a 57% decrease. The 𝐸̇vol is reduced from 4.44GJ/m3

to 2.46GJ/m3 for the particle with aluminum core, which is a 45%
decrease. The 𝐸̇vol only decreased by 17% for MEPCM with tin core,
from 2.74 GJ/m3 to 2.28GJ/m3. This is consistent with the declining
LHR trend for each material, as the sensible heat climbs up. Unlike 𝐸̇vol,
the specific energy 𝐸̇sp increases as 𝜙 increases for tin and copper. The
𝐸̇sp of MEPCM with aluminum core decreases as 𝜙 increases, and it is
noticeably larger than the other two materials due to its light weight.
The low density advantage is most prominent when 𝜙 = 0, at which 𝐸̇sp
is 1.64MJ/kg for MEPCM with aluminum core, 0.69MJ/kg for copper,
and 0.38MJ/kg for tin. At 𝜙 = 1, the added shell weighs in so the
difference among three different MEPCMs is smaller: 1.09MJ/kg for
aluminum, 0.88MJ/kg for copper, and 0.80MJ/kgfor tin. MEPCMs with
high 𝐸̇sp have the benefit of making high temperature energy storage
systems more mobile and portable.

In addition to the amount of energy absorption, the other impor-
tant factor is the rate of energy absorption for the MEPCM particles.
Two variables of time, 𝑡𝑚𝑒𝑙𝑡 (Fig. 4a) and 𝑡heatup (Fig. 4b) are used
to characterize the transient process. 𝑡heatup is the time that it takes
to initiate the melting process of the MEPCM core, followed by 𝑡melt ,
the duration of melting. 𝑡heatup for tin and aluminum increase as 𝜙
increases. For MEPCM with copper core, 𝑡heatup is first reduced from
360 ms (𝜙 = 0) to 326 ms (𝜙 = 0.2 & 0.4), then gradually rises to
338 ms (𝜙 = 0.6), 357 ms (𝜙 = 0.8), and 380 ms (𝜙 = 1). The change
of 𝑡heatup can be explained by the change of thermal time constant 𝜏𝑡
of the MEPCM particle, which is the product of convective thermal
resistance 𝑅c = 1∕ℎ𝐴s and lumped thermal capacitance 𝐶t = 𝜌𝑉 𝑐 of the
particle. On one hand, an increase in 𝜙 leads to a higher 𝐶t , causing the
particle to respond slower to the change of its thermal environment. On
the other hand, larger 𝜙 means bigger surface area, which reduces 𝑅𝑐
of the particle. Since the increased 𝐶t weighs more for all cases with
aluminum and tin core, 𝑡heatup increases monotonically. In the case of
copper core, the reduction in 𝑅c offsets the increased 𝐶t for thinner
shells (𝜙 ≤ 0.8), thus causing the 𝑡heatup to be shorter than the case
without encapsulation.

The melting time 𝑡melt decreases as 𝜙 increases for all cases. This
aligns with the faster cooling rate with thicker shells, due to the
enlarged surface area. This trend is encouraging for thermal energy
storage applications, as it indicates that the encapsulation shell could
lead to faster charging rate. 𝑡𝑡𝑜𝑡𝑎𝑙, the sum of 𝑡heatup and 𝑡melt , versus 𝜙
is a concave curve with minimal values boxed in red at various 𝜙 for
different materials in Fig. 4c. At 𝑇𝑖 = 100 °C, the magnitude of 𝑡heatup and
𝑡melt are comparable with opposite trends (Fig. 4a & b), therefore the
effect of one offsets the other. It is worth pointing out that the trend of
𝑡𝑡𝑜𝑡𝑎𝑙 is unique to this set prescribed initial and boundary conditions. It
is practical to look into 𝑡heatup and 𝑡melt separately to better understand
this trend. For instance, 𝑡heatup will be shortened if 𝑇𝑖 is higher, whereas
𝑡melt does not vary with initial temperature. Therefore, an increasing 𝑇i
will diminish the weight of 𝑡heatup in 𝑡total. This will be further illustrated
in the next section, when the initial and boundary conditions change.
3.2. Encapsulation effect under different particle 𝑇i𝑠

The encapsulation effect on energy density and absorption rate
of MEPCM particles will vary as the operating conditions vary, in-
cluding the change of initial temperature, external heat transfer fluid
temperature and flow rate. To demonstrate, MEPCMs with aluminum
core operating under different 𝑇i is shown in Fig. 5. The rest of the
parameters other than 𝑇i, such as 𝑇HTF and ℎ are kept the same for all
cases.

