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1. Introduction

Thermal energy storage using phase change materials (PCMs) is a research topic
that has attracted much attention in recent decades. This is mainly because the potential
use of PCMs as latent storage media not only covers renewable energy and building
efficiency applications, but also the temperature control of electronic devices, batteries
and even clothes. Although a number of companies worldwide are producing a variety
of PCMs, advanced materials with improved properties and new latent storage concepts
are required to better meet the specific requirements of different applications. Moreover,
the development of common validation procedures for PCMs is an important issue that
should be addressed in order to achieve commercial deployment and implementation of
these kinds of materials in latent storage systems.

2. Advanced Phase Change Materials for Thermal Storage

The key subjects included in this special issue were related not only to materials in
terms of new PCM formulations and concepts, validation and assessment procedures,
characterization and simulation, but also to PCM applications in terms of implementation
and testing in storage prototypes, innovative approaches and the simulation of novel
storage modules for latent heat. Despite COVID-19 crises and lockdowns in most countries,
there were still six papers submitted to this special issue, and five of them were accepted,
which proves the quality of the research and the strong interest in the field of latent heat
storage. In the following paragraphs, a summary of these papers with their most relevant
contributions is presented.

The first paper included in this issue dealt with a procedure for selecting the appro-
priate PCM for two kinds of innovative compact energy storage systems implemented in
residential buildings: the Mediterranean (MED) concept, intended for space cooling, and
the continental (CON) concept, used for heating and domestic water [1]. The selection
methodology consists of a qualitative decision matrix, which uses some common features of
PCMs to assign an overall score to each material so that different options can be compared.
The most important PCM features to be considered in the decision matrix for material
selection are the melting enthalpy and temperature range, availability, cost and, in the case
of the CON concept, the maximum working temperature range. Apart from the qualitative
results, the authors made an experimental characterization of the best candidates, con-
sisting of differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA),
before making a final decision. This selection process led to various possible candidates,
but two commercial PCMs were selected as the most promising ones: RT4 (Tmelt = 4 ◦C)
for the MED cooling system and RT64HC (Tmelt = 64 ◦C) for the CON system providing
house heating and domestic hot water.

The main contribution of this paper is that it provides a simple, quick tool for pre-
screening a PCM before being implemented in any application and selecting at least the
most promising candidates to be included in further validation tests.

Appl. Sci. 2021, 11, 1390. https://doi.org/10.3390/app11041390 https://www.mdpi.com/journal/applsci
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The second paper presented a methodology that allowed comparing latent heat
energy storage (LHES) modules with different designs with respect to their compactness
and heat transfer performance [2]. Nowadays, many novel and promising heat exchanger
designs and concepts have emerged, aiming to enhance the heat transfer inside LHES
devices. However, the wide range of experimental conditions that can be found in the
literature for their characterization makes it difficult to compare their performance. In
light of this, the methodology described in the paper established just two key performance
indicators (KPIs) which were minimally influenced by the experimental conditions: the
compactness degree (ΦPCM) and a normalized heat transfer performance coefficient
(NHTPC). In the paper, these KPIs were calculated for several LHES units already reported
in the literature, allowing a leveled performance comparison with regard to operating
conditions at different scales, while characteristics like geometry, structural materials and
PCMs remained intrinsic. The robustness of the proposed KPIs was confirmed for units
at different size scales by varying the heat transfer fluid mass flow rates and temperature
levels. The evaluation procedure was applied to various LHES systems, and the most
promising designs for different applications were identified and discussed. The authors
clarified that the storage units analyzed were application-oriented and, in most cases, a high
heat transfer rate was not a requirement, which led to low values for the KPIs. However
optimized versions of the evaluated LHES systems are expected to deliver considerably
higher performance indicators. Hence, the conclusions of this analysis should be considered
as preliminary pictures of the general potential associated to each technological approach.
The main contribution of this paper is that the methodology proposed is expected to open
new paths in LHES research by allowing the leveled-ground comparison of technologies
among different studies, facilitating the evaluation and selection of the most suitable design
or designs for a specific storage application.

The third paper accepted in this special issue introduced the use of PCMs for the
thermal management of lithium-ion batteries (LIBs), since temperature is an important
factor affecting the working efficiency and service life of these devices [3]. In this work,
the authors studied the thermal performance of two commercial batteries (Sony and
Sanyo) under different working conditions: extreme conditions (inside a closed aluminum
tube), natural convection cooling and PCM cooling with and without heat dissipation
fins. The PCM used was a composite of wax with expanded graphite (Tmelt = 52 ◦C),
and the experimental results showed that the PCM was able to absorb some of the heat
produced during both the charge and discharge processes and, hence, effectively reduce the
temperature and keep the battery capacity stable. In fact, the tests performed at different
discharge rates showed that the temperature decrease attained under PCM cooling was
much higher for the Sanyo LIB (between 4.7 ◦C and 12.8 ◦C) than for the Sony LIB (between
1.1 ◦C and 2 ◦C), in both cases being compared with the natural convection experiments.
The temperature reduction impact on the Sanyo LIB was stronger because this battery
generated more heat due to its larger storage capacity. As for future developments, the
authors suggested that further optimization of LIB thermal management in terms of surface
temperature reduction could be achieved if a PCM with a higher latent heat was combined
with heat dissipation fins. In my opinion, the most interesting contribution of this paper is
that electrical storage and thermal storage working together can improve the performance
efficiency of energy storage systems, which is one of the main challenges to be addressed
and solved in future energetic scenarios.

The fourth paper resulted from the collaboration of several institutions and was
developed within the framework of Annex 33/SHC Task 58 Material and Component
Development for Compact Thermal Energy Storage, a joint working group of the Energy
Storage (ES) and Solar Heating and Cooling (SHC) Technology Collaboration Programmes
of the International Energy Agency (IEA) [4]. It consisted of a survey with a detailed
description of the experimental devices present in those institutions and used for investi-
gating the long-term stability and performance of PCMs under application conditions [5].
In fact, an important prerequisite to select a reliable material for thermal energy storage
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applications is to investigate its performance under real working conditions. In the case of
solid–liquid PCMs, the long-term performance in terms of the melting and solidification
processes should be ensured along the lifetime of the storage system, taking into account
the conditions of the intended application. In this work, the different institutions pre-
sented up to 18 experimental set-ups and devices that allowed for performing thermal
tests (cycling and constant temperature) not only for conventional PCMs, but also for the
ones with stable supercooling, as well as phase change slurries (PCSs). Moreover, the
paper introduced appropriate methods to investigate possible degradation mechanisms
of PCMs. Considering the diversity of the devices and the wide range of experimental
parameters, further work toward a standardization of PCM stability testing is strongly rec-
ommended. The main contribution of this paper is that it puts together many experimental
facilities currently in use and the know-how of the corresponding institutions for assessing
the long-term performance of PCMs, which certainly is a key issue for the commercial
implementation of LHTS systems.

The last paper of this special issue presented a compact model of latent heat thermal
storage (LHTS) for its integration in multi-energy systems [6]. In this way, the study
developed a new modeling approach to quickly characterize the dynamic behavior of an
LHTS unit. The thermal power released or absorbed by an LHTS module was expressed
only as a function of the current and the initial state of charge. Moreover, the model
also allowed for simulating even the partial charge and discharge processes. In general,
the results were quite accurate when compared with a 2D finite volume model, with the
advantage of the computational effort being much lower. Due to its simplicity, this model
can be used to investigate optimal LHTS control strategies at the system level. In light of
this, the authors implemented it in two relevant case studies: the reduction of the morning
thermal power peak in district heating systems and the optimal energy supply schedule in
multi-energy systems. However, this study describes the functioning of the LHTS unit at
the system level only on the basis of numerical results. Hence, future work should also test
the LHTS unit in a real case application to better quantify the model uncertainties.

The main contribution of this paper is the development of a simple model for LHTS
modules that can be implemented in the simulation of multi-energy systems, although
the model uncertainties still remain unquantified since it should be validated with data
obtained from real applications.
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Featured Application: Dynamic simulation of Latent Heat Thermal Storage at system level;

optimization of control strategies in multi-energy systems; investigation of Demand Side

Management strategies.

Abstract: Nowadays, flexibility through energy storage constitutes a key feature for the optimal
management of energy systems. Concerning thermal energy, Latent Heat Thermal Storage (LHTS)
units are characterized by a significantly higher energy density with respect to sensible storage
systems. For this reason, they represent an interesting solution where limited space is available.
Nevertheless, their market development is limited by engineering issues and, most importantly,
by scarce knowledge about LHTS integration in existing energy systems. This study presents a new
modeling approach to quickly characterize the dynamic behavior of an LHTS unit. The thermal power
released or absorbed by a LHTS module is expressed only as a function of the current and the initial
state of charge. The proposed model allows simulating even partial charge and discharge processes.
Results are fairly accurate when compared to a 2D finite volume model, although the computational
effort is considerably lower. Summarizing, the proposed model could be used to investigate optimal
LHTS control strategies at the system level. In this paper, two relevant case studies are presented:
(a) the reduction of the morning thermal power peak in District Heating systems; and (b) the optimal
energy supply schedule in multi-energy systems.

Keywords: latent heat thermal storage; pcm; 0D dynamic model; multi-energy system; district heating;
thermal network

1. Introduction

The thermal energy storage is a key element for increasing the operational flexibility of energy
systems, especially when these are supplied by renewable energy sources. When the space available
for storage technologies is limited, such as in urban contexts, Latent Heat Thermal Storage (LHTS)
through the melting/solidification of Phase Change Materials (PCMs) can reduce the occupied volume
up to five times with respect to sensible thermal storages to reach the same energy content. Therefore,
an increasing amount of attention is focused on LHTS systems in order to advance their Technology
Readiness Level (TRL) and market development. Currently, LHTS technologies have scarcely been
introduced to market, and their TRL is lower than seven [1], which indicates that this technology has
generally been demonstrated only in operational environments.

In this framework, numerous LHTS modeling approaches have been proposed in the existing
literature. LHTSs are commonly analyzed through detailed numerical models, which, in few cases,
are validated by experimental results. In fact, the intrinsic physical complexity of the phase change
phenomenon can be easily simulated by numerical models [2]. Most of the models are focused
on LHTSs design optimization with the aim of enhancing the heat transfer between the PCM and

Appl. Sci. 2020, 10, 8970; doi:10.3390/app10248970 www.mdpi.com/journal/applsci5
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the heat transfer fluid (HTF). As reported in [3], several enhancement techniques can be pursued.
Among these, numerous works investigated the optimal sizing of HTF tube fins. For instance,
Niyas et al. [4] performed a numerical study of a shell-and-tube LHTS prototype filled with PCM salts
with a full 3D model. Using commercial software based on a finite element scheme, they determined
the optimal number of HTF tubes and longitudinal fins per tube that minimizes the overall discharging
time. They also monitored a few performance parameters of the identified configuration, such as
the melting fraction, charging/discharging times, outlet HTF temperature, and energy stored. Then,
results were validated with experiments [5] showing good agreement. Sciacovelli et al. [6] adopted a
shape optimization strategy for Y-shaped fins with one or two bifurcations in order to enhance the
performance of a shell-and-tube LHTS. A two-dimensional cross-section model, solving the underlying
equations with a commercial finite volume code, was implemented. The fins optimization was
performed requiring the complete discharge of the LHTS unit both in a short and long-time interval.
A further application of CFD modeling to LHTS fins design optimization was presented by Pizzolato
et al. [7]. They extended the investigation of the fins design through the combination of topology
optimization techniques and ad hoc finite element two-dimensional and three-dimensional models.
Here, only heat conduction is considered. Then, the same authors increased their model complexity by
including also natural convection [8].

Esapour et al. [9] developed a detailed 3D in-house code to study the performance of an annular
LHTS with multiple tubes. More specifically, they determined the effect of the arrangement and
number of tubes on the liquid fraction and melting time. Then, in another work [10], the same model
was also adopted to investigate the influence of variable operational parameters such as HTF inlet
temperature and flow rate on the LHTS performance. Similarly, Saddegh et al. [11] compared the
thermal behavior of a shell-and-tube LHTS using a 2D conduction–convection heat transfer model for
two different LHTS orientations (vertical and horizontal).

In an attempt to simplify the simulation of LHTS systems, Neumann et al. [12] coupled a 1D
model for the heat exchanger tubes and a reduced 3D model for the PCM and fins. This model
can be used to improve the geometric and operational parameters of fin-and-tubes LHTSs with a
limited computational effort, although the PCM parameters should be carefully calibrated. A different
simplification approach was followed by Parry et al. [13]: a 3D computational model for a shell-and-tube
LHTS was calibrated with experimental results. This was successively reduced to a one-dimensional
radial model by employing an effective diffusivity technique. According to the authors, this model
is suited to predict performance over long-time spans. An original simple model was proposed by
Tay et al. [14]. This is based on the effectiveness-number of transfer units, and it was calibrated on a
tube-in-tank salt-based PCM system with radial circular fins. The correlation proposed by the authors
is semi-empirical, and it can be used for sizing and optimizing LHTS systems. A further interesting
simplification methodology was suggested by Johnson et al. [15]. First, they analyzed the heat transfer
properties of a tube assembly cross-section through a 2D finite volume model. Then, they produced a
1D radial model in Dymola for the ensemble of PCM and fins able to yield comparable results. Finally,
they coupled this latter model with a 1D axial model for the HTF again in Dymola and studied the
time evolution of the thermal heat flux for different configurations.

Nevertheless, although a few studies investigated the integration of LHTS in existing heating
systems, little attention has been devoted to the analysis of LHTSs operating conditions and partial
charge/discharge. For instance, Colella et al. [16] analyzed the behavior of an LHTS unit in a District
Heating (DH) substation through a 2D finite volume model. Xu et al. [17] studied the performance of an
encapsulated LHTS unit in a residential heating system in Sweden by means of a finite element model.
Johnson et al. [15] designed an LHTS for the production of high-temperature steam in a cogeneration
plant using the simplified model previously mentioned. However, in order to facilitate LHTS market
development, their optimal integration in energy systems is essential. Dynamic models that are fast
and accurate could positively support the study of LHTSs at a system level.
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In this work, a compact 0D model for a modular shell-and-tube LHTS is proposed. The model is
able to predict the thermal power released or absorbed by the assembly as a function of its state of
charge. Furthermore, it can represent partial charge and discharge operations. Therefore, this model
can be easily deployed for simulations at a system level in order to investigate optimal control strategies
or demand side management (DSM). Indeed, the proposed model is here applied to two relevant case
studies regarding the integration of LHTS in DH and multi-energy systems.

2. Materials and Methods

In order to study the optimal integration of different energy technologies at the building level,
a reliable representation of each energy asset is essential. In this framework, an LHTS model for the
simulation of the operating conditions provides quick results while retaining an acceptable physical
description. Considering the physical complexity of the phase change in PCMs and the heat transfer in
shell-and-tube configurations, a two-step model simplification was adopted. First, a 2D numerical
model was developed in Ansys Fluent (2020 R1). Then, a 0D mathematical description was adopted,
fitting the results obtained from the former numerical model with an exponential function. The LHTS
system used as a reference is a vertical shell-and-tube type, where finned tubes are crossed by water as
heat transfer fluid (HTF) and its shell encloses the PCM.

2.1. D Detailed Model

Figure 1 shows the computational domain of the initial detailed model. Due to the simultaneous
presence of a solid and liquid phase in the PCM, both heat conduction and natural convection
are relevant heat transfer phenomena in LHTS systems. Thus, a full 3D numerical domain is
generally recommended. However, the characteristics of the configuration analyzed in this study
allow a substantial domain reduction. In fact, as claimed by Vogel et al. [18], compact LHTS designs
hinder the development of natural convection phenomena, which are the main aspects responsible for
problem asymmetries. According to [18], the Rayleigh number (RaW) and LHTS aspect ratio (A) can
be used to determine the relevance of the wall heat flux due to natural convection in the liquid PCM.
This correlation asserts that the flow is dominated by natural convection only if RaW

A ≥ 500. Regarding
the LHTS configuration proposed in this analysis, the above-mentioned correlation yields RaW

A = 374.
Therefore, the heat flux due to natural convection is likely to be negligible both during charging and
discharging phases if compared to conduction. Hence, the computational domain is reduced to the
horizontal cross-section plane. Here, the temperature gradient is expected to be larger compared to the
axial direction [19], and heat conduction is dominant. The numerical domain is also further reduced,
taking advantage of the symmetry created by the fins. Then, the physical problem is modeled using
the finite volume method implemented in the commercial code Ansys Fluent.

Regarding the materials, the fins and tubes are made of aluminum, while the PCM is assumed to
be RT70HC manufactured by Rubitherm GmbH [20]. A summary of the PCM properties is reported
in Table 1. The enthalpy–porosity technique is used for modeling the melting and solidification
process [21]. Combining this method with the hypothesis of negligible natural convection, the only
governing equation to be solved is the energy equation, as expressed in Equation (1).

∂
∂t
(ρH) − ∇·(k∇T) = 0 (1)

where H is the sum of the sensible enthalpy and latent heat of the material.
Adiabatic boundary conditions are applied on the external face (Γ3 in Figure 1), while symmetry

is considered on Γ2. The heat transfer with the water in the pipes is modeled with an implicit Robin
boundary condition on Γ1, as shown by Equations (2)–(4). Tre f represents the average temperature
between the water inlet (Tin) and outlet (Tout) temperatures. However, Tout depends on the efficacy of
the heat transfer between the flowing HTF and the rest of the LHTS (i.e., the ensemble of fins and PCM).
Therefore, if Tout is expressed as a function of the heat flux at the wall (

.
qwall), Fluent solves Equation (2)
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iteratively. The heat transfer coefficient hconv is computed using the Dittus–Boelter correlation (5)
and the Nusselt number (6). In (5), n = 0.4 for discharge or n = 0.3 for charge. This correlation was
preferred over the implicit one proposed by Sieder and Tate due to its simplicity and acceptable
uncertainty. Substantially, the simulated domain represents an average cross-section of the whole
LHTS unit.

.
qwall = hconv

(
T − Tre f

)
(2)

Tre f =
(Tin + Tout)

2
(3)

Tout = Tin +
Ltubeπdi

Gcpw

.
qwall (4)

Nu = 0.023Re
4
5 Prn (5)

hconv =
Nu ∗ kw

di
(6)

Figure 1. (a) Three-dimensional (3D) Latent Heat Thermal Storage (LHTS) shell-and-tube concept;
(b) 2D computational domain.

Table 1. Phase Change Materials (PCM) physical properties.

PCM Physical Property Value

Density (ρ) [kg/m3] 880 (constant)
Specific Heat [J/(kg*K)] 2000

Thermal Conductivity (k) [W/(m*K)] 0.2
Latent Heat [kJ/kg] 214

Solidus Temperature [◦C] 69
Liquidus Temperature [◦C] 71

The numerical model follows the same approach adopted by Sciacovelli et al. [6], who validated
their 2D cross-section model for PCM solidification against experimental data. For further details,
the interested reader is referred to [6]. The computational grid consists of a non-structured mesh made
of 8278 cells with an average cell size of 3.5 × 10−4 m. The selected mesh proved to be sufficiently fine
not to influence the results. A Second Order Upwind scheme is used for the spatial discretization
of the energy equation together with the Least Squares Cell Based method for gradient calculation.
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The convergence is reached when residuals are lower than 10−8 for the energy equation. On the other
hand, the transient nature of the problem is approached with a Second Order Implicit Euler method,
with a time-step of 1 s. The selected value proved to be sufficiently fine not to influence the results.

2.2. D Compact Model

Considering the LHTSs dynamics, the thermal power released or absorbed by LHTSs varies
over time, as the thermal conductivity of the liquid and solid material is different. Indeed, as the
solidification or liquefaction of the PCM proceeds, the power exchanged decreases, since the melting
front is further from the fins. For this reason, it was assumed that the most relevant parameter
influencing the thermal power input/output of an LHTS is represented by its state of charge (SOC).
The SOC can be defined as the ratio between the actual energy stored inside the LHTS (Estored) and its
reference value when fully charged (7).

SOC =
Estored(t) − Emin

Emax − Emin
(7)

where Emax is the energy contained in the PCM when the LHTS is fully charged. Similarly, Emin is the
energy contained in the PCM when fully discharged.

A mathematical correlation between the current state of charge of the LHTS (SOC) and its thermal
power input/output was identified using the results of the 2D model as shown by Equations (8)–(10).
These were obtained observing the shape of the 2D model results and searching for their best fit
through the sum of exponential functions. Each expression refers to a different operational phase
(i.e., charge, discharge, or idle phase).

.
Qdis = AeB∗SOCn + CeD∗SOCn + K(1− SOC0)e−(

SOCn−E
F )

2

(8)

.
Qchrg = AeB∗SOCn + CeD∗SOCn + K ∗ SOC0e−(

SOCn−E
F )

2

(9)
.

Qidle = 0 (10)

SOCn is the normalized state of charge, and it is equal to
(

SOC
SOC0

)
during discharge and

(SOC−SOC0
1−SOC0

)

during charge, SOC0 is the initial state of charge,
.

Qdis is the thermal power released by each tube during
discharge,

.
Qchrg is the thermal power requested by each tube during the charging phase, and

.
Qidle is

the thermal power when the LHTS is not operated. Therefore, depending on the operational phase of
the LHTS, the value of the thermal power released or requested by each LHTS tube can be expressed
as follows (11): .

QLHTS =
.

x1Qdis −
.

x2Qdis +
.

x3Qidle (11)

where x1, x2, x3 ε [0; 1] and x1 + x2 + x3 = 1.
Equations (8) and (9) were obtained fitting with exponential and Gaussian functions the LHTS

thermal power and states of charge resulting from the simulations of the 2D model. The initial
conditions of these simulations were, respectively, a fully charged LHTS and a fully discharged LHTS.
Moreover, assuming that the thermal losses from the PCM to the HTF are negligible, the thermal
power is always zero during the idle phase. Although these expressions were retrieved considering a
specific LHTS design with fixed operating parameters (such as water mass flow rate and temperatures),
the proposed methodology can be easily tailored to different LHTS concepts and operating conditions.
Indeed, the evolution of the LHTS heat rate highlighted by several studies [12,15,22] is comparable
with the one expressed by Equations (8) and (9).

9



Appl. Sci. 2020, 10, 8970

3. Case Study

3.1. LHTS System Description

The LHTS system considered in this study is a vertical shell-and-tube type, with a height of 1.5 m.
Each tube has an inner diameter of 19.05 mm (6/8′′) and is equipped with 16 longitudinal fins whose
extension is 30 mm (thickness: 1 mm). Instead, the interaxial distance between each tube is assumed to
be 91 mm. The PCM is characterized by an average phase change temperature of 70 ◦C, as reported in
Table 1. The HTF inlet temperature is assumed to be 75 ◦C during the charging phase and 48 ◦C during
the discharge. These values were selected analyzing the working temperatures of the heating system
of the building described in Section 3.2. The HTF mass flow rate is 0.168 kg/s per tube. This value
was obtained fixing an average HTF velocity of 0.6 m/s. Finally, the size of the LHTS system (in terms
of stored energy) is not fixed a priori. As a matter of fact, the LHTS can be conceived as a modular
system composed by the aggregation of several tubes (ntubes) and their associated PCM depending on
the considered application. Each unit (tube + PCM) is able to store 2637.2 kJ, considering both the
sensible and latent heat content of the PCM (at the selected temperatures).

3.2. Model Application to Thermal Energy Networks

Among the strategies to improve the operational management of DH networks, the adoption of
distributed thermal storage systems at the building level is gaining interest as a measure to shave
peak demands [23]. Therefore, the first case study considered in this article is the reduction of the
peak thermal request from a substation of the DH network of Torino (Italy), which is characterized
by a climate zone E. This substation belongs to a building known as the Energy Center, which is a
research center owned by Politecnico di Torino. Thanks to its monitoring system, the building energy
data are available with a frequency of 15 min. For this case study, a representative day of January 2020
is taken as a reference. As can be seen in Figure 2, the building heat demand has a common shape
characterized by a morning peak (from 6:30 to 9 am) and a rather steady thermal request during the
remainder of the day. During the peak hours, the amount of heat requested to the DH network is
3100 MJ, which represents the 27.1% of the overall heat demand within the same day.

Figure 2. Building heat demand (15-min average thermal power).
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Overall, an LHTS system composed of 300 units (791 MJ) is needed in order to achieve an energy
demand reduction of 25.5% during the peak. However, due to the high power ceased or absorbed
by each LHTS unit at the beginning of its operation, the overall storage system is subdivided into
six bundles made of 50 units (tube + PCM) as depicted in Figure 3. These bundles are sequentially
activated with a delay of few minutes both during charge (in the night) and discharge (in the morning
peak). Moreover, each bundle follows the subsequent duty cycle: it is charged up to SOC = 0.97 and
discharged down to SOC = 0.02. Further partial charge and discharge cycles are not considered for this
case study. This is done since the building heat demand is rather constant for the rest of the day.

Figure 3. LHTS charge (a) and discharge (b) schedule for District Heating (DH) case study.

3.3. Model Application to Multi-Energy Systems

This section shows the application of the 0D model for the achievement of the best operation
in a multi-energy system context, as schematized in Figure 4. The multi-energy system is conceived
to supply heat, electricity, and cold to a block of flats with 15 dwellings. The production system is
characterized by a group of several technologies. In this context, the adoption of a thermal storage
provides significant benefits to improve the system flexibility. In particular, an LHTS can be extremely
advantageous in buildings, since it requires small installation volumes. In order to easily model the
time-dependent behavior of the LHTS, the 0D model is adopted.

The most convenient technologies to be operated are selected by a Mixed Integer Non-Linear
Programming optimization tool that includes the 0D LHTS model. The optimization algorithm allows
achieving the best operation for the multi-energy system. Therefore, its output is the optimal time
evolution of (a) the power from the production/conversion technologies; (b) the power purchase from
the grid; and (c) the released/absorbed power in the storages.

The optimization model includes constraints such as (a) the overall produced and purchased
energy vectors must be equal to the loads and (b) the energy production of each technology must
not exceed its maximum capacity (the same for the conversion technologies and the storages).
Moreover, additional constraints are set to model the LHTS. The maximum thermal power that can be
absorbed/released by the LHTS is imposed at each time step in relation to the outcome of the LHTS
0D model.

Concerning the energy production/conversion, both traditional and innovative technologies are
considered to be installed. Among the traditional technologies that can be adopted are a heat-only
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boiler (HOB) for heat production, an electric chiller (EHP) for cold production, and the grid connection
for the electricity/heat supply. Among the innovative technologies are a micro-cogeneration system
(for combined heat and power production) fed by natural gas, an absorption chiller, fuel cells,
photovoltaics (PV), thermal solar, and wind turbine. Furthermore, a series of storages (hot, cold,
and electric) provide a significant level of flexibility for the multi-energy system.

Figure 4. Schematics of the multi-energy system optimization with a 0D LHTS model.

4. Results and Discussion

In order to assess the validity of the 0D model, this section compares the results with the ones
obtained from the 2D model. Afterwards, the impact of an LHTS system on the operational strategies
of two relevant case studies is quantified through the application of the compact 0D model. In the
former case, it shows how the LHTS allows achieving a significant reduction of the thermal power
peak in a District Heating (DH) substation. In the latter case, it is used to include the latent thermal
storage in an optimizer that finds the optimal performance of a multi-energy system.

4.1. Comparison between 0D and 2D Models

The coefficients resulting from the fitting procedure described in Section 2 are reported in Table 2.
Equations (8) and (9) approximate very well the 2D power discharge and charge curves when the
initial conditions are, respectively, SOC0 = 1 and SOC0 = 0 (Figures 5 and 6). The former fitting
curve is characterized by a correlation coefficient R2 = 0.995, while the latter has R2 = 0.992. Overall,
the minimum value is R2 = 0.939, while the maximum standard deviation is 0.138 kW.

Table 2. Fitting coefficients in Equations (8) and (9).

Coefficient Discharge Phase Charge Phase

A 0.1752 [kW] 3.353 [kW]
B 3.112 [-] −45.93 [-]
C −0.2078 [kW] 1.337 [kW]
D −0.9345 [-] −3.606 [-]
K 1.758 [kW] 0.3296 [kW]
E 0.5518 [-] 0.5908 [-]
F 0.3442 [-] 0.4197 [-]

12



Appl. Sci. 2020, 10, 8970

Figure 5. Latent Heat Thermal Storage (LHTS) discharge starting from different initial states of charge
(after a partial/complete charge).

Figure 6. LHTS charge starting from different initial states of charge (after a partial/complete discharge).

The correspondence between the LHTS thermal power and its state of charge is not univocal. As a
matter of fact, the LHTS thermal power depends both on the current state of charge (SOC) and on
the initial state of charge (SOC0). However, SOC0 affects the results only in case a new charging or
discharging phase starts. For instance, if there are two consecutive charging or discharging phases
(only interrupted by an idle period), the value of SOC0 should not be updated at the beginning of the
second charge/discharge simulation. Instead, the previous value must be retained. This issue is due
to the fact that when a partial charge is performed, only the PCM close to the fins becomes liquid,
while the PCM far from the fins remains solid. If the subsequent operational phase is a discharge,
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a peak of thermal power occurs at the beginning of this latter process because the first layer of PCM
encountered in the heat propagation is liquid (Figure 5).

A similar consideration is valid when a charge is performed, starting from a partial discharge
of the system (Figure 6). The 0D model for the LHTS discharge thermal power (8) is slightly less
accurate when SOC0 is much smaller than 1 (i.e., when a discharge is preceded by a very short charging
phase). However, it is rather unlikely to discharge a thermal storage starting from such a low content
of energy. Similarly, the 0D model for the LHTS charge thermal power (9) is less accurate when the
SOC0 is much larger than 0 (i.e., when a charge is preceded by a very short discharge phase). As a
matter of fact, the 2D curves in Figure 5 are both shifted and contracted with respect to one other,
while the 2D curves in Figure 6 are mainly shifted. This dissimilarity might be due to the fact that the
HTF inlet temperature during the charging phase (75 ◦C) is much closer to the PCM average phase
change temperature (70 ◦C) compared to the HTF inlet temperature during discharge (48 ◦C). In fact,
as indicated by [24], the HTF inlet temperature affects the LHTS thermal power.

4.2. Distributed LHTS in DH Networks

The 0D LHTS model is here applied to the reduction of the thermal power peak that is observed
in DH networks at the beginning of their daily operation in some areas of the world (such as the
Mediterranean area). In order to achieve this goal, the LHTS system follows the subsequent duty cycle,
as detailed in Figure 7:

• The charging phase of each LHTS unit lasts 3 h; thus, the whole LHTS bundle is charged between
1.20 and 5.40 am (due to the imposed delay between the activation of each unit);

• The discharging phase of each LHTS unit lasts 1.5 h; thus, the whole LHTS bundle is discharged
between 6.30 am and 9.20 am (due to the imposed delay between the activation of each unit).

Figure 7. LHTS charge and discharge duty cycle to reduce DH morning peak.

Although all the energy absorbed by the LHTS during the charging phase is released in the
discharging phase, the duration of these two processes is remarkably different. Since the HTF mass
flow rate is constant, the thermal power is affected only by the temperature difference between the
incoming HTF (48 ◦C or 75 ◦C) and the PCM average phase change temperature (70 ◦C) in both the
operational phases. Consequently, the discharging phase is faster because the temperature difference is
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four times higher compared to the charging phase. Moreover, the spikes registered in the LHTS thermal
power does not constitute a desirable feature from the point of view of the building heating system
management. However, this highly unsteady behavior could be easily changed by a finer regulation of
the HTF mass flow rate [16,17] (that is out of the goals of the present analysis). Furthermore, as detailed
in Section 2.2, a perfect LHTS insulation is assumed. Consequently, heat losses are negligible when the
storage is fully charged.

As shown in Figure 8, the time delay between the activation of each LHTS unit strongly affects the
maximum power requested by the building to the DH network, whose reference value is 385 kW for
this case study. Considering the LHTS system configuration analyzed, the peak thermal power of the
DH supply is minimized when the activation of each LHTS unit is delayed by 16 min with respect to
its preceding unit during the discharging phase. On the contrary, the minimization of the peak DH
supply during the charge of the whole LHTS system would yield the obvious solution of charging
each LHTS unit separately. However, this situation would not be compatible with the available time in
the night. For this reason, an activation delay of 16 min was retained also for the charging phase.

Figure 8. Minimization of DH peak thermal power through LHTS discharge delay.

Finally, Figure 9 shows the DH supply curve when the LHTS system presented in this study
is deployed. For consistency with the data of the building energy demand, the DH supply curve
describes the average thermal power over 15-min intervals. The morning peak reduction is evident
from the figure. The thermal energy supplied by the DH between 6.30 and 9 am is reduced by 25.5%,
while the maximum value of the DH thermal power is decreased by 18%. This result is achieved by
simply shifting the supplied thermal energy in the night hours. This shifting could also be extensively
advantageous for DH users in case of different tariffs during the daytime and nighttime. As an example,
in Turin, the heat during the night is sold at a price that is up to 50% lower than the daily price [25].
Furthermore, the overall volume occupied by the LHTS system proposed in this study amounts to
3.4 m3, while a sensible water storage tank would require 7 m3 for the same energy content (assuming
also the same temperature difference 75–48 ◦C). Therefore, this feature constitutes a great advantage
when the thermal energy storage is located in the small technical rooms available in the buildings.
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Figure 9. Building heat demand (15-min average thermal power) with and without LHTS.

4.3. LHTS in Multi-Energy Systems

This section reports the results achieved in the analysis of the Multi-Energy System.
The technologies activated for supplying the electricity load are the micro-cogeneration (CHP) system
and the photovoltaics (PV). The extra demand is supplied purchasing the electricity from the grid;
the adoption of the batteries makes the production more flexible. The electricity consumption is due to
both the building load and the electricity absorbed by the electric heat pump and the electric storage.
Concerning the cooling load, this is supplied through an electric heat pump (EHP). As far as heating is
concerned, Figure 10 includes the power evolution of the technologies selected by the optimizer. On the
left of the figure, the production evolutions are reported; on the right, consumptions are reported.
The production consists in the sum of the power due to the production/conversion technologies
operated, the energy purchased from the grid, and the storage discharging phase. The consumption
consists in the sum of the building load, the energy sold to the grid, the storage charging phase,
and the consumption of the other technologies such as the heat consumed by the absorption heat
pump. The sum of the production and consumption must be equal. As a result, the heat load is mainly
provided by the micro-cogeneration system, the heat-only boiler, and the thermal solar. The LHTS
allows storing energy in the valley to supply it during the peak loads.

Figure 10. Production/consumption evolution for the energy vectors: (a) hot production;
(b) hot consumption.
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5. Conclusions

In this study, a simple 0D model for a modular shell-and-tube LHTS is presented. The model was
obtained considering the main quantities affecting the charging/discharging evolution and through a
fitting of the LHTS thermal power achieved with a more detailed CFD model. The compact model is
obtained parameterizing the 2D model results as a function of the LHTS initial states of charge in order
to account for partial charge and discharge. Results show that the 0D model is extremely accurate
when compared with the 2D model, as the minimum value of the correlation coefficient (R2) is 0.939,
and the maximum standard deviation is 0.138 kW.

Overall, thanks to its simplicity and low computational cost, the 0D model can be easily used
for simulations at the system level. It allows investigating the performance of numerous control
strategies in energy systems equipped with an LHTS, even in case the LHTS is only partially charged
or discharged. In this work, two specific relevant applications of the compact model are considered.
The former regards the thermal power peak reduction in DH substations, while the latter concerns the
optimal operational strategy of a set of production/conversion/storage technologies (included LHTS)
in a multi-energy system. However, this study describes the functioning of the LHTS at the system
level only on the basis of numerical results. Therefore, future work should test the LHTS also in a real
case application to better quantify the model uncertainties.
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Abstract: An important prerequisite to select a reliable phase change material (PCM) for thermal
energy storage applications is to test it under application conditions. In the case of solid–liquid PCM,
a large amount of thermal energy can be stored and released in a small temperature range around the
solid–liquid phase transition. Therefore, to test the long-term stability of solid–liquid PCM, they are
subjected to melting and solidification processes taking into account the conditions of the intended
application. In this work, 18 experimental devices to investigate the long-term stability of PCM are
presented. The experiments can be divided into thermal cycling stability tests, tests on PCM with
stable supercooling, and tests on the stability of phase change slurries (PCS). In addition to these
experiments, appropriate methods to investigate a possible degradation of the PCM are introduced.
Considering the diversity of the investigated devices and the wide range of experimental parameters,
further work toward a standardization of PCM stability testing is recommended.
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1. Introduction

Phase change materials (PCM) can store large amounts of thermal energy in a small temperature
range around their phase change temperature. Therefore, latent heat storage systems based on
PCM can provide high thermal energy storage densities [1–4]. An important prerequisite to select
a reliable phase change material (PCM) for thermal energy storage applications is to investigate
its stability under application conditions. Since appropriate testing devices are not commercially
available, lots of different self-built devices exist in various research institutions. Many of these
institutions are currently participating in IEA ES Annex 33/SHC Task 58 “Material and Component
Development for Compact Thermal Energy Storage”, which is a joint working group of the “Energy
Storage” (ES) and the “Solar Heating and Cooling” (SHC) Technology Collaboration Programmes
(TCP) of the International Energy Agency (IEA) [5]. The main goal of this working group is to support
an application-oriented development of innovative and compact thermal energy storage materials
including PCM and thermochemical materials (TCM). Therefore, the participants have proposed
sharing their experience regarding PCM stability testing. In total, 18 mostly self-built devices from
10 institutions are presented in this survey. The experiments performed can be divided in three types:
type A: thermal cycling stability tests; type B: tests on PCM with stable supercooling, and type C: tests
on the stability of phase change slurries (PCS).

In the case of solid–liquid PCM, heat is stored and released under repeated melting and
solidification processes, which are also referred as thermal cycles. To assess the suitability of a
PCM for a thermal storage application, testing the variation of its thermal properties under repeated
thermal cycling (type A tests) taking application conditions into account is crucial [6–8]. Relevant
experimental conditions are the temperature interval, heating and cooling rates, contact to atmosphere,
contact to container, heat exchanger material, etc.

To study thermal cycling stability, the PCM under investigation is typically subjected to a
temperature–time profile, as shown in Figure 1.

Figure 1. Idealized temperature–time curves of a thermal cycling stability experiment of a solid–liquid
phase change material (PCM); PCM temperature (red dashed line); and heat transfer medium
temperature (black solid line).

Two temperature levels, one above (Thigh) and one below (Tlow) the melting temperature (Tm),
are applied alternately for a defined number of cycles. Certain periods of time are necessary to obtain
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a complete phase change from solid to liquid and vice versa. In between these two temperature levels,
transition steps are carried out, either using temperature ramps with controlled temperature gradients,
allowing natural cooling, or by heating and cooling as fast as possible. The curves plotted in Figure 1
are idealized. In reality (e.g., as shown in Figure 20), both the temperature–time profile of the heat
transfer medium (solid black line) and the temperature response of the PCM under investigation
(dashed red line) will not change suddenly between isothermal segments and transition segments.
In addition, in many experiments, supercooling of the PCM will occur at least to a small extent.

Among the thermal properties to be checked after (or during) thermal cycling, the
enthalpy–temperature curves upon melting and solidification are particularly relevant. In this
context, a material can be regarded as stable after a certain number of thermal cycles if melting
temperature and melting enthalpy variations remain within specific tolerance values. For example,
according to the “RAL Quality Association PCM” [9] testing regulations, a decrease of the melting
enthalpy by less than 10% and a melting temperature variation of ±1 K can be tolerated after a certain
number of cycles. PCM are classified in cycling categories according to the number of cycles performed
without damage: from A category (10,000 cycles) to F category (50 cycles). However, the testing
regulations of the “RAL Quality Association PCM” neither indicate details on the appropriate design
of stability testing devices nor give recommendations on suitable experimental techniques to study
the stability of relevant properties after thermal cycling (except calorimetric techniques to measure
enthalpy–temperature curves). In addition, apart from defining different cycling categories, nothing is
said about the long-term stability of PCM under application conditions. So far, other testing regulations
dedicated to the thermal cycling stability of PCM have not been proposed.

A concept for medium and long-term thermal energy storage is to utilize the ability of certain
PCM to be stored as a liquid in the supercooled state. As investigated by Englmair et al. [10]
and Desgrosseilliers [11], the application of sodium acetate trihydrate (SAT) in closed containers
permits the use of its sensible heat capacity after melting while preserving its heat of fusion at room
temperature in a state of stable supercooling. The result is a thermal energy storage capacity that can
be used on demand by the controlled initialization of crystallization. This storage concept has been
demonstrated for a solar heating system [12,13] and showed potential for compact thermal energy
storage systems in buildings [14]. Recently, Duquesne et al. reported Xylitol [15] and Puupponen et al.
reported micro-structured polyol-polystyrene composites [16] as further promising materials with
stable supercooling properties. To investigate the stability of PCM with stable supercooling (type
B tests), dedicated test procedures are required. In addition to temperature–time profiles of regular
thermal cycling tests, both the degree and duration of supercooling are parameters of interest.

Phase change slurries (PCS) are fluids composed of PCM and a carrier fluid [1]. A PCS is stable
if the emulsified or encapsulated PCM droplets do not degrade during operation, e.g., due to an
agglomeration of droplets or a PCM leakage in the case of capsules. Among others, the stability of PCS
depends on the investigated sample and particle size and the applied flow rate. Stability testing of
PCS is carried out with self-built experimental devices (type C tests) that provide application-oriented
charging and discharging conditions.

While existing studies reported on stability tests of a certain PCM tested with a certain device
for a given number of thermal cycles (as e.g., in the review articles of Ferrer et al. [6] and Rathod and
Banerjee [17]), this work focuses on the experimental devices and testing procedures that are being
used to perform PCM stability tests under application conditions.

The aims of this work are as follows: first, to give an overview of the variety of experimental
devices that are being used to investigate the long-term stability of PCM; second, to compare the
specifications and test conditions of these devices, and to identify differences or similarities of the
applied methods; third, to increase awareness that PCM stability studies need to take application
conditions into account in order to investigate possible degradation phenomena in a realistic manner;
and fourth, to initiate a discussion of whether there is a need to define or develop standardized stability
test devices and procedures.
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Following the comparison of investigated validation test devices of types A to C (Section 2),
appropriate experimental methods to detect a possible degradation of the PCM are introduced
(Section 3).

2. Comparison of Experimental Devices

2.1. Summary of Technical Specifications

This article is based on a survey comparing the experimental conditions and procedures of
18 testing devices from 10 different institutions. The device names used are formed according to the
abbreviations of the respective institute designations. The technical specifications and the experimental
conditions of these devices are summarized in Table 1. Devices are divided into thermal cycling
stability tests (type A), tests on PCM utilizing stable supercooling (type B), and tests on the stability of
PCS and encapsulated PCM (type C). The experimental devices for thermal cycling stability tests (type
A) are typically used to test common PCM such as salt hydrates, paraffins, and other organic materials
(e.g., fatty acids and esters). Further information about the investigated materials and their measured
stability as well as further specifications of the devices can be found in the quoted references.
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2.2. Descriptions of Testing Devices

In this section, the experimental setups, operating principles, and testing procedures of the
self-built stability testing devices are presented. Devices are grouped and listed in the same order as in
Table 1.

2.2.1. Type A—Thermal Cycling Stability Tests

CIEMAT I

The experimental device “CIEMAT I” is an oven that allows performing thermal tests under
controlled heating and cooling rates with stand-by periods at constant temperatures up to 350 ◦C.
Pictures of this device are shown in Figure 2. Thermal cycles can be performed between two temperature
levels with transitions via linear ramps with rates from 1 to 20 K·min−1. These ramps can be combined
with stand-by periods up to a maximum test time of 24 h.

Figure 2. Setup outside (a) and oven inside (b) of the device “CIEMAT I”.

The temperature inside the oven is accurately controlled thanks to a fan located on one side,
which provides forced ventilation (Figure 2b). Various samples with different sizes can be tested
simultaneously under static ambient air. During the experiments, the temperature of both sample(s)
and oven are monitored with calibrated T-type thermocouples.

CIEMAT II

The “CIEMAT II” device consists of a vertical oven with a cylindrical ceramic cavity as shown in
Figure 3. This oven can perform thermal cycles up to 500 ◦C at controlled heating rates (between 1 and
20 K·min−1) with stand-by periods at constant temperature. To cool down the sample, the heating
system automatically switches off so that only natural cooling can be achieved. This device also allows
performing thermal tests at constant temperature for indefinite periods of time. Moreover, it can be
installed inside an extraction hood so that PCM thermal degradation tests under air can be carried out
either at constant heating rate or constant temperature.

As shown in Figure 3b, only one sample can be tested at a time remaining under atmospheric
air. During the experiments, the sample temperature is monitored with calibrated T-type or J-type
thermocouples. Typically, one thermal cycle per day is carried out.
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Figure 3. Setup outside (a) and oven inside (b) of the device “CIEMAT II”.

CIEMAT III

“CIEMAT III” is a thermal cycling device shown in Figure 4. It consists of a vessel enclosed inside
a furnace that allows performing cycles under controlled heating (between 1 and 20 K·min−1) up to
500 ◦C and natural cooling (Figure 4a) with stand-by periods in between. This device also allows
performing thermal tests at constant temperature for indefinite periods of time. The testing vessel is a
metallic cavity closed by two flanges where only one sample can be introduced. In the upper covering
flange, a J-type thermocouple is installed to record the sample temperature during the experiments,
and the lower flange has two connecting pipes for gas inlet and outlet, respectively (Figure 4b). Each
gas pipe is connected to a valve that allows gas entrance and exit and keeps the pressure in the device
at a user-defined pressure range. The gas facility is prepared for using Ar or N2, but other gases such
as air might also be used.

Figure 4. Setup outside and furnace (a) and setup inside (b) of the device “CIEMAT III”.

EHU

The testing device “EHU” is comprised of a thermostatic bath and airtight tubes. The samples
are inserted inside the tubes, and these are immersed into the thermostatic bath, which uses silicone
oil as a heat transfer fluid. The tubes are made of glass and include a nylon screwed cap with an
O-ring sealing that ensures tightness. They can handle pressures up to 10 bar. The usual sample size is
approximately 5 g, although tubes with variable dimensions can be employed (Figure 5).
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Figure 5. Pictures of stability testing device “EHU”; thermostatic bath (a), glass tube and cap (b),
thermally cycled samples (c).