Fig. 5a shows that 𝐸st decreases due to the increasing 𝑇𝑖 as expected.
As the shell becomes thicker, the difference between 𝐸st at different
𝑇i𝑠 is enlarged. The change of the weight of latent heat in total energy
is indicated by LHR shown in Fig. 5b. It decreases as 𝜙 increases for
all different 𝑇i𝑠. The impact of initial temperature does not seem to
be significant among different cases, particularly with thicker shells.
When the thickness of the shell is the same as 𝑟c (i.e. at 𝜙 = 1), LHR
is 0.14 at 𝑇i = 400 °C and 0.20 at 𝑇i = 600 °C. Both volumetric energy
density and specific energy of the MEPCM particle decrease as 𝜙 and 𝑇i
increases (Fig. 5c & d). Although 𝑇i does not affect 𝑡m at fixed 𝜙, Fig. 5e
hows that 𝑡heatup is shorter compared to 𝑡melt , and the higher the 𝑇i, the
horter 𝑡heatup becomes. Therefore, the sum of 𝑡heatup and 𝑡melt decreases
s 𝑇i increases (Fig. 5f). Even though the elevated 𝑇i accelerates the
nergy absorption rate indicated by 𝑡total, the slope gradually becomes
maller.

.3. Encapsulation effect under different 𝑇HTF and ℎ

The analysis presented in previous sections (Sections 3.1 and 3.2)
s on energy absorption during the heating process, of which the total
ime is fixed at 1s, regardless of the boundary and initial conditions.
ES systems usually run energy absorption, storing and releasing re-
eatedly, which is referred as thermal cycling. Although the duration
f each process will be much longer at system level due to the added
uantity of material, the operating temperature range is usually much
arrower, and can be set around the MEPCM’s melting temperature to
aximize latent heat contribution.

Four different thermal cycling scenarios are illustrated in Fig. 6.
n each scenario, the MEPCM particle with aluminum core starts at
oom temperature when energy absorption begins. They are exposed
o hot heat transfer fluid, the temperature and heat transfer coefficient
f which varies for each scenario. The energy absorption process stops
hen the temperature of the MEPCM core reaches to a set point, then it

s immediately followed by the cooling process to release the absorbed
nergy, shown as the blue line segments in Fig. 6a. The heat transfer
luid is kept at 250 °C during the cooling process. The duration of
nergy storage period in between heating and cooling depends on the
nsulation package and the interval of energy demand, which is not the
ocus of this study. Therefore, it is left out in the scenarios. The heating
nd cooling process of each cycle is considered completed when the
enter of the MEPCM particle reaches 700 °C and 600 °C respectively.
ach cycle in the scenarios is repeated three times. The results show
hat the process becomes periodic after the initial heating up cycle.
his is due to the particle’s small thermal mass. When large quantities
re used for system level applications, it will take more cycles to reach
hermal equilibrium and show repeatability.
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Fig. 5. Encapsulation effect at different 𝑇𝑖𝑠 for MEPCM particle with Al core. (a) Total energy absorption in 1 s vs. 𝜙, (b) LHR vs. 𝜙, (c) 𝐸̇vol vs. 𝜙, (d) 𝐸̇sp vs. 𝜙, (e) 𝑡heatup & 𝑡melt
s. 𝜙, and (f) 𝑡total vs. 𝜙. The boundary conditions are the same for all cases: 𝑇HTF = 1000 °C and ℎ = 100W/(m2 K).
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Fig. 6. Thermal cycling for MEPCMs with Al core, 𝜙 = 0.6. (a) Three cycles for each
scenario (one initial heat up followed by two periodic cycles). (b) One cycle for each
scenario, with the starting point of the heating process aligned for all scenarios for
comparison purpose. Process parameters for scenario A (solid line): 𝑇HTF−HI = 800 °C, ℎ =
200W/(m2 K). Scenario B (dashed line): 𝑇HTF−HI = 1000 °C, ℎ = 200W/(m2 K). Scenario
C (dash-dotted line): 𝑇HTF−HI = 800 °C, ℎ = 500W/(m2 K). Scenario D (dotted line):
𝑇HTF−HI = 1000 °C, ℎ = 500W/(m2 K).