The arrangement and configuration are flexible and adapted to the investigated PCM and the
kind of degradation expected. The temperature program usually comprises consecutive heating and
cooling cycles if physical phase separation is expected. When the material under study might undergo
thermal decomposition, then the program normally consists of submitting different samples to a
constant temperature. The samples are extracted after different periods of time and analyzed. Several
complementary techniques are used. Variations on the thermal behavior (storage capacity, melting
temperatures, and others) are evaluated by differential scanning calorimetry (DSC). Visual control is
kept by periodic imaging. Additional information is obtained by X-Ray diffraction, Fourier transform
infrared spectroscopy (FT-IR), and liquid chromatography.

During the experiment, the temperature of the thermostatic bath is measured. The temperature
inside of the samples can be also recorded by introducing a thermocouple inside a “sacrificed” sample.
Normally, the PCM is in contact with air. However, other gases (e.g., N2 or Ar) can be introduced by
the use of a controlled atmosphere chamber (a globe box).

HSLU

The setup used at Lucerne University of Applied Sciences and Arts (HSLU) is based on the
commercial device Easymax 102 (METTLER TOLEDO AG., CH), which is used as a cycling device and
synthesis station (Figure 6). The Easymax is operated between −30 and 180 ◦C. Two heating chambers
with various adapters allow the measurement with one to five vessels (1 × 100 mL, 3 × 25 mL, 5 ×
8 mL) per chamber (Figure 7a). Magnetic or mechanical stirring can be applied. Easymax 102 contains
one temperature sensor per chamber. Therefore, an external logging device to record the temperature
of the other vessels is used.

Different heating and cooling rates can be applied, either using a fixed rate or by controlled
heating so that a temperature difference between the sample temperature (Tr) and the temperature of
the jacket (Tj) is not exceeded. If more than one vessel per chamber is measured, only heating by rate is
possible (Figure 8).

During the experiments, the jacket temperature Tj and the reaction temperature Tr are measured.
With the addition of a reaction calorimetry unit (Figure 7b), the phase change enthalpy, heat transfer
coefficient, and specific heat can be determined as well. Typically, ten thermal cycles per day are
carried out.
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Figure 6. Picture of stability testing device “HSLU”.

Figure 7. Sample containers of the stability testing device “HSLU” (a), reaction calorimetry unit (b).

Figure 8. Typical temperature profiles of the stability testing device “HSLU” (fixed heating and cooling
rate (a), constant temperature difference upon heating and fixed cooling rate (b)); jacket temperature Tj,
and reaction temperature Tr.
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ISE Capsules

The test facility “ISE capsules” consists of an open bath in which the encapsulated PCM samples
are immersed. Circulating tap water is applied as a heat transfer fluid. The flow rate can be adjusted
manually by means of a pump with a downstream restriction. The bath temperature is controlled by a
thermostat that supplies heat to the test circuit by a heat exchanger. Temperature sensors at the flow
and return line of the bath and a volume flow sensor allow the thermal balancing of the heat stored in
the PCM macro-capsules. The schematic of the setup is shown in Figure 9.

Figure 9. Schematic of stability testing device “ISE capsules”.

The typical temperature profile is comprised of temperature steps (1 K·min−1 heating and cooling
rate), which are repeated cyclically. The set temperatures depend on the PCM under investigation and
are usually set 5 K below and above the melting temperature of the PCM. Typically, ten thermal cycles
per day are carried out.

ISE Peltier

This is a flexible Peltier test rig for cycling in the temperature range −30 to 200 ◦C. Up to 16 Peltier
modules with a maximum heating and cooling power of 30 W each and a surface of 65 × 65 mm can be
flexibly combined in the x and z directions. Each Peltier module has two Peltier elements: one on the
bottom and one on top. The upper Peltier elements are single point fixed to compensate for non-parallel
surfaces. The contact pressure of the upper Peltier element can be controlled by pressurized air. A
picture of the Peltier test rig is shown in Figure 10.

Figure 10. Peltier test rig.

Up to eight individual temperature controllers are used to control the temperature of samples.
Peltier elements can be individually attached to each controller. Temperature profiles are composed of
basic segments. Basic segments are the sudden temperature change, ramp, or isotherms. Heating and
cooling rates can be defined individually. Sample crucibles are designed as needed. In line stability
check is not foreseen. External stability check via DSC, optical inspection, or others is necessary.

Measured data are the temperatures of the PCM (middle or surface) and the temperature of the
Peltier surface. Up to 24 thermal cycles per day are carried out.
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LAMTE

The cycling device “LAMTE” is used to simultaneously cycle up to eight samples within a similar
range of phase transition temperatures. The temperature is adjusted using two cartridge heaters
embedded in an aluminum block as heat sources and four thermoelectric coolers for cooling of the
system. Typically, a heating rate of approximately 13 K·min−1 and a cooling rate of approximately 7
K·min−1 are applied. Pictures of the device are given in Figure 11.

Figure 11. (a) Schematic diagram showing the various components of the thermal cycler general
assembly, (b) photograph of the actual experimental setup, and (c) photograph of the housing unit with
the heating and cooling elements and vials containing PCM (reproduced with permission from [22],
Elsevier, 2016).

The maximum sample volume is 7.4 mL. Typically, only half the volume is used to allow for any
expansion. The PCM is inserted in a dram vial made of borosilicate glass with a 15–425 threaded
PTFE/silicone liner cap; the vial is inserted in the aluminum block where thermal grease is applied
between the aluminum and the PCM vial to reduce thermal resistance to conduction. During the
experiments, the temperature–time curve of the aluminum block is measured using a negative
coefficient (NTC) thermistor. A typical temperature-time profile is shown in Figure 12. A numerical
study of the system was done to determine the temperature, and phase, history of a PCM inside the
dram vial during both the melting and solidification phase of the cycle, therefore ensuring complete
melting and solidification of the PCM during each cycle [23]. Up to 140 thermal cycles per day are
carried out.
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Figure 12. Typical temperature–time profile of stability testing device “LAMTE”.

LGCgE

The Fluxmetric bench (Figure 13a) is a thermal cycling device used to impose temperature ramps
on both larger sides of a parallelepipedal poly(methyl methacrylate) (PMMA) sample containing PCM
(Figure 13b). Temperature ramps are applied thanks to the exchanger plates, each of which is connected
to a refrigerated/heating circulator controlled by a computer. Typically, a heating rate of approximately
0.05 K·min−1 and a cooling rate of approximately 0.3 K·min−1 are applied. Two to three thermal cycles
per day are carried out. The four smaller faces of the sample are insulated so as to minimize lateral
heat losses (Figure 13b). In its current configuration, the container is filled with 270 mL of PCM. This
configuration allows limiting convective flow when the PCM is in a liquid state. A heat flux meter
incorporating a T-type thermocouple is placed on each side of the PMMA sample in order to calculate
the energy balance at each heat cycle and to identify the melting and solidification temperatures.
Between each temperature ramp, an isothermal step is imposed to return to an equilibrium (isothermal
state and heat flux = 0) (Figure 14). For each fusion, the latent heat is estimated by subtracting the
sensible energy stored (stored by PMMA and PCM) from the total stored energy measured by heat
flux meters.

For example, multiple heating and cooling ramps have been imposed on SAT to study its aging by
following the variation in the amount of latent heat involved in each melting transition [26]. At each
cooling ramp, the temperature of the stochastic solidification (or degree of supercooling) can be
identified. For each cooling ramp, by observing the peak of heat flux at the moment of crystallization,
the degree of supercooling can be estimated (Figure 14). In Figure 14, part of a thermal cycling
experiment on SAT is shown beginning with the crystallization of cycle 32 (“Crist. 32”) up to cycle
35. Cycle 34 consist of melting (Melt. 34), cooling down without crystallization (“Sensible heat loss”)
followed by the crystallization of the supercooled liquid (“Crist. 34”).
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Figure 13. Fluxmetric bench “LGCgE” (a), parallelepipedal poly (methyl methacrylate) (PMMA)
sample containing PCM with the lateral heat fluxmeters before installation in the insulation (b).

Figure 14. Ramps of temperature and heat fluxes measurements during thermal cycling of sodium
acetate trihydrate (SAT).

LTTT

The thermal cycling device “LTTT” is comprised of a thermostatic bath (water or thermal oil) with
a 4-channel PT100 data logger (expandable). Pictures of the device are shown in Figure 15.

As temperature profile, one temperature level above and one the below phase-change temperature
with a rapid change between the temperature levels or with defined heating/cooling rates are applied.
Up to 16 samples can be cycled simultaneously in test tubes (made of glass, metal, or plastic), which
are sealed with a rubber plug and immersed in the thermostatic bath. During the experiments,
temperature–time curves of the samples are measured. After a certain number of cycles, DSC
measurements are performed, and the temperature curves of the samples are analyzed.
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Figure 15. View of the stability testing device “LTTT” (a) and detailed view of the arrangement of the
sample holders (b).

UDL-GREiA I (This Equipment Is Shared with the University of Barcelona, DIOPMA Research Group)

The GeneQ BIOER TC-18/H(b) thermal cycler allows performing thermal cycles from room
temperature up to 100 ◦C to investigate the stability of PCM samples over time. Typically, 50 K·min−1 is
applied as the heating and cooling rate. Up to 100 thermal cycles per day are carried out. The thermal
cycler allows placing 18 samples at the same time in 0.5 mL Eppendorf tubes. The Eppendorf tube
must not be filled completely, as only the lower part will be subjected to heating and cooling cycles.
It is recommended to fill 2/3 of the Eppendorf tube. Depending on the aim of the study, different
temperature profiles can be applied. A picture of the stability testing device “GREiA I” is shown in
Figure 16.

Figure 16. Picture of stability testing device “UDL-GREiA I”.
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UDL-GREiA II

The pilot plant at the University of Lleida was built to accurately test different thermal energy
storage (TES) systems working with latent or sensible heat storage materials. This facility is composed
of a 24 kWe electrical boiler to heat up the heat transfer fluid (HTF) (acting as energy source during the
charging process), different storage tanks containing PCM, and a 20 kWe air heat exchanger to cool
down the HTF (acting as energy consumption). Typically, one thermal cycle per day is carried out.
A picture and schematic of the pilot plant test facility are shown in Figure 17.

Figure 17. (a) Picture and (b) scheme of stability testing device “UDL-GREiA II” (reproduced with
permission from [46], University of Lleida, 2017). The letters in the figure (a) correspond to: (a) electrical
heater, (b) air–heat transfer fluid (HTF) heat exchanger, (c) hot tank, (d) cold tank, (e) plate heat
exchanger HTF–molten salt, (f) HTF loop, (g) molten salt, (h) acquisition and recording system, (i) latent
thermal energy storage system, and (j) sensible thermal energy storage system.

A data acquisition system consisting of temperature, pressure, and flow rate sensors as well as
different data loggers and a personal computer were integrated in the facility to measure the HTF
flows, HTF pressures, and HTF and PCM temperatures in the boiler and storage tank, respectively.
Depending on the aim of the study, different temperature profiles are applied. In this regard, during
experimental tests that are carried out to assess the performance of components such as PCM tanks
under different charging and discharging conditions, thermal cycling testing of the PCM can also be
realized as far as the required number of thermal cycles and the temperature profile are known. Then,
the degradation of PCM after different cycles can be evaluated at a pilot-plant scale, or small samples
of the PCM can be extracted and analyzed in the lab using established techniques, such as DSC, FT-IR
spectroscopy, or thermogravimetric analysis (TGA).

UDL-GREiA III

This experimental setup of the GREiA lab at the University of Lleida was built to test the behavior
of different types of heat exchangers and thermal energy storage tanks. Both charging and discharging
of the thermal energy storage modules can be performed by means of two separate circuits: one cooling
circuit connected to a variable capacity condensing unit, and one heating circuit connected to a thermal
bath. There is the possibility of connecting the heating bath to a water storage tank to increase the
thermal inertia and to provide a more stable water temperature to the heat exchangers. A picture and
schematic of the test facility are shown in Figure 18.
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Figure 18. Picture (a) and scheme (b) of test facility “UDL-GREiA III”.

During the experiments, PCM and HTF temperatures, PCM pressure, and HTF flow rate are
measured. Depending on the aim of the study, different temperature profiles can be applied. Due to
the relatively small size of this setup, dedicated thermal cycling tests of PCM can be performed to
study the degradation of the PCM after different numbers of melting–solidification cycles at lab scale.
Typically, two thermal cycles per day are carried out.

ZAE

The thermal cycling test rig at ZAE Bayern can be applied to thermally cycle PCM under successive
melting and crystallization processes and to visually detect the variation in appearance of the material,
e.g., a phase separation. The test rig includes three sample containers to simultaneously investigate
three PCM with similar melting temperatures [7]. A picture of the installation is given in Figure 19.

Figure 19. Pictures of stability testing device “ZAE”.
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To thermally cycle PCM, two different temperature levels for melting/freezing and transitions
via linear ramps are applied (typically 1 K·min−1 heating and cooling rate). During the experiments,
temperature–time curves of three temperature sensors within each of the three samples and three
temperature sensors in the heat exchanger close to the sample containers are recorded. Figure 20
depicts the temperature–time data of one full thermal cycle.

Figure 20. Temperature–time curves measured with the stability testing device “ZAE”.

Usually, two thermal cycles per day are carried out. In the assessment of the cycling stability,
special attention is paid to the visual detection of a possible phase separation. Figure 21 shows a
thermally cycled sample at a temperature above the original melting point.

Figure 21. Visual observation of phase separation of a solid–liquid PCM in the device “ZAE”.

The visual observation indicates that at least three different phases are present: a liquid and two
solid phases, one at the bottom and one at the top of the sample container. If no phase separation
is observed, after a certain number of cycles, a small liquid amount of sample material is taken
and measured via DSC to check for potential variations of the melting enthalpy and temperature.
Performing thermal cycling stability tests under application-relevant conditions and observing potential
phase separation visually has shown to provide a reliable assessment of the long-term thermal cycling
stability of PCM, e.g., of PCM based on salt-water mixtures.

Summary of Type A Tests

Summarizing the experimental devices to investigate the thermal cycling stability of PCM, a large
variety in terms of applied test conditions can be observed. Investigated sample sizes range from
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0.5 mL to 154 l. Heating and cooling rates vary from 0.05 to ≈50 K·min−1 and, as a consequence, the
typical number of thermal cycles that are carried out per day varies from 1 up to 140. Different sample
container materials are being used: metals, glass, ceramic, and plastics. The atmosphere the PCM
sample is in contact with is in most cases air. Two devices allow the use of inert gases (N2, Ar) instead
of air; one device is capable of applying vacuum. In principle, a device that is used for thermal cycling
tests can also be used to apply a constant temperature to the sample under investigation. For example,
this applies to the devices CIEMAT I, CIEMAT II, and CIEMAT III. Overall, the observed variety in
terms of applied experimental test conditions can be a consequence of strongly differing applications
for which the stability tests have been performed and/or an indication for a lack of standardization
regarding PCM thermal cycling stability testing.

2.2.2. Type B—Tests on Supercooled PCM

In the case of PCM with stable supercooling, the investigation of long-term stability consists
mainly in determining the reliability of the state of supercooling over a certain period of time under
various experimental conditions (size of the sample container or storage tank, maximum charging
temperature, minimum discharging temperature, etc.). The desired stability of a supercooled PCM
storage unit is achieved if no spontaneous crystallization occurs during the discharge phase of the
storage unit or during the holding time of the long-term storage phase. Since PCM storage systems
based on stably supercooling PCM are usually operated as long-term storage systems, the number of
thermal cycles to be investigated is comparatively low.

DTU Full-Scale

“DTU full-scale” is a full-scale heat storage prototype testing installation [40–42]. The stability of
the supercooled PCM in contact with the container material is investigated. The setup is shown in
Figure 22.

Figure 22. Testing device “DTU full scale”: PCM heat storage test facility at DTU (a), schematic of
charge and discharge loop (b).

A typical temperature profile applied to study the supercooling of SAT consists in the following
steps (Figure 23): charging from approximately 20 to 90 ◦C, cooling down to ambient temperature
(approximately 20 ◦C), initialization of crystallization, and discharge to ambient temperature
(approximately 20 ◦C).
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Figure 23. Temperature profile of a test cycle with supercooling of PCM (device “DTU full scale”).

During the experiments, the following data are measured: temperatures (inlet, outlet) and volume
flow rate of the heat transfer fluid, ambient temperature, and heat storage surface temperature.

DTU Heat Loss Method

With “DTU heat loss method”, determination of the heat content of (supercooled) PCM at a
large sample size (approximately 200 g) is performed [43]. Pictures of the testing device are shown in
Figure 24.

Figure 24. (a) Glass jar with lid, (b) the well-insulated box, (c) locations of temperature sensors (“DTU
heat loss method”).

In the case of supercooled SAT, a typical temperature profile consists in heating up the sample
in the oven from approximately 20 to 90 ◦C followed by cooling down to ambient temperature at
approximately 20 ◦C. Then, the crystallization of supercooled SAT is initiated inside an insulated
chamber by means of a seed crystal, and the temperature–time curve during the temperature rises due
to the crystallization enthalpy, and the succeeding cooling down to ambient temperature is measured.
Figure 25 depicts the temperature development of a SAT sample, where the heat content was evaluated
as the thermal energy dispersed to the ambience (green area).
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Figure 25. Exemplary cooling process of PCM samples in the device “DTU heat loss method”.

DTU Multiple Storage

The device “DTU multiple storage” consists of multiple (10) identical heat storage units [47] which
are subjected to repeated heating and cooling cycles with various temperature levels and durations [44].
SAT has been investigated as PCM utilizing supercooling. The focus of the investigations is the effect
of different temperature levels and duration of charge on the supercooling stability of SAT. Illustrations
of the testing device are given in Figure 26.

Figure 26. Testing device “DTU multiple storage”: PCM heat storage test facility at DTU (a), schematic
of charge and discharge loop (b).

Regarding application conditions, discharge is conducted with cold water at 10 ◦C. As the focus
of investigations is the supercooling behavior of SAT, a typical temperature profile consists of the
following steps: charging in periods of 8 to 16 h from 10 to 90 ◦C, cooling down to 10 to 30 ◦C,
72 h observation period (looking for spontaneous crystallization of the supercooled SAT), intentional
initialization of solidification and discharge (at 10 to 30 ◦C). During the experiments, the following
data are measured: temperatures (inlet, outlet) and volume flow rate of the heat transfer fluid, ambient
temperature, and heat storage surface temperature.

Summary of Type B Tests

In this study, the experimental setups to investigate the stability of PCM with stable supercooling
are dedicated to the properties of SAT. Due to the melting temperature of SAT at 58 ◦C and its significant
supercooling, the experimental devices in this section are being operated within the temperature range
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of approximately 10 to 90 ◦C. As the three experimental devices in this section have been designed by
the same research group, it is not surprising that they cover different parts of stability investigations on
supercooled SAT. The “DTU heat loss method” was applied to identify promising SAT composites
by screening samples of up to 200 g with a variety of additive concentrations. The “DTU full scale”
setup was used to test prototype stores of up to 200 l storage volume with previously identified
promising SAT composites in combination with container and heat exchangers, which are designed to
enable stable supercooling. The test setup “DTU multiple storage” was designed to perform long-term
stability tests. The operation of up to 10 storage prototype units with 30 l storage volume with typical
application conditions (under variation of charging temperature, charging duration, and supercooling
periods) is used to elucidate the reliability of developed heat stores.

2.2.3. Type C—Tests on Phase Change Slurries (PCS)

ISE PCS

The device “ISE PCS” (Figure 27) is a phase change slurry cycling test rig to determine the stability
of PCS while cycling through a hydraulic system in which the dispersed PCM is exposed to repeated
phase transitions and shear stress caused by a pump and other hydraulic components. It consists of
three hydraulic circuits: the PCS test circuit, a heating circuit, and a cooling circuit; the last two are
connected to thermostats (Figure 28). The heat flux in these two circuits is recorded by measuring
the volume flows and the temperature difference over the heat exchangers. In the PCS circuit, the
volume flow and the temperatures over the heat exchangers are measured as well, so it is possible to
monitor the heat flux into and out of the PCS. Additionally, the pressure difference over the cooling
heat exchanger on the PCS side is recorded. Samples of PCS for analysis can be taken while the test
facility is in operation.

To cycle PCS, the following temperature profile is typically applied: constant temperature at
the output of the heating and cooling heat exchanger in the secondary circuit with temperature
levels depending on the phase transition temperature range of the dispersed PCM. The cycle rate
is determined by the volume of PCS filled into the secondary circuit and the volume flow applied.
At 200 l·h−1 volume flow, approximately 1300 cycles per day are carried out. During the experiments,
the following data are measured: temperatures at the inlets and outlets of both heat exchangers in the
primary and secondary circuits; volume flows in all three circuits; and pressure loss in the secondary
circuit of the cooling heat exchanger. The detection of degradation is done on five different parameters:
(a) heat flux into and out of the PCS, (b) pressure drop over the cooling heat exchanger, (c) particle size
distribution, (d) enthalpy determination via DSC, and (e) viscosity measurement of samples taken.

Figure 27. Picture of stability testing device “ISE PCS”.
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Figure 28. Schematic of stability testing device “ISE PCS”.

Summary of Type C Tests

For this survey, one device for the investigation of the stability of PCS has been considered.
Comparing the PCS test rig with the other stability testing devices of type A and type B, it can be
observed that the PCS test rig applies the highest heating and cooling rates and the highest number
of thermal cycles that are carried out per day to its samples. Such a fast melting and solidification
of the sample is possible because PCS consist of PCM in comparably small volumes (emulsified or
encapsulated) leading to a large heat transfer area and a relatively fast phase change between solid
and liquid. Due to the special properties of PCS, the methods for investigating possible degradation
processes also differ from those used for PCM and PCM with stable supercooling.

3. Experimental Techniques to Check a Possible Degradation of PCM

In this section, appropriate methods to check for a possible degradation of the PCM after testing
under application conditions are introduced. These methods include an analysis of temperature–time
curves (Sections 3.1 and 3.2), calorimetric measurements and measurements of thermal energy content
(Sections 3.3, 3.5 and 3.6), mass change studies (Sections 3.4 and 3.5), structural investigations
(Section 3.7, Section 3.8, Section 3.9, Section 3.10) and tests dedicated to PCS (Section 3.11, Section 3.12,
Section 3.13). The abbreviations of the methods used in Table 1 are indicated in parentheses in each
subsection title. Information on the uncertainties of standard measuring instruments (e.g., DSC) is
discussed in the respective publications on these measuring methods. Uncertainties of special methods
that are not based on standard measurements (e.g., Sections 3.1, 3.2, 3.6 and 3.7) have to be determined
in each individual case and cannot be discussed adequately in the context of this paper.

3.1. Comparison of Temperature–Time Curves of Different Cycles (“T(t)cycles”)

The shape of temperature–time curves upon melting and solidification of a PCM indicate
the temperature range of solid–liquid phase change. In addition, the degree of supercooling can
be determined by evaluating the temperature–time curves upon cooling. The idea of comparing
temperature–time curves of different cycles performed during a thermal cycling test measurement is
based on the assumption that a possible degradation of the PCM will have an influence on its thermal
properties and, hence, will affect the shape of temperature–time curves during the phase change.

In the case of stability tests on PCM utilizing stable supercooling (type B), temperature–time
curves indicate if and when unwanted crystallization occurs.
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3.2. Temperature Profile During Material Solidification (“T(t)solid”)

Knowing the heat loss coefficient of a vessel containing supercooled PCM in temperature
equilibrium with the ambience, the heat content can be evaluated as the thermal energy dispersed
to the ambience. This method was applied for stability tests on PCM utilizing stable supercooling
(type B). If the heat content measured in successive storage cycles is reduced, degradation of the PCM
may have occurred. A change in the plateau temperature during solidification can also indicate a
degradation of the PCM.

3.3. Differential Scanning Calorimetry (“DSC”)

Differential scanning calorimetry (DSC) is a widely used technique to measure the melting
temperature and melting enthalpy of PCM. With DSC measurements, enthalpy–temperature curves
upon heating and cooling can be determined [48]. Due to the relatively small sample size (in the order
of 5 to 20 mg), the degree of supercooling observed in DSC is increased compared with the behavior of
PCM in larger quantities [49,50]. Therefore, the analysis of DSC heating curves is more favorable in the
context of PCM stability testing: DSC measurements are applied to check if the melting temperature
and enthalpy (or the enthalpy–temperature curves) after the testing under application conditions (e.g.,
thermal cycling tests) are the same as before the test.

3.4. Sample Mass Monitoring after Certain Number of Cycles or Time (“m(t)”)

A clear indication that a certain PCM undergoes some kind of degradation is the decrease of
mass with time when it is either cycled or kept at constant temperature above the melting point [51].
Mass decrease can be due to vaporization and, hence, to material loss but also to the formation of
volatile species due to the occurrence of chemical reactions so that the PCM composition changes. If
mass loss is due to chemical reactions leading to volatile species, not only PCM thermal properties are
expected to change but dangerous compounds can be evolved [8]. Note that if PCM is reacting with the
surrounding gases (mainly water vapor or oxygen), its mass could increase as well. Therefore, if mass
variation is observed for a PCM, the material cannot be implemented in any storage system unless
measures are taken for avoiding such behavior (encapsulation, inert environment under pressure,
etc.). Ensuring that PCM mass does not change over time under application conditions is a key issue
for its validation. Simple experimental procedures such sample weighting after a certain number of
cycles or time interval [51] can be designed for detecting the occurrence of possible PCM volatilization
and/or degradation.

3.5. Thermogravimetric Analysis (“TGA”)

Another way to study PCM mass variation and possible degradation reactions is performing
thermogravimetric analysis (TGA). TGA results can be compared with the results of sample mass
monitoring to obtain more information about PCM stability. TGA is a technique that monitors the
weight of a sample within a furnace to study the mass changes within a temperature range. This
technique is suitable for different thermal analysis, such as decomposition temperature, oxidation, or
loss of volatiles. A material sample of a few mg is placed inside the TGA apparatus usually exposed
to air or nitrogen atmosphere, which is able to heat it at a controlled rate or maintain it at a defined
temperature. The mass of the sample is recorded and can be plotted against temperature or time by
means of a thermogravimetric curve (thermogram).

In the case of PCM, TGA can be used to determine its maximum working temperature, usually
defined as the temperature at which the sample loosed 1.5 wt % of its initial mass or after the
dehydration process, and also the final degradation temperature, which can be extracted from the
thermogram. Moreover, if TGA measurements are performed at various heating rates, degradation
kinetics could be obtained as well and hence an estimation of the PCM lifetime [52].
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3.6. Comparison of the Thermal Energy Content in Repeated Storage Cycles (“Δhcycles”)

The thermal energy content of investigated samples determined for repeated storage cycles
indicates cyclic material stability for applied test conditions (sample size, temperatures, cooling and
heating rates). Observations can be analyzed regarding the initial storage cycle and/or in comparison
with different material compositions (e.g., for the identification of the optimal amount of additives).
Furthermore, the dependency of cyclic stability on the degree and the duration of PCM supercooling
(type B) can be investigated. The thermal energy content of prototype storages including PCM, heat
transfer fluid, and container material determined under typical application conditions is used to check
the reliability of the investigated storage.

3.7. Visually (“vis.”)

In the case of solid–liquid PCM, a visual observation of possible phase separation is a useful and
simple measure to detect a degradation of a PCM during experimental testing. The presence of solid
material at a temperature where the PCM should be completely molten is a clear indication of phase
separation. Thereby, a visual control of phase separation can be favorable compared to measured
temperature–time curves. If the temperature sensor is not in thermal contact with the precipitated
solid, the measured temperature–time curves may not be affected by the phase separation. Practically, a
visual check of degradation can be carried out by taking pictures at given time intervals or temperature
steps followed by an analysis of pictures from different thermal cycles. In addition, simply looking at
the sample after the experimental investigations is a reliable measure to visually check degradation.

In the case of degradation tests performed on organic PCM at elevated temperatures, a visual
check also includes a possible change in the PCM color. For example, a browning of sugar alcohols
indicates a thermal degradation of the sample [53].

3.8. X-ray Powder Diffraction (“XRD”)

X-ray powder diffraction (XRD) is mainly employed for the phase identification of a crystalline
material, which can be used to perform compound identification. Therefore, the material is finely
ground, homogenized, and the average bulk composition is determined. Based on these features,
XRD can be easily applied to determine changes in the crystalline structure or the formation of new
materials of a solid PCM due to a degradation process.

XRD measurements are presented as a diffractogram, where the X-ray intensity is plotted as
a function of the scanning angle. The typical aspect of a diffractogram consists of a horizontal
baseline alternated with sharp peaks denoted as diffractions. These diffractions are used to identify
the compounds present in the sample. If, e.g., due to a degradation on thermal cycling, new solid
compounds appear in the solid PCM, they can be identified when comparing the diffractogram of the
original sample with that of the degraded sample. Mass concentrations as low as 2% with respect to
the sample mass can be detected.

A potential phase separation can also be investigated by extracting aliquots from different locations
of the PCM sample submitted to thermal cycling and comparing their phase/compound compositions
by XRD. Some XRD devices can perform measurements under different temperatures, giving the
possibility to study the variations of the structure of the solid PCM upon heating or cooling.

3.9. Fourier Transform Infrared Spectroscopy (FT-IR)

Fourier transform infrared (FT-IR) spectroscopy is an analytical technique based on the vibrations
of a molecule that is irradiated with infrared radiation at a specific wavelength range due to selective
absorption of infrared radiation by the sample material. Since the wavelengths that are absorbed
by the sample material are characteristic of its molecular structure, this technique allows identifying
molecular components and structures of organic and inorganic materials.
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FT-IR with attenuated total reflectance (ATR) allows analyzing the PCM chemical degradation
caused by thermal cycling. The use of ATR has the advantage that the sample does not require any
previous specific preparation to obtain the spectra. When the material is oxidized or degraded as
a result of thermal cycling, a total or partial disappearance of the characteristic peaks and/or the
appearance of new peaks are observed in the spectra.

3.10. Reflected Light Microscopy (RLM)

In the case of the “ISE capsules” test rig, reflected light microscopy (RLM) is used for repeated
optical inspections of PCM macrocapsules. With RLM, possible damage of the capsules walls can be
detected that would lead to leakage of the PCM out of the capsules.

3.11. Pressure Loss of Cooling Heat Exchanger (ΔpHX)

Measuring the pressure loss of a cooling heat exchanger is a method that is appropriate for
the stability testing of PCS. An unstable PCS (e.g., damaged microcapsules) releases PCM material,
which crystallizes at the heat exchanger surface when cooling below the crystallization temperature.
PCM crystallizing at the heat exchanger surface increases the pressure drop over the heat exchanger.
Therefore, this technique is a proper inline detection for a possible degradation of a PCS.

3.12. Particle Size Analysis (PSA)

PCS show a change in particle size distribution when they degrade. Particle size measurement
can be done inline or with separate devices (e.g., laser diffractometer). Using separate devices, samples
have to be taken while the material is in a degradation process (e.g., conveyed in a hydraulic loop).

3.13. Viscosity Measurement (μ)

Viscosity measurements can be used to detect the degradation of PCS. A change in particle size
is usually connected to a change in viscosity. However, even if there is no change in particle size, a
reduction of the PCM fraction can occur due to separation in hydraulic systems. Such a separation
leads to lower viscosity.

4. Conclusions

The present survey is based on 18 experimental devices to investigate the long-term stability of
solid–liquid PCM. The experiments are divided into thermal cycling stability tests, tests on PCM with
stable supercooling, and tests on the stability of phase change slurries (PCS).

Comparing the technical specifications and the applied test conditions, a large variety can be
observed among the mostly self-built test rigs. Most of the devices are being used to perform thermal
cycling stability tests. Depending on the type of PCM to be investigated and the intended application,
different testing conditions are chosen, such as temperature range of investigation, heating and cooling
rates to perform thermal cycles, sample container materials, and the atmosphere that the PCM sample
is in contact with. Sample sizes in the order of few milliliters allow for the quick screening of properties,
whereas samples of several hundred milliliters and more allow evaluating the material’s behavior
without the enhanced supercooling typically observed in measurements on small samples. The
chosen speed of PCM cycling depends on several boundary conditions, such as the sample size under
investigation. Typically, the larger the sample, the slower the cycling. Relatively slow cycling of
larger samples is often done in order to study the thermal cycling behavior of PCM under application
conditions with few cycles per day to be carried out. So far, there is no consensus on how to accelerate
stability tests of PCM reasonably.

While several test rigs are designed to investigate different types of PCM for different applications,
tests on PCM with stable supercooling are dedicated—but not limited—to SAT. Applied temperatures
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(charging, discharging, and ambient) as well as the degree and the duration of supercooling should be
in accordance to the conditions of the aimed application.

In addition to the solid–liquid phase transition, tests on PCS investigate the mechanical stability
of capsules or emulsions during pumping the PCS.

Overall, the comparison of experimental devices can be an encouragement to discuss and develop
uniform standards of PCM stability testing. The fact that many further devices are being used in other
research groups strengthens this. A possible goal for future work in this context could be to propose
a guideline for long-term stability investigations or to further develop existing testing regulations,
e.g., the regulations from the “RAL Quality Association PCM”. Investigating the stability of PCM
under application conditions requires, first, knowledge about the application and, second, a method to
translate the application requirements into experimental testing conditions. Thereby, the second step
influences the technical design of testing devices and applied testing procedures. It is especially this
“translation” that is nowadays being done in a highly non-standardized manner. Further work toward
a standardization of PCM stability testing is recommended.
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Nomenclature

DSC Differential scanning calorimetry
FT-IR Fourier transform infrared spectroscopy
HTF Heat transfer fluid
PCM Phase change material
PCS Phase change slurry
PMMA Poly (methyl methacrylate)
PSA Particle size analysis
RLM Reflected light microscope
SAT Sodium acetate trihydrate
TES Thermal energy storage
TGA Thermogravimetric analysis
TCM Thermochemical material
XRD X-ray diffraction spectroscopy
h Specific enthalpy/J·g−1

m Mass/kg
μ Viscosity/Pa·s
T Temperature/◦C
t Time/s
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Abstract: Temperature is an important factor affecting the working efficiency and service life of
lithium-ion battery (LIB). This study carried out the experiments on the thermal performances of
Sanyo ternary and Sony LiFePO4 batteries under different working conditions including extreme
conditions, natural convection cooling and phase change material (PCM) cooling. The results showed
that PCM could absorb some heat during the charging and discharging process, effectively reduce
the temperature and keep the capacity stable. The average highest temperature of Sanyo LIB under
PCM cooling was about 54.4 ◦C and decreased about 12.3 ◦C compared with natural convection in
the 2 C charging and discharging cycles. It was found that the addition of heat dissipation fins could
reduce the surface temperature, but the effect was not obvious. In addition, the charge and discharge
cycles of the two kinds of LIBs were compared at the discharge rates of 1 C and 2 C. Compared with
natural convection cooling, the highest temperature of Sanyo LIB with PCM cooling decreased about
4.7 ◦C and 12.8 ◦C for 1 C and 2 C discharging respectively, and the temperature of Sony LIB highest
decreased about 1.1 ◦C and 2 ◦C.

Keywords: lithium-ion battery; thermal management; phase change material; temperature;
heat dissipation fins; capacity

1. Introduction

The ways to deal with the energy crisis and environmental pollution and develop new energy
of safety and cleanness have become the focus of the attention of all countries in the world. It also
becomes the core issue to solve the sustainable development of humankind. LIBs, which have the
advantages of high specific energy, relatively high operating voltage, long cycle life, low self-discharge
rate, small and convenient, are considered to be one of the most promising energy storage devices [1–3].
However, if the operating temperature of LIB is high and the heat dissipation is not timely, it will
lead to thermal failure, shorten the service life of LIB and cause safety problems, such as fire and
explosion [4,5]. Therefore, the thermal safety of LIB needs to be focused on.

The temperature difference between battery internal and ambient, as well as the temperature
difference between the cells inside the battery pack will have a negative impact on the performance,
life and safety of the battery [6]. Therefore, it is necessary to conduct a reasonable heat management
system to make the LIB working in the normal operating temperature range [7–10]. At present, there are
three kinds of mainstream thermal management methods for LIBs including air cooling, liquid cooling
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and PCM cooling [11]. Air cooling is divided into natural air cooling and forced air cooling. Pesaran et al.
studied the air cooling performance of the battery thermal management system (BTMS). The results
showed that the air cooling could effectively reduce the battery temperature and keep the battery
temperature consistent in a low rate discharging [12]. Giuliano et al. studied the thermal management
system using air cooling of metal foam-based heat exchanger plate. The system showed that the
LIB temperature decreased with the increase of airflow. However, the thermal conductivity of air is
low and the heat dissipation is weak [13]. Compared with the air cooling method, the liquid cooling
method has higher thermal conductivity, which leads to higher cooling performance and is more
suitable for cooling large battery packs. Liquid cooling is divided into direct and indirect liquid
cooling. Chen et al. compared different liquid cooling systems of LIB, and the results showed that the
indirect liquid cooling system had the lowest temperature rise and was more practical than direct liquid
cooling [14]. Zhang et al. applied the S-type guide plate to the integrated module of liquid cooling heat
dissipation system, and found that the device could avoid heat concentration, improve heat transfer
performance and keep the temperature of LIB uniform [15]. However, the traditional battery thermal
management method that uses cheap air and water as the cooling medium requires additional energy
to drive the cooling medium circulation. In battery thermal management applications, the battery’s
safe operating temperature is often sacrificed at the expense of battery capacity and power in exchange
for longer operating life, and these traditional thermal management methods are complex and occupy
a large space [16]. In recent years, researchers have found that PCMs exhibit excellent performance
in thermal management of LIB [17,18] since they have large storage density apart of many other
advantages [19–21]. Duan et al. conducted the numerical and experimental studies on PCM heat
transfer, and found that they have great potential in thermal management due to potential energy
storage and controllable temperature stability [22]. PCM battery management system which performed
better than traditional thermal management system was first proposed and patented by Al-Hallaj and
Selman [23,24]. Mills and Al-Hallaj used the entropy coefficient method to simulate the battery pack,
and the results showed that using a PCM could significantly improve the system performance and keep
the operating temperature below 55 ◦C, even at high discharge rate [25]. Javani et al. studied the effect
of a PCM on LIB, and found that it could make the temperature distribution uniform and keep the
battery in a safe temperature range [26]. Weng et al. systematically investigated the cooling behavior
and the influence of several detailed factors on the performance of a PCM. The experimental results
showed that a PCM module with a thickness of ~10 mm presented the optimal cooling performance [27].
Javani et al. investigated the heat transfer with a PCM in passive thermal management of electric and
hybrid electric vehicles. The results showed that the temperature distribution became about 10% more
uniform when a PCM was applied in a 3 mm thickness around the cell. The PCM with 12 mm thickness
decreased the maximum temperature about 3.04 ◦C [28]. However, it is found that PCM is easy to
get heat saturation when absorbing a large amount of heat in the practical application. BTMS based
on pure phase-varying materials cannot work for a long time in high-power batteries and effectively
control the battery temperature. Commonly used PCM is paraffin wax whose thermal conductivity is
very low. The thermal conductivity of PCM is improved by adding high thermal conductivity materials
such as expanded graphite, carbon fiber, graphene, aluminum foam, copper foam and so on [29–32].

On the other hand, many researchers combined other cooling methods with PCM-based BTMS
in order to improve the cycling stability and thermal management ability [33,34]. The complex PCM
based BTMS can effectively reduce temperature rise and temperature difference, and maintain battery
performance, particularly in extreme environments [35,36]. Sun et al. proposed a PCM combined with
heat-dissipating fins to enhance the heat transfer. The results showed that the performance of PCM-fin
system was better than that of pure PCM system [37]. Azizi et al. used a PCM and composite materials
of aluminum mesh plates to carry on the thermal management to the LiFePO4 battery pack under the
high temperature environment. The results showed that the usage of PCM and aluminum wire mesh
could significantly reduce the surface temperature of the batteries and improve the performance of the
battery pack [38]. Although the use of PCM either alone or combined with heat dissipation fins had
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been extensively studied, there is no optimal solution for the best cooling effect, quantity, and price
of PCMs used in LIBs at present. The combination of a PCM and heat dissipation fin will inevitably
increase the weight of the BTMS device. As far as we know, a PCM with high thermal conductivity in
the battery charging and discharging cycles and the optimization of the coexistence system of PCM
and heat dissipation fin also needs further research. In this paper, we first tested the cooling effect of
a PCM with higher thermal conductivity whose phase change process is a solid-solid phase change,
and then designed a new type of heat dissipation fins. The main purpose of this paper is to study the
cooling effect of a PCM with high thermal conductivity on the battery and the effect of a PCM combined
with a new type of heat dissipation fins with a relatively small volume. The authors conducted the
experiments to investigate the temperature and capacity changing of two kinds of batteries under
different conditions.

2. Experiment

2.1. Experimental Description

Experiments were carried out on two different brands of LIB (Sanyo ternary and Sony LiFePO4

battery). The detailed parameters of the batteries were shown in Table 1. The experimental conditions
of the battery in extreme conditions (inside the closed aluminum tube), natural convection, pure PCM,
and PCM combined with the heat dissipation fins were set up. The experiments were carried out in
the carton box (length ×width × height, 35 × 20 × 20 cm) for the thermal isolation from environmental
influences, and each experimental condition is shown in Figure 1. The aluminum tube size with an
inner diameter of 36 mm, the height of 65 mm, and thickness of 6 mm (provided by Yuezhong Metal
Material Co., Ltd., Dongguan, China) was used, and its thermal conductivity is 237.2 W/m·K. Figure 1d
shows that the fin is composed of two circular fins and three vertical fins. Its material is tin sheet and
the thermal conductivity is 150 W/m·K. The design of the fin structure is followed by: (1) The ring is
set at the bottom of the battery and in the middle of the battery respectively as the temperature of the
middle and low part of the battery is higher. (2) The vertical fin protruding is designed to disperse the
generated heat in time and reduce the temperature effect. (3) According to previous studies, the best
results are obtained when the distance between the radiator and the battery is 0.2 times the diameter of
the battery [39]. So, the circular heat dissipation fin size (outer diameter × inner diameter × height) is
ϕ26 × ϕ22 × 4 mm, vertical heat dissipation fin size (length ×width × height) is 4 × 2 × 80 mm.

The high thermal conductivity phase change composites with phase change temperature of 52 ◦C
(provided by Zhongjia New Material Technology Co., Ltd., Guangzhou, China) were selected due to
the higher thermal conductivity than the pure paraffin. In this experiment, the phase change material
is wrapped around the battery with a thickness of 9 mm and a weight of about 9.9 g. The main
components are phase change wax and expanded graphite, which have the following advantages:
solid-solid phase change, high phase change latent heat, insulation, good cycle stability, non-corrosive,
and non-toxic. Detailed thermal physical properties are shown in Table 2.

Table 1. Detailed battery parameters.

Battery Type Sanyo Lithium-Ion Battery Sony Lithium-Ion Battery

Capacity 2600 mAh 1100 mAh

Voltage (V) 3.7 V (Discharge cut-off voltage 3.0 V,
The maximum charging voltage is 4.2 V

3.2 V (Discharge cut-off voltage 2.0 V,
The maximum charging voltage is 3.6 V)

Sizes Φ18 × 65 mm Φ18 × 65 mm
Life (seconds) 1000 1000

Anode material Ternary materials LiFePO4
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(a) Extreme conditions (charge/discharge 

 (b) Natural convection cooling 

  
(c) Phase change material cooling  (d) Heat dissipation fins, pcm-fin cooling  

Figure 1. Experimental conditions

Table 2. Thermal physical properties of PCM.

Thermal Physical Characteristic Parameters

Phase change temperature (◦C) 52~55
Thermal conductivity (W/m·K) 3

Latent heat of phase change (J/g) 170
Specific heat capacity (J/kg·◦C) 1.8

Density (g/cm3) 0.2
Materials Phase change wax, Expanded graphite

2.2. Experimental Facility

Figure 2 shows the schematic diagram of the experiments. The LIB charging and discharging
instrument (provided by Neware Electronics Co., Ltd., Shenzhen, China) is provided for the LIB normal
charging and discharging cycles, and the accuracy and stability of the whole range can reach 0.1%.
The LIB temperature was measured by T-type thermocouples (provided by OMEGA), and recorded
by the temperature data acquisition unit (provided by National Instruments) as shown in Figure 2.
According to the factory temperature check, the thermocouple temperature measurement accuracy is
controlled within 0.5 ◦C. The thermocouple is patch type, which is attached to the middle of the battery
surface. The PCM is wrapped around the battery, and the thermocouple is embedded in the PCM.
The thermocouple was calibrated before the experiments. The temperature of the LIB by thermocouple
was measured only to analyze the cooling effect of PCM on the LIB, not to study the internal reaction of
the LIB in this study. Hence, the T-type thermocouple is attached to the center position of the batteries
surface to measure the optimum temperature.
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Figure 2. Schematic diagram of the experiment.

Before the experiment, the LIBs were discharged to the cut-off voltage, charged to maximum
voltage, and then placed 24 h to keep the LIB stable. The temperature in the carton is 25 ◦C, and its
environmental temperature error is controlled within the normal range of 0.5 ◦C. The charge and
discharge process of the two batteries are shown in Table 3. The cycle of Sanyo LIB can be divided into
four stages: (1) discharge stage, with 2 C constant current discharge to 2.5 V. (2) shelving stage for
5 min. (3) charging stage with 1 C constant current and voltage to 4.2 V. (4) shelving stage with 5 min.
The Sony LIB is tested in the same charge-discharge cycle as the Sanyo LIB. The only differences are the
cutoff discharging voltage of 2.0 V and cutoff charging voltage of 3.6 V because of its relatively small
capacity and voltage. Besides, two kinds of cells are placed in the PCM to discharge at a discharge rate
of 1 C and 2 C.

Table 3. Design of charging and discharging experimental conditions.