Fig. 6b overlays one cycle from each scenario for comparison pur-
pose with Scenario A serving as the baseline case. Compared to Scenario
A, Scenario B raised 𝑇HTF during heating by 20% (from 800 °C to
1000 °C) while keeping the other process parameters the same. Scenario
C keeps 𝑇 the same as Scenario A, while increasing ℎ from 200 to
HTF s
Table 3
Parameters extracted from thermal cycling scenarios in Fig. 6b.

Scenario 𝐸𝑠𝑡 ⋅ 1 × 104

J, 1s
𝐸̇vol
GJ m−3

𝐸̇𝑠𝑝
MJ/kg

𝐿𝐻𝑅
(–)

𝑡𝑚𝑒𝑙𝑡
μs

𝑡𝑠
μs

A 17 0.8 0.3 0.58 244 82
B 30 1.4 0.5 0.58 100 82
C 41 1.9 0.7 0.58 98 33
D 74 3.5 1.3 0.56 40 33

500 W/(m2 K). Changing ℎ can be achieved by adjusting the heat trans-
fer fluid properties and/or flow rate. Scenario D shows the combined
effect of increasing both 𝑇HTF and ℎ. Since the MEPCM material and the
peak temperatures for heating and cooling are the same for all cases,
the energy absorbed per cycle for all cases is the same. Increasing 𝑇HTF
and ℎ will shorten the cycles, accelerating the heating up, melting and
solidification processes, which means more energy storage in 1 s. For
example, the 𝐸st for 1 s is increased by 76% from scenario A to B
(when the 𝑇HTF is raised), and it is increased by 138% from scenario
A to C (when ℎ is increased) shown in Table 3. Increasing 𝑇HTF will
peed up the melting process, and it has no effect on the solidification
ime. Increasing ℎ in the current model setting will accelerate both the
elting and solidification process. The 𝑡melt and 𝑡s decrease linearly as
increases while 𝑇HTF is kept constant from Scenario A to C or B to
. The temperature history obtained from particle level analysis can
otentially be used as input for thermal cycling test at system level,
hich needs to be performed to identify material fatigue, property
egradation and structural integrity issues.

. Conclusion

The thermal performance of MEPCM were evaluated for energy

torage applications. The transient heat transfer process during which
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the MEPCMs absorbs and releases sensible and latent heat is studied nu-
merically. The impact of encapsulation on energy storage quantity and
time were investigated under different initial and boundary conditions.
The main conclusions are:

1. For all three core materials (tin, aluminum, and copper), increas-
ing the encapsulation shell enhances convective heat transfer
rate 𝑞 due to the increased surface area.

2. As a result of the larger 𝑞, the increasing encapsulation shell also
speeds up the phase change process for all materials. The tem-
perature gradient across the shell is insignificant for MEPCMs
during melting, so the rate of change of energy storage in
the shell is negligible. The convective heat gain from the shell
surface will directly contribute to the latent heat absorption, and
lead to shorter 𝑡melt .

3. Results show that for Sn and Al, the time leading up to melt
𝑡heatup is longer as 𝜙 increases. The trend for 𝑡heatup is different
for copper: 𝑡heatup drops at 𝜙 = 0.2, then slowly increases as 𝜙
increases. Compared to a copper sphere without shell (𝜙 = 0),
𝑡heatup is shortened in all cases with shell except for 𝜙 = 1.
The difference in thermal response for different materials can be
explained by the ratio of the effective heat capacitance and the
convective heat transfer on the surface of the MEPCM particle.

4. Although the total energy transferred increases because of the
increasing 𝜙, the absorbed energy per unit volume decreases
with increasing 𝜙, due to (i) the increased shell volume, (ii) the
encapsulation shell must remain in solid state for containment
purpose, therefore, it does not release latent heat in the system,
(iii) the thermal capacitance of fused silica shell is smaller than
all three core materials tested.

he encapsulation shell effect on energy absorption quantity and rate
or MEPCM particles are presented in this study. The results indicate
hat an optimal shell thickness exists for achieving high energy storage
nd fast absorption. This particle level study paves groundwork for next
eneration TES system level analysis, with various design constraints,
ncluding the heat transfer fluid temperature, flow rate, storage tank
ize etc. Further, the results are instructive for manufacturing to tune
rocess parameters in order to produce MEPCMs with targeted thermal
haracteristics that are tailored for a set of operating conditions. Lastly,
he numerical approach in this work can be used to study the impact of
void between the shell and core, which is a very important attribute

or composite materials.
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