Processing Condition

Current (A) Voltage (V)

Sanyo Battery Sony Battery Sanyo Battery Sony Battery

Discharging Constant current 2.6 (1C), 5.2 (2C) 1 (1C),2 (2C) 4.2 3.6
shelving 5 min

Charging Constant voltage
and current 2.6 (1C) 1 (1C) 2.5 2.0

shelving 5 min

3. Results and Discussions

3.1. Temperature Change during LIB Cycle

When the LIB is charging and discharging, the reaction occurs inside the LIB, which produces
heat and shows the increase of battery temperature. Figure 3 shows the temperature change during
charging and discharging of Sanyo LIB under four different working conditions: extreme conditions,
natural convection cooling, PCM cooling, and PCM combined with heat dissipation fins cooling at the
ambient temperature of 25 ◦C. Figure 3a shows the temperature curve of LIB in two cycles. That can be
seen from the figure, the temperature of LIB in the enclosed space rises from 30 ◦C to about 77.3 ◦C
during discharging, which obviously exceeds the normal operating temperature of the battery. The high
temperature has certain bad influence on the LIB. The long-term working under the extreme condition
will cause the LIB internal electrolyte decomposition, the positive and negative electrode reaction,
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and so on, which may cause the LIB thermal runaway and produce the safety risks. The highest
temperature of the LIB is about 54.5 ◦C under PCM cooling, 66.2 ◦C under natural convection, 77.3 ◦C
under extreme condition. Compared to the air cooling, the temperature of LIB using PCM cooling
has a much smaller increase rate, and the highest temperature drops by 11.7 ◦C. Therefore, the results
show that PCM can absorb some heat during the LIB discharging process, effectively reducing the LIB
temperature. For the analysis of the cooling condition of the PCM with heat dissipation fins on the LIB,
the heat dissipation fins have been adopted. The volume ratio of PCM and heat dissipation fins in the
device is about 96%:4%. According to the diagram, the maximum temperature difference between the
LIB in this working condition and PCM cooling condition is about 0.2 ◦C. The combination of heat
dissipation fins can slightly reduce the temperature of LIB. The reason may be the fin structure cannot
dissipate the latent heat in time due to its small volume ratio. In the research on the combination
of PCM with heat dissipating fins, while giving full play to the maximum effect of heat dissipating
fins, its cost and influence on the whole LIB structure should also be considered. Javani et al. [28]
investigated heat transfer with PCMs in passive thermal management of electric and hybrid electric
vehicles. Their results showed that the temperature distribution became about 10% more uniform
when the PCM was applied in a 3 mm thickness around the LIB. The PCM with 12 mm thickness
decreased the maximum temperature about 6.6 ◦C. In this research, the PCM not only has better
cooling performance, but also makes the device having the advantages of small size and lightweight.
In addition, the PCM in this study has a solid-solid phase change process, which avoids the liquid
leakage. The device structure in this study is simpler and more practical, which may has a potential
for commercialization.

Figure 3b shows the temperature change curve of LIB during six cycles. The temperature of
LIB tends to be stable under various working conditions. However, the average of the maximum
temperatures for the six cycles of LIB reaches about 77.8 ◦C in the enclosed space, which is in an unsafe
state. It may cause great damage to the internal structure of the LIB and seriously affect the cycle
service life of LIB. The PCM can have a good cooling effect on the temperature and make the average
of the maximum temperatures for the six cycles of LIB keep at about 54.4 ◦C. The average of the
maximum temperatures for the six cycles of LIB under the experimental condition of the combination
of PCM and heat dissipating fins is about 54.3 ◦C, which is not significantly different compared to PCM
cooling condition. The result shows that the effect of heat dissipation fins is not significant and the
pure PCM cooling is the best choice due to the cost and complexity of the device structure. On the
other hand, the LIB temperature rose at a slower rate and the temperature curve shifted slightly to the
right as the cycle progressed. The heat generated inside LIB consisted of five parts: electrochemical
reaction heat, ohmic internal resistance heat, polarization heat, electrolytic decomposition heat, and SEI
decomposition heat. The electrolytic and SEI decomposition heat were very small and could be
ignored when LIB was in the normal operating temperature range. The LIB would produce heat
during the charging and discharging cycles. For discharging condition, the total chemical reaction was
an exothermic reaction and the temperature rose theoretically, and for charging condition, the total
chemical reaction was an endothermic reaction and the temperature drops theoretically. However,
in the case of natural convection in Figure 3b, the temperature remains unchanged or even rises within
a short period of time (region A) during the battery charging process. In the LIB charge process,
although it is an endothermic process, the LIB generated heat such as ohmic internal resistance heat,
polarization internal resistance heat, and electrochemical reaction heat more than itself heat dissipation,
so that the temperature remains stable or even slightly rises.
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(a) Change of charging and discharging temperature of Sanyo LIB 

(b) The temperature changing of Sanyo LIB cycle 

Figure 3. The temperature changing of LIBs during charging and discharging.

Figure 4 shows the temperature changes of LiFePO4 battery in charging and discharging cycles
under four different working conditions. It can be found that the highest temperature of the LIB under
extreme conditions is about 40.6 ◦C and the lowest temperature is about 35.1 ◦C when the LIB is shelved
after charging. The temperature of LiFePO4 LIB will not be too high compared with Sanyo LIB when it
works for a short time under extreme conditions due to its smaller LIB capacity, and lower internal
polarization and ohmic resistance heat. The maximum temperature of Sony LIB is about 35.1 ◦C under
PCM cooling, 37.5 ◦C under natural convection, 40.6 ◦C under extreme condition. It is found that
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the LIB temperature under PCM cooling decreases by 2.4 ◦C compared with the natural convection.
In the case of the combination of PCM and heat dissipation fins, the temperature decreases 0.4 ◦C than
PCM cooling due to the temperature of battery itself is low. In addition, the Sony LIB temperature in
extreme conditions cannot be lowered to the level of other conditions during charging and shelving
due to the heat is not dispersed in time. It can accelerate the degradation of the LIB and influence the
LIB performance in extreme condition for a long time, which further prove the necessity of BTMS.

Figure 4. The temperature changes of LiFePO4 battery during charging and discharging.

3.2. The Influence of Temperature on Battery Performance

Temperature is an important factor affecting battery performance parameters. Too high or low
temperature will affect LIB capacity, charging and discharging efficiency, safety performance and result
in battery performance degradation. Figure 5a shows the current change of the LIB in the charging
and discharging cycle, and Figure 5b shows the voltage change. For the convenience of statistics,
the x-coordinate in the figure represents the time step, and each step is 10 s. That can be seen from
the figures, the current and voltage curves of the LIB have the same trend in each working condition.
The current and voltage can reach the set rating in each charging and discharging cycle. However,
as the cycles progresses, compared with the LIB under extreme conditions, the LIB curves in other
conditions shift to the right, which is very similar to Figure 3b. The reason is related to the battery
charging and discharging time. Under constant current conditions, the total flux of lithium ions should
be roughly similar (both as diffusion in the electrolyte, and total flux into and out of the active material
particles), and environmental conditions have little effect on it. However, at lower temperatures,
a higher concentration gradient is required to overcome the slower diffusivity to meet the required flux.
The higher concentration gradient leads to higher over potential and uneven utilization of electrodes.
In turn, this leads to faster reaching of the cut-off voltage when working at lower temperatures. It can
be clearly seen in Figure 5a that the LIBs in PCM and PCM-Fin cooling experiments seem to be faster
reaching the cutoff voltage than the extreme condition and air cooling experiments in the first discharge
cycle when all batteries start at the same state of charge (SOC). On the contrary, a higher temperature
of LIB means that a constant current can be provided for a longer period of time. That can be seen in
Figure 5b, the voltage drop of LIBs at higher temperature is smaller. In addition, according to Figure 3,
it is found that in the constant current charging stage of the battery, the temperature of the battery
decreased rapidly in the extreme condition and air cooling experiments, and the temperature is lower
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than the other cases in a period of time due to the latent heat effect of PCM. It seems that the LIBs
under PCM and PCM-Fin cooling conditions can be charged for a longer time in the later cycles than
the other cases.

(a) Current curves 

(b) Voltage curves 

Figure 5. The current and voltage curves of Sanyo LIB.

Figure 6 shows the current and voltage changes in the LiFePO4 battery during charging and
discharging cycles. The current and voltage changes of LiFePO4 LIB have the same trend under four
different working conditions. Since the operating temperature of LiFePO4 LIB under four working
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conditions is around 30–40 ◦C, the LIB is in a normal working state and its current and voltage will not
change much.

(a) Current curves 

(b) Voltage curves 

Figure 6. The current and voltage curves of Sony LIB.

Table 4 shows the capacity changes of Sanyo LIB charging and discharging cycles under different
working conditions. It is found from the table that the LIB capacity has some changes in each working
cycle. The average charging capacity of six cycles is 2414.6 mAh under the extreme conditions,
2399.4 mAh under natural convection, 2397.7 mAh under PCM cooling, and 2403.6 mAh under PCM
combined with heat dissipation fins working condition. The average discharging capacity of six cycles
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is 2412.7 mAh under the extreme conditions, 2398.3 mAh under natural convection, 2398.4 mAh under
PCM cooling, and 2383.3 mAh under PCM combined with heat dissipation fins working condition.
Table 5 shows the capacity changes of LiFePO4 battery charging and discharging cycles under different
working conditions. The average charging capacity of six cycles is 1022.6, 1034.9, 1031.6, and 1034.5 mAh,
and the average discharging capacity is 1026.8, 1035.9, 1030.4, and 1032.1 mAh, under the extreme
conditions, natural convection, PCM cooling, and PCMcombined with heat dissipation fins working
condition, respectively. The LIB capacity changes are related to the temperature. The battery capacity
does not change significantly, which indicated that the LIB capacity is not significantly affected by
short cycles even at high temperatures. Compared with the natural convection condition, the LIB
discharging capacity under PCM cooling and PCM combined with heat dissipation fins decreased
slightly. In the case of higher temperature, the battery reaches the cut-off voltage more slowly during
the charging and discharging process, and the constant current charging and discharging time is
longer, so the charging and discharging efficiency is higher, and the maximum capacity value is larger.
However, the high temperature has a great influence on the capacity degradation rate of LIB [40].
The higher temperature leads to a quicker rate of various side reactions in the battery and faster
the capacity degradation. Due to the low number of battery cycles in the experiments, the internal
damage or possible side reactions that might have occurred at high temperatures had not yet become
apparent. In the current application of LIB with the high efficiency and capacity, reducing the impact
of itself side reaction and temperature are particularly critical, which is also a hurdle for the current
LIB technology breakthrough.

Table 4. Capacity curve of Sanyo LIB in charge and discharge cycles.

Sanyo
Battery
Cycles

Excon Air PCM PCM-fin

Charging
Capacity
(mAh)

Discharging
Capacity
(mAh)

Charging
Capacity
(mAh)

Charging
Capacity
(mAh)

Charging
Capacity
(mAh)

Charging
Capacity
(mAh)

Charging
Capacity
(mAh)

Charging
Capacity
(mAh)

1 2416.836 2413.664 2397.757 2396.380 2396.886 2385.235 2399.645 2387.914
2 2415.543 2412.135 2398.268 2398.719 2401.686 2483.068 2404.635 2379.632
3 2414.601 2413.030 2401.894 2400.978 2402.126 2379.272 2405.866 2384.824
4 2413.782 2412.072 2395.317 2399.563 2396.722 2382.227 2405.228 2386.124
5 2414.819 2413.401 2401.893 2396.380 2395.279 2384.336 2403.516 2378.967
6 2412.173 2411.815 2400.974 2397.655 2393.280 2376.504 2402.460 2382.489

Table 5. Capacity curve of LiFePO4 LIB in charge and discharge cycles.

Sony
Battery
Cycles

Excon Air PCM PCM-fin

Charging
Capacity
(mAh)

Discharging
Capacity
(mAh)

Charging
Capacity
(mAh)

Charging
Capacity
(mAh)

Charging
Capacity
(mAh)

Charging
Capacity
(mAh)

Charging
Capacity
(mAh)

Charging
Capacity
(mAh)

1 1031.890 1032.637 1035.779 1033.977 1032.103 1031.853 1035.741 1024.440
2 1008.673 1018.444 1033.233 1035.806 1032.359 1028.684 1031.933 1033.147
3 1018.732 1023.337 1034.633 1036.101 1030.632 1029.485 1034.568 1033.514
4 1022.702 1026.527 1035.109 1036.212 1031.216 1030.508 1035.078 1033.570
5 1025.826 1028.784 1035.155 1036.361 1031.566 1030.718 1034.831 1033.665
6 1028.002 1030.793 1035.320 1036.645 1031.840 1031.291 1035.110 1034.102

3.3. The PCM Influence on LIB Temperature under Different Discharging Ratios

Figure 7 shows the temperature curves of Sanyo and Sony LIB under the conditions of natural
convection and PCM cooling. It is found that the PCM has a good effect to decrease the LIB temperature
no matter it is discharged at a rate of 1 C or 2 C. Compared with natural convection cooling, the highest
temperature of Sanyo LIB decreases about 4.7 ◦C and 12.8 ◦C for 1 C and 2 C discharging, respectively,
and the highest temperature of Sony LIB decreases about 1.1 ◦C and 2 ◦C. The temperature reduction

59



Appl. Sci. 2020, 10, 7354

effect of PCM on high rate discharge LIB is more obvious. In the charging and discharging cycles,
Sanyo LIB generates more heat due to its large capacity, and PCM absorbs more latent heat. The PCM
has the most obvious effect on the Sanyo battery in a 2 C discharging rate among all experiments.

(a) The temperature curves of Sanyo LIB 

(b) The temperature curves of Sony LIB 

Figure 7. The temperature curves of Sanyo and Sony LIB under 1 C, 2 C discharging.

4. Conclusions

PCM has been widely used in the thermal management of LIB due to itself advantages. In this
paper, the changes of LIB temperature and capacity under different working conditions and discharge
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ratios are analyzed in order to further analyze the PCM influence of LIB thermal management and
design an effective BTMS. The conclusions are as follows:

(1) The LIB temperature rises during the discharge process, and the PCM can effectively reduce
the LIB temperature and keep its capacity stable. The average highest temperature of Sanyo LIB under
the PCM cooling is about 54.4 ◦C in the 2 C discharge rate especially, and it is about 12.3 ◦C decrease
compared with the natural convection cooling.

(2) The heat dissipation fins can reduce the LIB temperature, but the current effect is not very
significant. Further optimization of the combination with heat dissipation fins and PCM is also an
important direction in the thermal management of LIB.

(3) The LIB capacity changes are related to the temperature. In the discharge rate cycles, the LIB
temperature of PCM cooling and PCM combined with heat dissipation fins decreased slightly, and the
capacity decreases compared with the natural convection condition. The battery temperature and
capacity increase slightly under extreme conditions.

(4) The PCM have a bigger temperature impact on Sanyo LIB. Sanyo LIB generates more heat due
to its large capacity, and PCM absorbs more latent heat. The temperature reduction effect of PCM on
high rate discharge LIB is more obvious.

In the future study, PCM combined with other cooling way efficiently and developing the PCM of
higher latent heat, better heat conduction performance will be an important direction of battery BTMS.

Author Contributions: Conceptualization, M.C., S.Z., and J.W. (Jingwen Weng); Methodology, M.C., D.O. and J.W.
(Jian Wang); Investigation, L.Z., S.Z., and G.W.; Writing-Review & Editing, M.C., S.Z., and X.W. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Key Research and Development Program of China
(2018YFC0808600), the Open Project of State Key Laboratory of Fire Science (HZ2020-KF08), Natural Science
Foundation of the Higher Education Institutions of Jiangsu Province (19KJB620003), and the Double Innovation
Plan of Jiangsu province.

Conflicts of Interest: The authors declare no conflict of interest.

Nomenclature

Air Air cooling
BTMS Battery thermal management system
Excon Extreme condition
LiFePO4 Lithium iron phosphate
LIB Lithium-ion battery
PCM Phase change material
PCM-fin PCM with heat dissipation fins
SOC State of charge
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Abstract: Latent Heat Energy Storage (LHES) using Phase Change Materials (PCM) is considered a
promising Thermal Energy Storage (TES) approach as it can allow for high levels of compactness,
and execution of the charging and discharging processes at defined, constant temperature levels.
These inherent characteristics make LHES particularly attractive for applications that profit from
high energy density or precise temperature control. Many novel, promising heat exchanger designs
and concepts have emerged as a way to circumvent heat transfer limitations of LHES. However,
the extensive range of experimental conditions used to characterize these technologies in literature
make it difficult to directly compare them as solutions for high thermal power applications. A
methodology is presented that aims to enable the comparison of LHES designs with respect to their
compactness and heat transfer performance even when largely disparate experimental data are
available in literature. Thus, a pair of key performance indicators (KPI), ΦPCM representing the
compactness degree and NHTPC, the normalized heat transfer performance coefficient, are defined,
which are minimally influenced by the utilized experimental conditions. The evaluation procedure
is presented and applied on various LHES designs. The most promising designs are identified and
discussed. The proposed evaluation method is expected to open new paths in the community of
LHES research by allowing the leveled-ground contrast of technologies among different studies, and
facilitating the evaluation and selection of the most suitable design for a specific application.

Keywords: heat transfer; high power; latent heat; energy storage; heat exchanger

1. Introduction

On the path to the integration of an ever-increasing share of variable renewable energy sources
(VRES) into the current energy system, energy storage (ES) technologies play a fundamental role.
Energy transformation and consumption globally account for more than 60% of the total green house
gas emissions [1]. Additionally, in Switzerland and the European Union in general, over 50% of
the total energy consumed is ultimately used as thermal energy for both industry and domestic
applications [2,3]. Considering this, the development of thermal energy storage (TES) systems has
become a priority for directly pure thermal applications and heat management systems, as well as
combined electro-thermal storage initiatives, such as pumped thermal energy storage systems [4] and
its potential for alternative use and flexibility for recovered waste heat from already existing sources at
large scales [5].

Within the spectrum of TES technologies, Latent Heat Energy Storage (LHES) systems using
Phase Change Materials (PCM) allow for thermal energy storage and release within narrow
temperature differences with high energy density when compared to the sensible energy storage
(SES) approach. These characteristics ultimately allow for the implementation of TES systems with a
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high degree of compactness. The heat transfer performance of LHES systems is however hindered
by the time-dependent nature of its charging and discharging processes. During crystallization,
the heat transfer and phase change processes are thus dominated by conduction under increasing
resistance imposed by the moving liquid-solid front, making them a function of the state of
charge of the unit [6]. Thus, the widespread application of LHES units on processes that
require high heat transfer rate and quick response time relies on the many novel promising
technological approaches that have emerged as a way to bypass LHES heat transfer limitations.
These technologies include plain tube and finned tube bundle configurations [7–14], carbon composites
and dispersions [15–20], metal foams [21–26], macroencapsulation techniques [27–31], and addition of
conductive nanoparticles [32–34], among others.

The extensive range of experimental conditions (e.g., inlet temperature and mass flow rate of
heat transfer fluid, phase change temperature, size of storage unit, etc.) used to characterize these
technologies in literature make it difficult to directly compare and cross-correlate various performance
features. This variability makes heat transfer performance and the degree of compactness especially
hard to assess without leveled Key Performance Indicators (KPI). Some KPIs have been proposed
to evaluate different aspects of an LHES unit. For instance, Energy density (ED) as proposed by
Romani et al. [35] provides an indication of the amount of energy stored in relationship to the volume
or mass of the unit. ED allows for valuable comparison of TES technologies in terms of overall capacity
and required space and material resources, but most relevantly in the case of LHES, it equally considers
sensible and latent contributions. By considering the sensible part of the energy stored in the PCM,
the result is dependent on the operation temperature levels on the unit and not only the materials and
amounts. Alternatively, the energy efficiency ratio described by Wang et al. [36] concerns the ratio of
energy required to pump the HTF through the LHES unit to the stored energy. In addition, in a similar
approach, Li et al. [37] also proposed the performance analysis of a wide range of LHES operational
and material parameters, as both energetic and exergetic efficiencies. Even though the previously
described KPIs provide very valuable information about an LHES unit, they address particular aspects
and consider mostly capacity and efficiency perspectives, but provide no indication on the rates of
heat transfer and the required material to achieve it.

Directly addressing the thermal response, Gasia et al. [38] proposed various KPI for both short
and long term scales: Average power, 5 min-peak-power, 5 min peak power-energy ratio (based on
5-min-peak-power over total capacity of the unit), and finally the discharge time. The set of KPIs
was intended for the evaluation of four LHES units of very similar scales, operating at uniform
conditions and equal PCM. Although useful while the experimental conditions and the geometry
remain similar enough, they remain intrinsically connected to the current operation conditions and
scale. This leads to non-representative results, especially when comparing across different studies
and applications. Similarly, Guo et al. [39] consider the specific charging rate (γ[1/h]) and specific
energy loss rate. The specific charging rate directly addresses the heat transfer performance of the unit,
but it is ultimately an average power to capacity ratio, without any normalization with respect to the
driving forces.

Similar analyses include, for instance, the use of the average temperature effectiveness (εavg) by
Nomura et al. [40] and Krimmel et al. [41] to represent the efficiency of the heat exchange. Additionally,
Nomura et al. [40] present a NHTPC (hv), directly addressing the heat transfer performance of the
units. It considers the average heat transfer rate divided by the average temperature difference (which
ultimately can be interpreted as the enthalpy flow of the HTF), with respect to the volume of PCM
only in the unit. Although it directly addresses the heat transfer capability of a unit, it still remains
dependent on the HTF conditions, and thus varies with different mass flow and temperature difference.

The Effectiveness-NTU Method (ε-NTU) allows the calculation of the heat transfer rate and
temperature profiles in a heat exchanger using the enthalpy flows, and defining a heat exchanger
effectiveness based on the actual heat transfer rate over the maximum achievable by the system [42]. It
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has been previously used to analyze LHES systems as performed by Tay et al. [43,44] as design and
sizing tool on specific designs.

The methodology presented in this paper is inspired on the previous (ε-NTU) analyses and the
view of LHES units as a heat exchanger core acting as boiler or condenser. It focuses on two KPIs,
which represent the normalized heat transfer performance and degree of compactness of the LHES
design. This new approach allows the comparison of LHES systems reported in literature in terms
of their heat transfer capabilities and compactness regardless of their geometry, scale, and operation
conditions. The developed KPIs are applied to several technologies reported in literature and the
results of this comparison are presented and discussed. Based on the authors’ knowledge, this is the
first time such an extensive quantitative comparison across different LHES technologies with a focus
on high power applications has been performed.

2. Methodology

Definition of Proposed KPIs

The main focus of this study is to allow the simplified and quick evaluation of the heat transfer
capabilities in a LHES unit regardless of scale and operating conditions. Achieving this goal requires
the usage of the most readily available information able to represent a highly transient process through
averaged properties. The methodology proposed in this study uses this information adapted around
the (ε-NTU) method. Two KPI are proposed representing both the heat transfer performance of a
LHES unit as well as the degree of compactness and an indication of the energy density attainable by
the system.

Regarding the degree of compactness, the volume fraction of the major contributor to the storage
capacity of the LHES unit, PCM to total volume of the unit, (ΦPCM) is suggested as an indicator of
the energy density attainable by the system. ΦPCM provides an indication of the compactness degree
attainable, but also information on the required trade-off of PCM storage volume for heat exchanger
material to achieve certain heat transfer performance, and it is the ratio of PCM volume in the storage
(VPCM) to the total outer volume of the unit (VTOT). See Equation (1)

ΦPCM =
VPCM
VTOT

(1)

The total volume (VTOT) was calculated considering the geometry of the outermost layer of the
unit while excluding the additional volume used for insulation. The container wall thickness as well as
additional volume dedicated to manifolds (flow development) and the like were all taken into account.

From a heat exchanger perspective, an LHES unit can be regarded as a heat exchanger, the
performance of which is defined by a static heat sink or source, or an analog case of a heat exchanger
operating as a boiler or condenser. The average NTU (NTUavg) represents the added effects of the heat
exchanger tubes and growing layer of solid through the discharge process. It is defined as the ratio of
the heat transfer rate capacity of the heat exchanger (product of the overall heat transfer coefficient (U)
and the heat exchange surface (A)), and the heat capacity rate of the HTF (ṁHTF·cp,HTF) [45].

Additionally, the average NTU can be easily estimated as it is directly related to the average
effectiveness (εavg) of the heat exchange, and under the assumptions of a phase change, similarly
to boiler/condenser operation, the heat exchanger effectiveness relations can be simplified [45] as
described in Equation (2):

NTUavg =
U·A

ṁHTF·cp,HTF
= −ln(1 − εavg) (2)
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This equation can be rearranged and divided by the total volume VTOT to calculate the normalized
heat transfer performance coefficient (NHTPC) as shown below in Equation (3):

NHTPC =
U·A

VTOT
=

−ln(1 − εavg)·ṁHTF·cp,HTF

VTOT
(3)

Thus, the proposed KPI on the heat transfer side, NHTPC, can be seen as the product of the overall
heat transfer coefficient (U) and the heat exchange surface (A) normalized by the total volume of the
LHES unit (VTOT). Considering the transient nature of the solidification process due to the increasing
resistance and changing surface, it is useful to express an average U·A for the whole process. Dividing
this product by the total volume of the LHES unit (VTOT) excluding insulation enables comparison of
the heat transfer behavior regardless of the final dimensions, operation conditions, and overall scale.

Where εavg represents the average heat exchanger effectiveness during discharge, ṁHTF and
cp,HTF, the mass flow rate and specific heat capacity of the HTF, respectively, and finally VTOT the total
outer volume of the container without considering any insulation.

In this case, the effectiveness of the heat transfer (εavg) is defined by the relation of the actual
average (over the discharge time) temperature difference between inlet (THTF,In) and outlet (THTF,Out),
and the theoretical maximum temperature difference achievable, with respect to the phase change
temperature (TPC) as shown in Equation (4) [43,45].

The TPC values were reported by the individual studies, and are usually obtained through
differential scanning calorimetry (DSC) measurements:

εavg =
THTF,In − THTF,Out

THTF,In − TPC
(4)

This relation allows access to the average product “U·A”, or the average heat rate capacity of the
heat exchange geometry in the core of the unit. This quantity can be considered independent of the
operation conditions, but remains an intrinsic characteristic of the heat exchanger geometry, design,
and material combination (PCM and heat exchanger materials).

During the solidification process, the conductive resistance between the HTF and the solidifying
(liquid) PCM increases as solid PCM builds up around the HEX structure surface. This also generates
a changing solid–liquid PCM heat transfer surface throughout the process. With this in mind, it can
be especially handy to consider the product U·A averaged through time, since both the heat transfer
surface, and heat transfer coefficient, vary throughout the discharge process with the state of charge of
the unit.

Even though the main required information pertaining to the geometry, materials, and amounts
are uniformly available, how and which experimental results are readily displayed in literature remains
very dependent on the authors and the focus of the studies. Some additional considerations to the
definition of the pair of the previously discussed KPIs are suggested for an even representation with
the proposed KPIs:

The average HTF outlet temperature (THTF,Out) was preferably estimated by fitting a polynomial
function to the reported data and calculating a mean function value between the beginning of the
discharge process up to an arbitrary point. For practical purposes, and considering that once a high
degree of solidification is attained the power sharply decreases, a 90% solidification or melting is
considered as a standard for a completed process and thus is defined as discharge time (tDisch).

For the few cases in which outlet temperature or power profiles were not provided, THTF,Out can
be approximated as shown in Equation (5) derived from the simplified steady-flow thermal energy
equation [45]:

THTF,Out = THTF,In +
Q̇avg

ṁHTF·cp,HTF
(5)
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Knowing tDisch conveniently allows for indirectly representing the average output
power-to-capacity ratio as it represents the inverse of the time required to achieve a certain amount
of PCM solidification, and thus the average discharge power (Q̇avg) can be approximated using
Equation (6) [46] and the energy balance based on material properties and temperature levels:

Q̇avg

Est,90
=

1
tDisch.

(6)

The energy associated with the defined standard degree of solidification (Est,90) is estimated
assuming the complete contribution of the sensible heat from container (mCont·cp,Cont) and heat
exchanger materials (mHEX ·cp,HEX) and PCM (mPCM·cp,PCM) from the initial temperature of the unit
Tinit up to the phase change temperature of the PCM TPC in addition, to 90% of the latent contribution
from the PCM, as shown in Equation (7):

Est,90 = (mHEX ·cp,HEX + mCont·cp,Cont + mPCM·cp,PCM)·(Tinit − TPC) + (90%·mPCM·ΔhPC) (7)

Using these considerations and assumptions allows for the calculation of the proposed NHTPC
with minimal representative information. The results of the preliminary analysis are shown and
discussed subdivided in similarity classes, with a specific focus on the heat transfer performance and
the potential of the different approaches for applications that require high power LHES systems.

In summary, ΦPCM represents the ratio of main energy storage material to the total volume of
the unit, excluding insulation. It provides a general idea on the compactness degree of the system
and energy density potential by remaining independent of the temperature levels. Additionally,
it can be regarded as a representation of the required HEX material to attain a certain heat transfer
performance. It only requires the overall dimensions of the unit and the total amount of PCM inside
for its calculation.

NHTPC represents the average heat transfer performance of an LHES unit regardless of the
operation conditions (HTF flowrate and temperature levels) used by the authors of the different
studies but remaining an intrinsic characteristics of the heat exchange structure geometry, and material
combinations (PCM, HEX, container, etc). The calculation requires, in principle, information on
both inlet and outlet temperatures on the unit and material properties of PCM and the different
components (HEX and container). Temperature profiles are preferably used to estimate directly the
average temperatures by using fitting techniques, mean function values, and the previously defined
Est,90 from the energy balance. Alternatively, if this information is not presented directly, average
discharge power or the discharge time can be used to compute close approximations, as shown in
Equations (5)–(7).

3. Results and Discussion

Only the studies that provided sufficient information to perform the calculations with minimal
assumptions are shown and discussed in this study. The analysis of the different cases is presented
subdivided in four subclasses, namely, finned tube bundle heat exchanger structures, composites of
different natures as Thermal Conductivity Enhancers (TCE), macro encapsulation based systems, and
experiments using automotive heat exchanger structures and capillary tube bundles.

3.1. Robustness Testing

In order to corroborate the relative independence of the proposed KPIs with regard to the
operation conditions and scale of the LHES unit under scrutiny, a sensitivity analysis incorporating
results from a sample of studies in which different inlet temperatures (THTF,In) and HTF mass flow
rate (ṁHTF) were used.

The influence of the inlet temperature on the final NHTPC was examined using data from
Waser et al. [7] and considering three THTF,In levels between 15 ◦C and 40 ◦C in both a tube bundle
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(Unit 1) with 0.02 m3 (20 kg of PCM, CH3COONa·3H2O), and the equivalent finned tube bundle (Unit
2) under a constant 360 kg/h of flowing water as HTF. The mass flow rate effect was considered using
data from two different sources and consistent temperature levels. On a larger scale, the data gathered
by Zauner et al. [47] for a storage of 0.4 m3 total outer volume (170 kg of PCM, HDPE) operating with
thermal oil (Marlotherm SH) as HTF between 2088 kg/h up to 6984 kg/h (Unit 3) was used. On the
smaller side, the unit shown by Amagour et al. [13] is considered (Unit 4) with a total outer volume of
0.009 m3 (2.3 kg of PCM, organic blend) with water as HTF and flow rates ranging between 24 kg/h
and 62 kg/h.

Figure 1 shows the obtained results for the analysis of the ability of the KPIs to describe system
performance independently of experimental conditions.
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Figure 1. Sensitivity analysis. Calculated NHTPC vs. ΦPCM at different temperature levels and HTF
mass flow rates in logarithmic scale.

The tight spread of the final results for all four cases corroborates the relative independence of the
proposed KPI to the operation conditions. Even though small variations were found for the different
experiments, an average coefficient of variation (defined as the standard deviation over the average
value) of less than 6% was calculated for every case, which is considered satisfactory for the purpose
of this study.

3.2. Finned Tube Bundles

Finned Tube Bundle (FTB) geometries are the most widely studied Heat Exchanger (HEX)
configuration for LHES applications. They consist of fixed-fin geometries, of different topologies
and configurations, generally protruding from the tubes used to carry the HTF, into the PCM mass.
Highly conductive metals such as copper and aluminum are the most commonly used. The disposition
of the fins, packing fraction, thickness, and amount determine the performance of a finned tube bundle.

The selection of analyzed studies which addressed the addition of fins to a tube bundle (TB)
heat exchanger geometry to enhance the heat transfer rates of a LHES unit is summarized in Table 1.
It includes reference numbers, notation, some descriptive information, and a representative picture or
scheme of the discussed units. All additional data required for the calculation of NHTPC are presented
in Table A1. The outer volumes of the units VTOT , including the container tank surrounding the TB
or FTB (and additional manifolds if required) without considering any insulation, were for the most
part explicitly reported along with container material and properties. In the cases were information
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was missing in this regard, it could be approximated from additional reported geometrical parameters
and conservative assumptions. Figure 2 presents the estimated performance indicators. Experiments
performed in the framework of the same study with different geometries are indicated with the same
letter but different numbering.

Table 1. References pertaining to tube bundles (TB) and finned tube bundles (FTB).

Type TPC[°C] VTOT

[m3]

ṁHTF

[kg h−1]

cp,HTF

[kJ/(kg · K)]

Geometry Ref.

TB (A.1) 58 2.0 × 10−2 3.6 × 102 4.18 [7]

FTB (A.2) 58 2.0 × 10−2 3.6 × 102 4.18 [7]

TB (B.1) 35 9.3 × 10−4 4.0 × 102 4.18 [48]

FTB (B.2) 35 9.3 × 10−4 4.0 × 102 4.18 [48]

Triplex
FTB(C )

82 1.6 × 10−2 2.4 × 102 4.18 [9]

FTB (D.1) 94 3.4 × 10−3 2.2 × 103 4.06 [14]

FTB (E) 305 3.5 × 10−1 8.1 × 103 2.30 [10]

FTB (F) 142 8.7 × 10−2 2.4 × 102 2.49 [8]
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Table 1. Cont.

Type TPC[°C] VTOT

[m3]

ṁHTF

[kg h−1]

cp,HTF

[kJ/(kg · K)]

Geometry Ref.

FTB (G) 125 3.9 × 10−1 1.5 × 103 2.03 [47]

FTB (H) 53 8.7 × 10−3 2.4 × 101 4.18 [13]

FTB (I) 42 6.1 × 10−2 1.8 × 102 4.18 [49]

FTB (J) 169 6.5 × 10−3 3.5 × 102 3.10 [12]

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

1

10 A.1

A.2

B.1

B.2

C

D.1

E F
G

H

I

J

ΦPCM[VPCM/VTOT]

N
H

TP
C

[k
W

/
m

3 .K
]

Figure 2. Calculated NHTPC vs. ΦPCM for the references concerning tube bundles (TB) and finned
tube bundles (FTB) in LHES unit configurations in logarithmic scale.

The most commonly found arrangements pertain fixed fins embedded in the PCM bulk, oriented
perpendicularly (A.2, B.1, D, G, H) or longitudinally (C, E, F, I, J) to the HTF flow inside the
tubes. Some interesting alternative variations see longitudinal fins used such as in triplex heat
exchanger configurations by Al-Abidi et al. [9] (C), complex geometries to fit specific applications by
Laing et al. [10] (E) or even fixed on the side of the flowing HTF, as presented by Raul et al. [12] (J).
Regarding performance, the study carried out by Waser et al. [7] provided data for a finned copper
tube bundle (A.2) and additional in-house data from the same study was used for the analog plain tube
bundle (A.1). The addition of aluminum fins traded an additional 3% of PCM volume fraction for a
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significant discharge time reduction of around 50% and a total threefold improvement in the calculated
NHTPC. However, it is necessary to highlight the performance of the tube bundle structure (A.1) as
it exceeds most of the FTB designs. Taking the unit used by Khan et al. [49] (I) as comparison point,
the sheer difference in heat transfer surface could explain this behavior. Even though A.1 presents no
fins, the heat transfer surface to volume ratio of unit A.1 is over two times higher (63 m2/m3) than that
of unit I (27 m2/m3).

In a similar comparison approach, Medrano et al. [48] (B.2) achieved a sevenfold increase (when
compared to B.1) in heat transfer performance by trading an approximate 7% of PCM volume to
accommodate circular radial fins.

The FTB unit presented by Shon et al. [14] (D.1) attained the higher performance in this case with
an additional 4% of the total volume dedicated to the analog copper finned tubes than the FTB unit
investigated by Waser et al. [7]. The heat exchange structure with a higher packing fraction could
explain the differences in performance.

In the case of Amagour et al. [13] (H), it is interesting to note that around 65% of the total LHES
unit volume was dedicated to heat exchange elements as well as additional empty space above the
heat exchanger. It directly affects the overall energy density of the unit with around 29 kWh/m3,
but achieves a thermal response around the average for the category. This is evidence of the intricacies
of the container, heat exchanger design, and chosen materials. A high share of heat exchanger material,
or consequently a low PCM fraction, does not necessarily translate into improved heat transfer behavior.
A similar situation was found on some other cases leading to a low ΦPCM was caused by a large volume
occupied by the HTF, and additional head space in the units which could potentially be optimized.

3.3. Automotive Heat Exchangers and Polymer Based Capillary Scale Tube Bundles

This entire subsection is dedicated to particularly interesting systems as they are in principle
extreme variations of finned and simple tube bundles. On one hand, Automotive HEX (AHEX),
conceived from the idea of finned tubes for gas-to-liquid heat exchange, are mass produced on a wide
variety of configurations usually completely made out of braced aluminum and seek to maximize
the heat transfer surface. On the other hand, without additional material, very large heat transfer
surfaces can be achieved by driving the diameter of a tube bundle to the capillary scale (below 5 mm).
Additionally, the consequent thin walls produced at this scale minimize the influence of the material
conductivity, opening the door to the utilization of polymers for a wide range of applications when
temperature levels allow. These systems will be finally referred to as capillary tube bundles (CTB).
Table 2 gathers the notation and representative schemes of the studies treated in this section. All
additional data required for the calculation of NHTPC are presented in Table A1. The outer volumes of
the units VTOT , including the container tank surrounding the HEX without considering any insulation,
were for the most part explicitly reported in the different studies along with container material and
properties. In the cases where information was missing in this regard, it could be approximated from
additional reported geometrical parameters and conservative assumptions.

The summarized KPIs are portrayed in Figure 3. Experiments performed in the framework of the
same study with different geometries are indicated with the same letter but different numbering.

Medrano et al. [48] experimented with an AHEX unit embedded in PCM (B.4), and compared it
to other common LHES approaches and it achieved an impressive NHTPC, several times higher than
the next best performance within the same study, the graphite matrix enhanced tube-and-shell (B.3)
unit previously discussed. This effect might be explained mainly by the sheer mass of heat exchanger
material in the unit rather than the heat exchanger design as it presents a relatively low performance
in both heat transfer and compactness when compared to other AHEX-based units.
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Table 2. References pertaining to AHEX and CTB based units.

Type TPC[°C] VTOT

[m3]

ṁHTF

[kg h−1]

cp,HTF

[kJ/(kg · K)]

Geometry Ref.

AHEX (B.4) 35 4.4 × 10−3 4.00 × 102 4.18 [48]

AHEX (S) 4 4.1 × 10−3 5.34 × 102 1.01 [50]

AHEX(T) 69.3 3.3 × 10−3 7.13 × 102 3.95 [51]

AHEX(D.2) 93.8 1.9 × 10−3 2.21 × 103 4.06 [14]

CTB (U) 30 1.0 3.60 × 103 4.18 [52]

CTB (V) 29 8.5 × 10−1 1.38 × 103 4.18 [53]

CTB (W) 28.5 1.5 3.15 × 103 4.18 [54]
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Figure 3. Calculated NHTPC vs. ΦPCM for the references concerning AHEX and CTB in LHES unit
configurations in logarithmic scale.

A similar situation was discussed in the study performed by Shon et al. [14] their initial
experiments were performed using a stock automotive HEX immersed in PCM (D.2). Based on
their results, an FTB design with a higher capacity was produced and is discussed in Section 3.2 (D.1).
Interestingly, their goal was achieved as their FTB custom design (33 [kW/m3·K]) effectively matched
the thermal performance of the AHEX-based unit (36 [kW/m3·K]). Their design variations, however,
required an additional sacrifice of 10% PCM volume fraction. A second iteration of an analog system
for a diesel based system, explored by Park et al. [51] (T), produced a custom heat exchanger with an
analog flat pipe and fin configuration, and produced the highest NHTPC reported, reaching around
85 [kW/m3·K] with a similar PCM volume fraction as its predecessor. The LHES unit proposed by
Lee et al. [50] (S) constitutes a particular example of how LHES capacity and power are tailored for
specific applications. The high performance parameter calculated and the significantly low PCM
volume fraction were adjusted to the envisioned application requirements. The unit was manufactured
to produce high cooling power for very short periods of time while the car is idle on a red light, as the
LHES unit is part of an automotive HVAC system, and is thus adapted to be used with two HTF
systems, coolant loops and pure air convection.

These are good examples of the potential of AHEX as highly optimized systems readily available
at industrial manufacturing scales in a broad variety of configurations that, although envisioned for a
different application, could widen the areas of implementation of an already existing product.

When looking at polymer CTBs, their average performance does not deviate much from the
results seen for FTB. They are polymer based and large heat exchange surfaces are achievable while
requiring very low volume within the unit, in the order of 90% PCM fraction or more. Helm et al.
produced a prototype [53] (V) and posterior improvement [54] (W) as part of a solar heating and
cooling system. The heat exchange structure based on polypropylene capillary tubes in the order of 4.3
mm outer diameter was used in both cases and not only its performance, but also its durability, were
put to the test in system level experiments and cycling tests.

Similarly, Hejcik et al. [52] (U) presents a special case, studying the use of polypropylene hollow
fibers, capillary tubes in the order of 0.8 mm outer diameter as tube bundle arrangements embedded
in PCM within a modeling study. The reported performance was calculated based on the simulations
carried out by the authors and the PCM volume fraction was calculated based on the model domain
used which included only a PCM mass and the hollow fiber bundle. The potential of hollow fiber
bundles and, in general, polymer capillary scale systems becomes discernible when contemplating
that thermal performances comparable to FTB configurations are attainable using basic geometries
that occupy a minimal share of the volume.
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Even though the heat transfer performance seems adequate from a KPI perspective, it is necessary
to clarify that although a quick discharge can be achieved with CTB based systems, they require
special attention in their design as achieving a stable temperature output window requires low mass
flow rates, long tubes, or systems in series. The added frictional effects of the HTF flow at low inner
diameter conditions must be considered during the optimization to avoid excessive pumping power
requirements and affecting the effectiveness of the system.

3.4. Composites

The use of highly conductive materials to increase the performance of PCM as Thermal
Conductivity Enhancements (TCE) has been widely studied. The general goal of this kind of TCE is to
allow the creation of a conductive network through the PCM mass and enhance overall conduction in
both melting and solidification processes. Table 3 shows the notation and representative figures of the
studies considered in this subsection. All additional data required for the calculation of NHTPC are
presented in Table A1. The outer volumes of the units VTOT , including the container tank surrounding
the HEX (and additional manifolds if required) without considering any insulation, were for the most
part explicitly reported in the different studies along with container material and properties. In the
cases where information was missing in this regard, it could be approximated from additional reported
geometrical parameters and conservative assumptions.

Table 3. References pertaining to carbon based techniques and metal foams as TCE

Type TPC[°C] VTOT

[m3]

ṁHTF

[kg h−1]

cp,HTF

[kJ/(kg · K)]

Geometry Ref.

Graphite matrix
(B.3)

35 9.3 × 10−4 400 4.18 [48]

TB (K.1);
Carbon brushes

(K.2)

49 2.0 × 10−2 32.6 4.18 [55]

Carbon cloth (L) 49 2.0 × 10−2 32.6 4.18 [19]

Graphite matrix
(M)

53 1.6 × 10−2 30 4.18 [16]

TB (N.1);
95% FP (N.2);
77% FP (N.3)

58 6.2 × 10−4 8.14 1.01 [22]
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Figure 4 summarizes the performance results of carbon and metal based TCE in different
configurations, such as carbon dispersions and composites of various forms, and metal foams of
different amounts of pores per inch. Each subcategory will be further discussed separately.
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Figure 4. Calculated NHTPC vs. ΦPCM for the references concerning carbon based structures and
metal foams as TCE in LHES unit configurations.

3.4.1. Metal Foam Based Composites

Across the metal foams (MF) considered as TCE options for LHES systems, the most widely
studied are aluminum [21,22], copper [23–25], and nickel [26] foams.

For instance, Atal et al. [22] considered aluminum foams of different porosities (N.2, N.3) on a
shell and tube arrangement and achieved reductions in discharge time of up to 63% and a proportional
increase in its heat transfer performance when compared to the case with only PCM (N.1). However,
only a marginal increase in performance is observed with decreasing metal foam porosity (FP) (and
consequently PCM volume fraction) as shown in Figure 4. An ultimate difference of around 15%
additional PCM volume fraction is sacrificed to accommodate the lower porosity foam but little to no
effect is shown in terms of heat transfer enhancement. Additionally, the energy density of the system
is heavily affected, decreasing from 112 kWh/m3 in the case of pure PCM (N.1), to 108 kWh/m3 for
the 95% porosity foam (N.2) and finally 94 kWh/m3 in the case of the 77% porosity foam (N.3). It
becomes clear that the energy density trade-off when accomodating the higher porosity foam (N.2) is
worth it in terms of performance, but, once a sufficient highly conductive network is created, there is
no substantial enhancement in increasing the amount of metal in the unit.

Lazzarin et al. [21] also studied the effect of aluminum foams with slightly different porosities
and number of pores per inch (PPI) achieving in the best case a reduction of around 90% on the
solidification time. In a similar way, Mancin et al. [23] used copper foams of increasing PPI and
attained a reduction in charging time of around 27%. Similarly, Xiao et al. [24] used copper and nickel
foams of different amounts of PPI to improve PCM conductivity. From the measurements performed
by the authors, a great improvement is evident for all cases when compared to the original 0.305
W/m·K. For instance, the copper foams embedded in the PCM produced conductivities of 5 W/m·K
and 16 W/m·K for 97% and 88.9% porosity samples, respectively.

The latter examples, although worth mentioning, are not shown in this study since their
experimental setup was not conceived as LHES units working with a heat transfer fluid and thus
it was not possible to accurately calculate the proposed KPIs without inaccurate assumptions.
Similarly, a major share of the considered references pertaining the use of metallic foams concerned
effective thermal conductivity measurements, and experimental setups focused towards electronic
heat management strategies. In order to compare in terms of the NHTPC methodology, either more
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experimental work or validated models that place these materials in a LHES unit configuration are
necessary to further study and evaluate their potential.

3.4.2. Carbon-Based Composites

Among the considered references, several of them contained some form of carbon based TCE,
in the form of expanded graphite composites and dispersions [15,16,20,48], carbon fiber (CF) [17],
carbon foam [18], and even carbon fiber cloth (CC) [19].

Within the selected units, Medrano et al. [48] proposed the highest performance of the carbon
based enhancements by placing and expanded graphite and PCM composite in a double pipe heat
exchanger configuration (B.3) and compared it to a direct analog unit containing only PCM (B.1)
discussed in Section 3.2. The addition of the graphite matrix required the trade of 15% in PCM volume
fraction but achieved a seventeen fold increase in terms of NHTPC.

Fukai et al. [19,55] used carbon fiber brushes [55] (K.2) and carbon fiber cloth [19] (L) threaded
around a copper tube bundle structure (K.1). Interestingly, both enhancements, under the same
experimental conditions, reduced the discharge time by up to 45% by trading a minor share of the
volume to accommodate the brushes [55] (K.2) and carbon cloth [19] (L) in both cases. Wu et al. [16] (M)
produced a similar performance using shape stabilized 75:25 PCM and expanded graphite composite
with a copper tube bundle configuration as heat transfer elements but required an additional 17%
PCM volume fraction to achieve it.

3.5. Macro-Encapsulation Solutions

The considered references pertaining macro encapsulation techniques include both high and
low temperature applications. The considered examples are shown in Table 4. All additional data
required for the calculation of NHTPC are presented in Table A1. The outer volumes of the units VTOT ,
including the container tank surrounding the bed of capsules (and additional manifolds if required)
without considering any insulation, were for the most part explicitly reported in the different studies
along with container material and properties. In the cases where information was missing in this
regard, it could be approximated from additional reported geometrical parameters and conservative
assumptions. The results are available in Figure 5.

Ma et al. [27] (O) and Wickramaratne et al. [28] (P) both presented LHES units using stainless steel
encapsulation methods for high temperature applications on a range of temperatures around 550 ◦C.
Even though the systems are relatively similar, the difference in performance could be explained in part
by the fact that Ma et al. [27] (O) uses Al:Si alloy as PCM and Wickramaratne et al. [28] (P) proposed
a eutectic salt mixture. This means that, besides having a much larger PCM phase change enthalpy
(432 kJ/kg), in the first case, the most common drawback associated with LHES is minimized by the
high PCM thermal conductivity in both phases. This ultimately translates into higher average power,
and it is taken into account in the NHTPC, as the average outlet HTF temperature is much closer to the
phase change temperature.

78



Appl. Sci. 2020, 10, 5519

Table 4. References pertaining to macro encapsulation techniques

Type TPC[°C] VTOT

[m3]

ṁHTF

[kg h−1]

cp,HTF

[kJ/(kg · K)]

Geometry Ref.

ME (O) 577 4.2 × 10−3 19.8 1.10 [27]

ME (P) 515 1.3 × 10−2 70.5 1.07 [28]

ME (Q) 60 4.7 × 10−2 120 4.18 [30]

Pouch (R.1),
Sphere (R.2)

58 2.7 × 10−1 900 4.18 [31]
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Figure 5. Calculated NHTPC vs. ΦPCM for the references concerning macro encapsulation techniques
in LHES unit configurations.

Park et al. [31] presented flexible (Polyethylene, Nylon, Aluminum, and PET) laminated pouches
(R.1) as the encapsulation method and compared them to 3D CFD modeled spherical equivalents
(R.2). The flexible pouches decreased the discharge time of the system by 62% when compared to the
simulated spherical containers, and is reflected on a fivefold increase in its NHTPC while retaining
the same PCM fraction in the unit. This is a clear illustration of the importance of the design of the
encapsulation structure in the overall heat transfer surface of the system.

Similarly, Nallusamy et al. [30] (Q) showed the highest NHTPC and PCM fraction combination
calculated using HDPE spheres in a packed bed configuration.
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4. Discussion

Data on the geometry, thermal properties, and performance under specific conditions of a wide
range of technological approaches to LHES were gathered and used to estimate NHTPC and PCM
volumetric fractions. Figure 6 summarizes the LHES units in each category to enable comparison of
performance across all technologies.
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Figure 6. NHTPC vs. ΦPCM for all units in each category in logarithmic scale.

Considering the overall trends when looking at the calculated KPIs, some general observations
can be drawn:

• Finned tube bundles showed a wide range of performance, and volumetric fractions of PCM.
The difference among the heat exchanger structures ranged mainly on terms of tube bundle
geometry and fin density. If designed properly, they have a very high potential both in terms of
heat transfer and resulting capacities.

• AHEX based units showed the highest average performance parameters across all technologies.
This coupled with the advantages of mass production, potential for modularity, and variety
of configurations makes them interesting for further study. Long-term stability and issues
with flexibility of existing designs will have to be addressed before they are proposed for
implementation in commercial products.

• Additionally, CTBs showed the potential to attain performances comparable to average
performing finned tube bundle geometries while using a minimal share of the volume in a
unit. However, the quality of the outlet temperature stability and round trip efficiency due
to required pumping power at low diameters, as well as particularities regarding material
compatibility and consequential limited temperature range, persist as some of the challenges for
their implementation.

• Metallic foams and carbon-based TCE of all forms showed promising potential and further
experimentation on optimized LHES unit structures, or simulations are required to properly
assess their thermal performance.

• In contrast, among all the categories, the macroencapsulation techniques considered showed
the lowest average NHTPC and ΦPCM pairs. However, the studied units were not conceived or
optimized for high power applications and used relatively large capsules with a generic geometry.
A large room for improvement remains untapped regarding the optimization of capsule shape
and size to enhance both heat transfer performance and compactness.

KPI Comparison

Considering the many already available KPI for LHES systems, Table 5 compiles some of the
most relevant KPIs concerning heat transfer performance and compactness degree, as well as the
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pair presented in this study for three systems at different experimental conditions. Even though
the considered KPIs are not intended to represent the same phenomena or were conceived with the
same objectives, it is still interesting to see how they vary with experimental conditions and how they
compare among each other.

Similarly to the robustness testing section, Units 2, 3, and 4 are used as representative systems,
with varying inlet temperature, mass flow rate, and overall size, with the intent to analyze how the
KPIs change accordingly.

Table 5. Comparison of different KPIs for LHES.

KPI Unit 2

(Tin, 15 ◦C)
Unit 2

(Tin, 40 ◦ C)
Unit 3 (ṁ,

2088 kg/h)

Unit 3 (ṁ,

6984 kg/h)

Unit 4 (ṁ,

24 kg/h)

Unit 4 (ṁ,

62.4 kg/h)

Energy Stored
[kWh]

2.10 1.70 18.77 18.77 0.23 0.24

Energy Density
[kW/m3·K]

105.16 85.23 47.93 47.93 26.19 27.23

NHTPC
[kW/m3·K]

31.39 31.81 1.60 1.56 4.22 4.36

ΦPCM 0.83 0.83 0.66 0.66 0.33 0.33

tDisch [h] 0.15 0.28 1.75 1.20 0.28 0.22

Q̇avg [kW] 9.37 4.96 7.90 11.52 0.63 0.80

5min-Peak
Power [kW]

16.37 8.67 23.25 35.69 0.86 1.51

5m-P.Power-Energy
sto.[1/h]

7.78 5.09 1.24 1.90 3.80 6.40

γ [1/h] 4.46 2.91 0.42 0.61 2.79 3.40

εavg 0.77 0.78 0.41 0.13 0.73 0.58

hv [kW/m3·K] 16.85 20.70 3.68 16.48 9.17 14.54

As shown in the table, ED is intrinsically dependent not only on material properties and
dimensions, but also on the sensible contributions and thus temperature levels imposed on the
unit, as seen in the results for Unit 2 at two temperature levels. With a similar point of view, ΦPCM
shows a similar trend between the Units, but focusing only on the share of main energy storage
material. Although it does not provide the exact same information, it can be useful in representing
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both the compactness degree of the design, and the potential for energy density of the unit without
considering the current experimental temperature differences.

On the heat transfer performance side, specific charging rate γ as proposed by Guo et al. [39],
and 5 min peak power-energy stored ratio by Gasia et al. [38] seem to agree with the overall trend
shown by NHTPC across the units. They provide indications of the average heat transfer behavior
with respect to the total energy, but remain dependent on both temperature and HTF mass flow
rate differences. In contrast, NHTPC remains almost constant for a given system across different
experimental conditions.

Although they all provide very useful information on particular aspects, slightly more drastic
variations can be seen with the volumetric heat transfer coefficient hv and average temperature
effectiveness εavg presented by Nomura et al. [40] as well as tDisch, Q̇avg and 5 min. Peak Power.

5. Conclusions

A pair of performance indicators to evaluate the heat transfer performance and compactness for
latent heat energy storage (LHES) units were presented. These key performance indicators (KPIs) were
calculated for several LHES units reported in literature allowing a leveled performance comparison
with regard to operating conditions at different scales, while remaining intrinsic to the geometry, heat
exchanger structure materials, and PCM. The robustness of the proposed KPIs was confirmed with
varying HTF mass flow rate and temperature levels, for units at different size scales, with a coefficient
of variance below 6% in every case, and were compared to other reported KPIs for LHES.

Finned tube bundle (FTB) and tube bundle (TB) units showed the widest range of performance,
and a great potential mainly dependent on the quality of the HEX design. Composites in general
require further experimental work but show very promising potential.

Automotive heat exchanger (AHEX)-based units showed promise especially on their heat transfer
performance, and are interesting for further study as they are already mass produced in a very
wide range of variations. Capillary tube bundles (CTBs) show great potential especially in terms of
compactness, but due to the added practical challenges require some optimization work for ideal
operation. For both AHEX and CTBs, material limitations regarding compatibility and operation range
are some of the main concerns, and should be thoroughly considered in further studies.

The macro encapsulated (ME)-based systems considered showed in general low performance and
compactness, but a very large potential for improvement and flexibility, especially in terms of capsule
shape and size optimization to customize their performance, for instance.

It is necessary to highlight that the publications taken into account had clear application-oriented
objectives. This implies that achieving the highest possible heat transfer rate was not the focus
during their conception, but only the required performance for a specific application under given
conditions. It is possible to infer that optimized versions of the mentioned technologies would deliver
considerably higher performance indicators. Therefore, the conclusions drawn from this analysis
cannot be considered as final in any way regarding the technological approaches but more so as a look
at the general potential of each approach.

Additionally, a key aspect of the thermal response is relatively overlooked by the analysis, as the
methodology proposed only accounts for the stability of the outlet temperature indirectly, within the
approximation of the average outlet temperature. Further dimensionless analysis is required to account
for this effect.
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Appendix A

Table A1. Additional information.

Type Tinit[°C] THTF,In [°C] THTF,Out

[°C]

HTF PCM VPCM [m3] HEX Container Ref.

TB (A.1) 68.0 15.0 33.85 Water CH3COONa
·3H2O

1.7 × 10−2 Cu PP [7]

FTB (A.2) 68.0 16.0 48.65 Water CH3COONa
·3H2O

1.7 × 10−2 Cu/Al PP [7]

TB (B.1) 55.0 20.0 20.02 Water RT35 7.1 × 10−4 Cu Methacrylate [48]

FTB (B.2) 55.0 20.0 20.18 Water RT35 6.5 × 10−4 Cu Methacrylate [48]

Triplex
FTB(C )

92.0 68.0 69.09 Water RT 82 6.8 × 10−3 Cu Cu [9]

FTB (D.1) 45.0 100.0 99.72 Water Xylitol 2.8 × 10−3 Cu No Info. Asm.
Cu

[14]

FTB (E.1) 330.0 280.0 282.58 Thermal Oil NaNO3 1.7 × 10−1 Steel/Al
alloy

No Info. Asm.
Steel

[10]

FTB (F) 162.0 122.0 134.32 Hi-Tech
Therm 60

KNO3/ NaNO/
NaNO2

6.2 × 10−2 Cu SS304 [8]

FTB (G) 155.0 105.0 113.25 Marlotherm
SH

HDPE 2.6 × 10−1 Steel /
AlMg2.5

Steel [47]

FTB (H) 72.0 20.0 44.12 Water Organic 2.9 × 10−3 Al Glass [13]

FTB (I) 60.0 10.0 18.71 Water RT44HC 5.3 × 10−2 Cu Cu [49]

FTB (J) 190.0 90.0 96.37 Hytherm
600

A164 5.4 × 10−3 SS316 SS316 [12]

Graphite
matrix (B.3)

55.0 20.0 20.18 Water RT35 6.5 × 10−4 Cu Methacrylate [48]

TB (K.1) 55.0 38.0 43.52 Water Organic 1.8 × 10−2 Cu No Info. Asm.
Cu

[55]

Carbon
brushes

(K.2)

55.0 38.0 48.43 Water Organic 1.8 × 10−2 Cu No Info. Asm.
Cu

[55]

Carbon
cloth (L)

55.0 38.0 48.48 Water Organic 1.8 × 10−2 Cu No Info. Asm.
Cu

[19]

Graphite
matrix (M)

65.0 25.0 50.96 Water Paraffin 1.5 × 10−2 Cu/Exp
Graphite

None req. [16]

TB (N.1) 70.0 25.0 36.51 Air PCM 58P 5.2 × 10−4 Al / Foam Al [22]

MF 95%
porosity

(N.2)

70.0 25.0 47.23 Air PCM 58P 5.0 × 10−4 Al / Foam Al [22]

MF 77%
porosity

(N.3)

70.0 25.0 47.18 Air PCM 58P 4.0 × 10−4 Al /Foam Al [22]
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Table A1. Cont.

Type Tinit[°C] THTF,In [°C] THTF,Out

[°C]

HTF PCM VPCM [m3] HEX Container Ref.

ME (O) 627.0 527.0 571.85 Air Al-25 wt%-Si 1.2 × 10−3 AISI 316 AISI 316 [27]

ME (P) 535.0 380.0 416.06 Air Na2SO4 -KCl 6.8 × 10−3 Carbon steel Carbon steel [28]

ME (Q) 70.0 32.0 48.30 Water Myristic Acid 2.3 × 10−2 HDPE Steel [30]

Pouch ME
(R.1)

75.0 45.0 51.28 Water 1-Octa -decanol 9.0 × 10−2 Laminated
PE, PA, Al,
and PET

No Info. Asm.
Steel

[31]

Sphere ME
(R.2)

75.0 45.0 45.85 Water 1-Octa -decanol 9.0 × 10−2 Laminated
PE, PA, Al,
and PET

No Info. Asm.
Steel

[31]

AHEX (B.4) 55.0 20.0 21.29 Water RT35 1.4 × 10−3 Al/Cu Methacrylate [48]

AHEX (S) 3.5 24.0 17.08 Air Organic 1.8 × 10−3 Al No Info. Asm.
Al

[50]

AHEX (T) 70.0 28.3 41.87 Water Stearic Acid 2.8 × 10−3 Al No Info. Asm.
Al

[51]

AHEX (D.2) 45.0 100.0 99.83 90%
Eth-Glycol

Xylitol 1.3 × 10−3 AL1100 No Info. Asm.
Al

[14]

CTB (U) 30.0 25.0 28.63 Water Organic 9.7 × 10−1 PP No Info. Asm.
PP

[52]

CTB (V) 33.0 22.0 24.58 Water CaCl2 ·6H2O 8.0 × 10−1 PP PE [53]

CTB (W) 35.0 22.0 25.75 Water CaCl2 ·6H2O 1.4 PP PVC [54]
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Featured Application: The selection of suitable phase change material as thermal energy storage

for space cooling, heating, or domestic hot water in buildings.

Abstract: The implementation of thermal energy storage systems using phase change materials
to support the integration of renewable energies is a key element that allows reducing the energy
consumption in buildings by increasing self-consumption and system efficiency. The selection of
the most suitable phase change material is an important part of the successful implementation
of the thermal energy storage system. The aim of this paper is to present the methodology used
to assess the suitability of potential phase change materials to be used in two innovative energy
storage systems, one of them being mainly intended to provide cooling, while the other provides
heating and domestic hot water to residential buildings. The selection methodology relies on a
qualitative decision matrix, which uses some common features of phase change materials to assign
an overall score to each material that should allow comparing the different options. Experimental
characterization of the best candidates was also performed to help in making a final decision. The
results indicate some of the most suitable candidates for both systems, with RT4 being the most
promising commercial phase change material for the system designed to provide cooling, while for
the system designed to provide heating and domestic hot water, the most promising candidate is
RT64HC, another commercial product.

Keywords: thermal energy storage (TES); phase change material (PCM); heating and cooling; material
selection; selection methodology

1. Introduction

The use of thermal energy storage (TES) systems in applications in which either energy supply
is intermittent or energy demand has large fluctuations is a key aspect of any energy system, able to
reduce energy consumption or costs, besides enhancing the flexibility of the system and reducing the
dependence on the energy source availability [1]. The importance of the implementation of TES systems
to support the integration of renewable energies in buildings was made evident by different initiatives
of the European Commission aimed at achieving a considerable reduction of energy consumption in
buildings by increasing self-consumption [2].

TES technologies have been developed for applications that cover a wide temperature range,
from low-temperature applications such as ice storage or the conservation and transport of
temperature-sensitive materials [3,4], going through medium temperature applications such as
space heating and cooling in buildings [5,6], and domestic hot water (DHW) generation [7–9], up to
high-temperature applications such as concentrated solar power (CSP) plants [10,11].
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Among the different TES technologies available or under investigation, latent heat storage using
solid–liquid phase change materials (PCM) has some advantages over sensible heat storage because
it has higher heat storage capacity and a more stable thermal behavior during both charging and
discharging processes. There are many studies available in the literature regarding the main aspects of
the use of PCM as TES material in different applications [12–14].

Since the PCM selection procedure is an important step to achieve proper and reliable operation
of the TES system, further efforts are needed to ensure that this step is done correctly. For this
purpose, most studies rely on the main PCM thermophysical properties such as melting temperature,
enthalpy, density, and conductivity. However, other properties such as health hazards, thermal
cycling, and stability should also be taken into account to complement the most common selection
criteria [15,16]. The PCM selection methodology proposed by Miró et al. [15] and Gasia et al. [16]
requires a comprehensive study of different properties and aspects regarding the potential PCM
candidates, which should include a detailed experimental characterization. Nevertheless, when the
number of PCM candidates is quite large, a preliminary selection based on information provided by
the PCM manufacturers or available in the literature is deemed necessary before conducting a more
thorough experimental analysis of the most suitable PCM candidates.

The objective of this paper is to present the methodology and the results obtained for the initial
step of an overall evaluation and materials selection process of the most suitable PCM to be used in two
innovative systems that implement a compact hybrid electrical and thermal energy storage, intended
to provide heating, cooling, and DHW in residential buildings in cold and warm weather conditions.

2. Methodology

2.1. Description of the Application

The latent heat TES investigated in this study is part of an innovative concept of two hybrid
electrical and thermal energy storage systems developed and tested in the framework of HYBUILD,
a research project funded by the H2020 program [17]. The main aim of the systems is to provide
heating or cooling to stand-alone and district connected residential buildings by using a considerable
contribution from solar energy to reduce the energy consumption of the buildings [18]. One of the
concepts is mainly intended to cover the cooling demand in buildings located in Mediterranean climate
regions, while the other concept is mainly designed to provide heating and DHW for buildings located
in Continental climate regions. Both systems contain an electrical and thermal energy storage system
to increase the use of solar energy.

In the Mediterranean concept (MED), a latent heat TES using PCM is located in the low-pressure
side of a compression heat pump that is connected, by means of a DC bus, to a field of PV panels.
In this way, the surplus of cold produced by the heat pump during periods of high solar radiation
availability can be stored inside the TES tank, and it can be used in subsequent periods when no
or insufficient solar energy is available. Since the latent heat TES is connected to both the building
cooling loop and the chiller, the ideal phase change temperature of the PCM should be around 4 ◦C to
allow a sufficient temperature difference between the PCM and the cooling water, and also an efficient
charging of the PCM by the refrigerant of the chiller that evaporates inside the TES tank.

In the Continental concept (CON), the latent heat TES is located at the compressor discharge of a
compression heat pump to store the sensible heat of the hot refrigerant gas before it condenses inside
the condenser. Similar to the MED concept, in this case, the compression heat pump is also connected
to a field of PV panels by means of a DC bus. The TES tank can be charged during both heating and
cooling operation modes, and the heat stored in the PCM is used to heat the DHW up to the desired
temperature. Since, in this case, the latent heat TES is used to support DHW generation, a PCM phase
change temperature around 65 ◦C is expected in this case.
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2.2. PCM Selection Methodology

The first step of the selection methodology consisted of a thorough review of potential PCM
candidates available in the literature, whether commercial or not, for both MED and CON systems.
Therefore, the initial search was performed focusing only on the phase change temperature of the
PCM. A wider temperature range, from 0 ◦C to 7 ◦C and from 48 ◦C to 68 ◦C, was initially considered
for the MED and CON systems, respectively, due to some uncertainties regarding the optimal phase
change temperature at the very preliminary stage of the project development, when the PCM selection
process began.

As a second step of the selection methodology, given the relatively large number of possible
PCM candidates found in the first step, a pre-selection was performed in order to exclude PCMs that
were not suitable either because of health hazard issues, corrosion with the tank container material
(aluminum), or very bad thermophysical properties. Likewise, when two or more different PCM had
similar features, only the most suitable of them was chosen.

Once a reduced group of potential PCM candidates was obtained, the third step of the methodology
consisted of the development of a decision matrix as a tool to make a final selection based on objective
criteria. Since there is no standard selection procedure, different selection criteria can be used,
depending on the focus of the application. General properties are usually taken into account, such as
phase change enthalpy, width of the phase change range, subcooling, hysteresis, thermal conductivity,
density, availability, toxicity, or cost. Some of these properties were used in the pre-selection step to
exclude some of the potential PCM candidates, therefore the decision matrix was built to compare the
different valid options and to find the most promising ones for the two HYBUILD systems.

Hence, the following parameters were considered in the decision matrix: width of the phase
change range, melting enthalpy, availability, price, and maximum working temperature in the case of
the CON system. The selection of these parameters is justified by their direct impact on the system
viability from the operational and economic points of view, and the relative easiness in obtaining their
values. A score was assigned to each of the above decision parameters for each PCM candidate taking
into account the criteria shown in Table 1.

Table 1. The scoring criteria applied to each decision parameter.

Temperature Range
(T, in ◦C)

Enthalpy
(h, in kJ/kg)

Availability
(-)

Price
(P, in €/kg)

Maximum
Temperature
(Tmax, in ◦C)

T < 2 3 h > 250 3 Yes 3 P < 2.5 3 Tmax > 120 3

2 < T <3 2 200 < h < 250 2 No 0 2.5 < P < 5 2 Tmax < 120
or n.a. 0

3 < T <4 1 150 < h < 200 1 - - 5 < P < 10 1 - -
T > 4 or n.a. 0 h < 150 or n.a. 0 - - P > 10 or n.a. 0 - -

n.a.—not available.

Next, a total score was calculated for each of the PCM, based on a weighted average of the partial
scores obtained for each of the decision parameters. With regards to the values chosen for the weight,
two scenarios were considered, as shown in Table 2: Scenario 1, in which the value of each decision
parameter was selected based on authors criteria based on their experience, and Scenario 2, in which
all decision parameters were given the same weight. The weighting of the parameters in Scenario 1 is
the one that suits the main requirements of the systems, such as compactness and cost-effectiveness of
the TES solution, which make it so PCM enthalpy and price have a higher weight with respect to the
other decision parameters.
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Table 2. Reference values of the weights.

Decision Parameter

Weight (%)

MED System CON System

Scenario 1 Scenario 2 Scenario 1 Scenario 2

Phase change range (Cp-T curve) 25 25 20 20
Enthalpy 30 25 25 20

Availability 15 25 10 20
Price 30 25 25 20

Maximum working temperature - - 20 20
Total 100 100 100 100

However, a sensitivity analysis was deemed necessary to check the influence that the variation
of the different weights could have on the final result. This consisted of altering the reference values
(Ref) of the weights shown in Table 2 by adding or subtracting a certain amount to the reference value
of two or more decision parameters. All possible combinations were considered, which satisfied the
condition that the sum of the absolute values of the deviations with respect to the reference values is
equal to 20%. A total of 49 and 180 combinations of altered values were obtained for the MED and
CON systems, respectively.

For each of the combinations obtained, the total score was calculated for all PCM candidates
for both MED and CON systems, and the best three PCM of the ranking in each scenario was
recorded. The average score obtained by each PCM candidate and the overall statistics for the whole
set of combinations were performed to determine the significance of the results obtained using the
decision matrix.

2.3. Thermophysical Characterization

The last step of the methodology was the analysis of the thermophysical properties of the best
candidates to select the most suitable PCM for each system. The thermophysical characterization
included the analysis with a differential scanning calorimeter DSC 3+ (Mettler Toledo, Schwerzenbach,
Switzerland). The amount of sample used was around 10 mg and experiments were performed
under N2 flow. The PCM samples were located into 100 μL cold-welded aluminum crucibles. The
methodology followed to obtain the phase change temperature and enthalpy of the PCM is based on
dynamic temperature programs from 20 ◦C under their theoretical phase change temperatures to 20 ◦C
above it. The equipment precision is ±0.1 ◦C for temperature and ± 3 J/g for enthalpy results.

Thermogravimetric analysis (TGA) was used to characterize the PCM maximum working
temperature (defined as the temperature at which the material has lost 1.5 wt % of its mass) and the
final degradation temperature. The equipment used was a TGA 2 (Mettler Toledo, Schwerzenbach,
Switzerland), which allows measuring samples up to 1000 ◦C and has a sensitivity of 0.1 μg. The
analyses were performed under a 50 mL/min N2 atmosphere. The heating rate used to perform the
thermogravimetric analysis was 10 ◦C/min from 25 ◦C to 100 ◦C (low-temperature PCM) and from
25 ◦C to 200 ◦C (high-temperature PCM). Opened 100 μL alumina crucibles used were filled with
around 1/3 volume of material leading to average sample masses of around 10 mg.

The cycling stability of the selected PCMs was characterized using a thermal cycler GeneQ BIOER
TC-18/H(b) (BIOER, Hangzhou, Zhejiang, China). Due to the operating temperature range of the
thermal cycler, it was only possible to cycle the pre-selected PCM for the CON system. The cycles were
carried out from 20 ◦C to 80 ◦C using a heating rate of 12.5 ◦C/min. Samples were taken after 10, 100,
1000, and 8000 cycles.

The chemical characterization of the PCMs before and after cycling was carried out using a Fourier
transform infrared (FT–IR) spectroscopy with attenuated total reflectance (ATR), which analyses the
PCM chemical degradation caused by thermal cycling. The advantage of ATR is the possibility of
obtaining the spectra directly from the sample, without any specific sample preparation. The partial
or total disappearance of the characteristic peaks and/or the appearance of new peaks can indicate
that the material is being oxidized or degraded. This analysis was carried out with a PIKE MIRacle™
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ATR (PIKE Technologies, Madison, WI, USA) sampling accessory with a Diamond/ZnSe ATR base,
FT–IR 6300 (Hachioji, Tokyo, Japan). It allows analyzing substances in solid and liquid states. It
was optimized by a wavelength range between 4000 cm−1 and 650 cm−1, and its standard spectral
resolution is 4 cm−1 accounting for 64 infrared scans for each analysis; the data recorded are their
means. Its functionality is based on the characteristic wave numbers at which the molecules vibrate in
infrared frequencies. Since no thermal cycling tests were performed with the PCM samples for the
MED system, the FT–IR analysis was only done for the PCM candidates for the CON system.

3. Results and Discussion

3.1. Mediterranean System (Low Temperature)

For the MED system, the number of potential PCM candidates found in the literature review
having a phase change temperature in the range between 0 ◦C and 7 ◦C was around 60. After applying
some excluding criteria as explained in the methodology, this number was further reduced by half.
Finally, the decision matrix was only applied to PCM with phase change temperature within the core
temperature interval between 2 ◦C and 4 ◦C shown in Table 3.

Table 3. Pre-selected available phase change material (PCM) for the Mediterranean system and some
of their thermophysical properties as reported in the literature.

Commercial
Name/Composition

Type
Melting

Temperature
(◦C)

Phase Change
Enthalpy
(kJ/kg)

Thermal
Conductivity

(W/m·K)

Density
(kg/m3)

Reference

RT3HC_1 Organic (paraffin) 1–3 190 0.20 (l)
0.20 (s)

770 (l)
880 (s) [19]

A3 Organic (n.a.) 3 200 0.210 765 [20]

0200- Q2 BioPCM Organic (bioPCM) 2 200–230 0.2–0.7 (l)
0.25–2.5 (s)

850–1300 (l)
900–1250 (s) [21]

PCM-PDR03P Organic (n.a.) 3.5 185 n.a. 570 [22]

savE OM 03 Organic (n.a.) 3.5 229 0.224 (l)
0.146 (l)

835 (l)
912 (s) [23]

Caprylic acid + lauric
acid (9:1 by mol)

Organic eutectic
(fatty acid) 3.8 151.5 n.a. n.a. [24]

RT4 Organic (paraffin) 2–4 175 0.20 (l)
0.20 (s)

770 (l)
880 (s) [19]

0200- Q4 BioPCM Organic (bioPCM) 4 200–230 0.2–0.7 (l)
0.25–2.5 (s)

850–1300 (l)
900–1250 (s) [21]

PureTemp 4 Organic (bio-based) 4 195 n.a. n.a. [25]
Tetrahydrofuran
clathrate hydrate

Inorganic (clathrate
hydrate) 4.4 255 n.a. n.a. [26]

n.a.—not available.

Figure 1 shows the results obtained by applying the decision matrix based on the scoring criteria
shown in Table 1 and using the weights that correspond to Scenario 1 in Table 2. The best score was
obtained by savE OM 03, a commercial product manufactured by the Indian company PLUSS® [23].
The second-best score was obtained by another commercial PCM, RT4, manufactured by the German
company Rubitherm [19]. Three other commercial PCM, RT3HC_1 [19], A3 [20], and PureTemp 4 [25],
share the third place of the ranking with very similar scores.

Furthermore, three of the pre-selected PCM candidates among those that obtained the highest
score were characterized in the laboratory. Figure 2 shows the results of the DSC analysis of savE OM
03, RT4, and RT3HC_1 pre-selected PCM candidates.
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Figure 1. Score obtained by each of the pre-selected PCM candidates in Scenario 1 for the Mediterranean
concept (MED) system.

(a) (b)

(c)

Figure 2. DSC analysis of three of the most promising pre-selected PCM for the MED system. (a) savE
OM 03; (b) RT4; (c) RT3HC_1.

On the one hand, it can be seen that both PCM from Rubitherm have an acceptable behavior in
both heating and cooling processes, with the temperature difference between the heating and cooling
peaks being around 0.5 ◦C. Moreover, RT3HC_1 shows a sharper curve profile around the phase change
temperature and a slightly higher phase change enthalpy than RT4. On the other hand, savE OM
03 has a heating curve more similar to the one for RT3HC_1, while the cooling curve is by far much
sharper than the ones for the two PCM from Rubitherm. However, the difference between the heating
and cooling peaks corresponding to melting and solidification curves for savE OM 03 is about 8 ◦C,
which is a serious drawback for the implementation of this PCM in practical applications.
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The results of the TGA performed for the same three PCM candidates for the MED system are
shown in Figure 3. The mass loss of the three PCM is less than 0.1% when the temperature is below
48 ◦C and only RT3HC_1 reaches a mass loss of 1.5 wt % at 87 ◦C. At 100 ◦C. The mass losses for savE
OM 03, RT4, and RT3HC_1 are 0.45 wt %, 0.91 wt %, and 2.15 wt %, respectively. If a lower heating
rate of e.g., 1 ◦C/min was used instead of 10 ◦C/min, the temperature for the stability limit would be
lower than the values shown here, but still, the mass loss in the temperature range of the application
would be negligible. Therefore, from this point of view, the three PCM candidates are suitable because
the ambient temperature is expected to be below 50 ◦C in practically all locations in the world.

(a) (b)

(c)

Figure 3. TGA of the PCM candidates for the MED system. (a) savE OM 03; (b) RT4; (c) RT3HC_1.

To summarize, the results given by the decision matrix indicate that savE OM 03, RT4, A3,
RT3HC_1, and PureTemp 4 are the most promising options. Nevertheless, because of the very large
hysteresis of around 8 ◦C, savE OM 03 is not a recommended option for the MED solution.

3.2. Continental System

As a result of the literature review, more than 120 PCM potential candidates were initially found
for the CON system, which doubles the number found for the MED system. After the pre-selection
procedure, the number of candidates was considerably reduced, so that only 25 PCM were taken into
consideration in the decision matrix. The list of all pre-selected PCM candidates for the Continental
system is shown in Table 4.
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Table 4. Pre-selected PCM for the Continental system and some of their thermophysical properties as
reported in the literature.

Commercial
Name/Composition

Type
Melting

Temperature
(◦C.)

Phase Change
Enthalpy
(kJ/kg)

Thermal
Conductivity

(W/m·K)

Density
(kg/m3)

Reference

A50 Organic (n.a.) 50 218 0.18 810 [20]

0500- Q50 BioPCM Organic (bioPCM) 50 200–230 0.2–0.7 (l)
0.25–2.5 (s)

850–1300 (l)
900–1250 (s) [21]

savE OM50 Organic (fatty acids
mixture) 50–51 223 0.14 (l)

0.21 (s)
859 (l)
961 (s) [23]

RT54HC Organic (paraffin) 53–54 200 0.2 800 (l)
850 (s) [19]

Stearic acid
(CH3(CH2)16-COOH) Organic (fatty acid) 54 157 0.17 (l)

0.29 (s) 940 (s) [27]

Cetyl stearate Organic (ester) 54.6 212.1–216.3 n.a. n.a. [26]

savE OM 55 Organic (mixture of
fatty acids) 55 208 0.16 (l)

0.1 (s)
841 (l)
935 (s) [23]

0500- Q56 BioPCM Organic (bioPCM) 56 200–230 0.2–0.7 (l)
0.25–2.5 (s)

850–1300 (l)
900–1250 (s) [21]

Tristearin
((C17H35COO)3C3H5)

Organic 56 190.8 n.a. 862 (l) [26]

PureTemp 58 Organic (bio-based) 58 225 0.15 (l)
0.25 (s)

810 (l)
890 (s) [25]

A58H Organic (n.a.) 58 243 0.18 820 [20]
66.7% Polyethylene oxide

10000 + 33.3% Myristic
acid

Organic (plastic +
fatty acid) 58.7 191 n.a. n.a. [28]

Climsel C58 Inorganic (salt
hydrate) 58 259 1.46 n.a. [12,14]

55–58 260 0.47 (l)
0.57 (s) 1400 [29]

58 80 0.5–0.7 1460 [30]

THP 5860 Organic (paraffin) 55–60 153 n.a. n.a. Own
measurements

Paraffin C27 Organic (paraffin) 58.8 236 n.a. n.a. [31]
RT60 Organic (paraffin) 58–60 214 0.2 n.a. [30]

Stearyl stearate Organic (ester) 59.2 214.75–214.93 n.a. n.a. [26]

PureTemp 63 Organic (bio-based) 63 206 0.15 (l)
0.25 (s)

840 (l)
920 (s) [25]

RT64HC Organic (n.a.) 63–65 250 0.2 780 (l)
880 (s) [19]

Stearyl arachidate
(C38H76O2) Organic (ester) 64.96 226 n.a. 2350 (l)

1930 (s) [26]

50% CH3CONH2 + 50%
C17H35COOH Organic (eutectic) 65 218 n.a. n.a. [31]

0500- Q65 BioPCM Organic (bioPCM) 65 200–230 0.2–0.7 (l)
0.25–2.5 (s)

850–1300 (l)
900–1250 (s) [21]

savE FS 65
Organic (blend of

organic material in
polymer matrix)

66–68 218 0.25 (s) 842 (s) [23]

PureTemp 68 Organic (bio-based) 68 213 0.15 (l)
0.25 (s)

870 (l)
960 (s) [25]

0500- Q68 BioPCM Organic (bioPCM) 68 200-235 0.2–0.7 (l)
0.25–2.5 (s)

850–1300 (l)
900–1250 (s) [21]

Figure 4 shows the results obtained after applying the decision matrix based on the scoring criteria
shown in Table 1 and using the weights that correspond to Scenario 1 in Table 2 only to pre-selected
PCM with a phase change temperature between 60 ◦C and 65 ◦C, which seems to be the most suitable
for the HYBUILD CON concept.

In this temperature range, the commercial product RT64HC manufactured by Rubitherm [19]
obtained the best score, followed by the bio-based PureTemp 63 commercial PCM manufactured by
the American company Entropy Solution LLC [25]. The third position in the ranking is occupied by
another commercial PCM, TH5860, manufactured by German company Terr Hel [32]. The same as for
the MED system, shipment costs and other potential additional costs should also be taken into account
if a final decision should be made in a specific case, which might affect the ultimate choice for the PCM
to be used.
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Figure 4. Score obtained by each of the pre-selected PCM candidates in Scenario 1 for the CON system.

The best three PCM candidates, i.e., RT64HC, PureTemp63, and TH5860, were characterized in
the laboratory. Figure 5 shows the results of the DSC analysis of different samples after 0, 10, 100, 1000,
and 8000 cycles. Both RT64HC and TH5860 show fairly good stability even after 8000 cycles, while
PureTemp63 shows an increase in the hysteresis from 3 ◦C to 6 ◦C after only 100 cycles. From this point
of view, RT64HC and TH5860 are suitable options for this application.

(a) (b)

(c)

Figure 5. DSC analysis of the cycled PCM. (a) RT64HC; (b) PureTemp 63; (c) THP5860.
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The results of the FT–IR analysis performed with the same cycled PCM are shown in Figure 6.
No significant changes can be observed in the three PCM as a consequence of the thermal cycling,
especially for THP5860, whose spectral curves are practically the same for all cycle numbers.

(a) (b)

(c)

Figure 6. FT–IR analysis of the cycled PCM. (a) RT64HC; (b) PureTemp 63; (c) THP5860.

The results of the TGA analysis of the same PCM candidates as above are shown in Figure 7.

(a) (b)

(c)

Figure 7. TGA analysis of the cycled PCM. (a) RT64HC; (b) PureTemp 63; (c) THP5860.
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The mass loss of RT64HC and PureTemp 63 at 120 ◦C are 0.13% and 0.09%, respectively, while
THP5860 does not lose weight until the temperature reaches around 135 ◦C. The temperatures at
which the mass loss reaches 1.5 wt % are 173 ◦C, 174 ◦C, and 188 ◦C for RT64HC, PureTemp 63, and
THP5860, respectively. If a lower heating rate of e.g., 1 ◦C/min was used instead of 10 ◦C/min, the
temperature for the stability limit would be lower than the values shown here, but still, the mass loss
in the temperature range of the application would be negligible.

In summary, according to the decision matrix, the most promising PCM for the CON system,
with a phase change temperature between 60 ◦C and 65 ◦C, are RT64HC, PureTemp 63, and THP5860.
Furthermore, the results obtained by DSC, FT–IR, and TGA confirm that RT64HC and THP5860 are
adequate from this point of view, while PureTemp 63 is not indicated because it failed the cycling tests.

3.3. Sensitivity Analysis of the Selection Criteria

The results of the sensitivity analysis are shown in Tables 5 and 6 for the MED and CON systems,
respectively, for both scenarios considered as explained in Section 2.2. The average values of the total
score are shown in both tables along with the standard deviation calculated over the whole set of
altered values of the weights.

Table 5. Average score obtained by the PCM candidates for the MED system.

No.

Scenario 1 Scenario 2

Commercial
Name/Composition

Average
Score
(%)

Standard
Deviation

(%)

Commercial
Name/Composition

Average
Score
(%)

Standard
Deviation

(%)

1 savE OM 03 61.7 4.6 savE OM 03 66.7 4.6
2 RT4 51.7 5.4 RT4 58.4 5.4

3 A3 43.3 7.2 Caprylic acid + lauric acid (9:1
by mol) 50.2 9.6

4 RT3HC_1 41.7 7.2 RT3HC_1 50.1 7.2
5 PureTemp 4 41.7 7.2 PureTemp 4 50.1 7.2

6 Caprylic acid + lauric acid (9:1 by
mol) 40.2 9.6 A3 49.9 7.2

7 PCM-PDR03P 33.3 7.1 PCM-PDR03P 41.6 7.1

8 Tetrahydrofuran clathrate
hydrate 29.9 8.4 Tetrahydrofuran clathrate

hydrate 24.9 8.4

9 0200- Q2 BioPCM 19.9 5.6 0200- Q2 BioPCM 16.6 5.6
10 0200- Q4 BioPCM 19.9 5.6 0200- Q4 BioPCM 16.6 5.6

Table 6. Average values obtained by the PCM candidates for the CON system.

No.

Scenario 1 Scenario 2

Commercial Name/Composition
Average

Score
(%)

Standard
Deviation

(%)

Commercial
Name/Composition

Average
Score
(%)

Standard
Deviation

(%)

1 RT64HC 68.4 7.2 RT64HC 73.3 7.2
2 PureTemp 63 60.1 6.7 PureTemp 63 66.7 6.8
3 THP 5860 55.1 7.2 THP 5860 60.0 7.2
4 Stearyl stearate 46.8 8.3 Stearyl stearate 53.3 8.4
5 Stearyl arachidate (C38H76O2) 36.6 7.8 Stearyl arachidate (C38H76O2) 33.3 7.9

6 50% CH3CONH2 + 50% C17H35
COOH 36.6 7.8 50% CH3CONH2 + 50% C17H35

COOH 33.3 7.9

7 RT60 26.8 6.6 RT60 33.3 6.8
8 Paraffin C27 16.6 5.0 Paraffin C27 13.3 5.0
9 0500- Q65 BioPCM 16.6 5.0 0500- Q65 BioPCM 13.3 5.0

Table 5 shows that, according to the average score obtained for all possible combinations, the first
and the second-best options are savE OM 03 and RT4, respectively, in both Scenarios 1 and 2. The
third place is occupied by A3 in scenario1 and by the mixture caprylic acid + lauric acid (9:1 by mol) in
Scenario 2.

For the CON case, the first place is occupied by RT64HC, followed by PureTemp 63 in the second
place, and by THP 5860 in the third place in both Scenarios 1 and 2.

The frequency distributions with respect to the places occupied by the best candidates over the
whole set of altered values of the weights are shown in Tables 7 and 8, for the MED and CON systems,
respectively. As seen in Table 7, savE OM 03 is always the first option in both scenarios, while RT4 is
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the second-best option in the vast majority of cases in both scenarios. Therefore, it can be concluded
that the sensitivity analysis confirms that the results obtained using the decision matrix of the MED
concept are reliable and they are practically not affected by reasonably small variations in the weights
of the decision parameters.

Table 7. Ranking of the best three PCM candidates and frequency distribution for the MED system.

Position

Scenario 1 Scenario 2

Commercial
Name/Composition

Frequency
Commercial

Name/Composition
Frequency

1st savE OM 03 49/49 (100%) savE OM 03 49/49 (100%)
2nd RT4 47/49 (95.9%) RT4 45/49 (91.8%)

3rd A3 23/49 (46.9%) Caprylic acid + lauric acid
(9:1 by mol) 28/49 (57.1%)

Table 8. Ranking of the best three PCM candidates and frequency distribution for the CON system.

Position

Scenario 1 Scenario 2

Commercial
Name/Composition

Frequency
Commercial

Name/Composition
Frequency

1st RT64HC 172/180 (95.6%) RT64HC 172/180 (95.6%)
2nd PureTemp 63 135/180 (75.0%) PureTemp 63 150/180 (83.3%)
3rd THP5860 109/180 (60.6%) THP5860 111/180 (61.7%)

Table 8 shows that for the CON system RT64HC is the first option in the vast majority of cases
(95.6%) in both scenarios, while PureTemp 63 is the second-best option in 75% of the cases in Scenario
1, and in 83.3% in Scenario 2. This means that, except for very few cases that correspond to specific
combinations of values for the weights of the decision parameters, which deviate from the reference
values considered by the authors, the selection of RT64HC as the best option for the CON concept is
quite robust and justified.

4. Conclusions

This paper presented the methodology applied as the initial step of an overall evaluation and
materials selection process of the most suitable PCM to be implemented as TES in two innovative
compact systems aimed to provide heating, cooling, and domestic hot water (DHW) in residential
buildings in the Mediterranean and Continental regions in a more efficient way.

A qualitative decision matrix was used in the pre-screening process to assess the potential of the
most promising PCM candidates, by assigning a score to a few relevant properties and calculating
a total score based on a weighted average of the scores obtained by the single properties of each
PCM. The melting enthalpy and temperature range, availability, cost, and maximum allowed working
temperature (for the CON concept), were considered as relevant properties in the decision matrix.
A sensitivity analysis was also performed to check the robustness of the selection matrix and the
influence that variations in the values assigned to the different weights might have on the results.

For the MED system, which requires a PCM with phase change temperature around 4 ◦C, given
the initial information available, RT4, A3, RT3HC_1, and PureTemp 4 were the most promising options
out of a total of ten PCM candidates assessed using the decision matrix. A detailed experimental
characterization based on DSC and TGA analysis showed that save OM 03 was unacceptable.

Regarding the CON system, for which the desired phase change temperature should be between
60 ◦C and 65 ◦C, given the initial information available, RT64HC, PureTemp 63, and THP5860 were the
most promising PCM candidates out of a total of nine PCM assessed using the decision matrix. The
detailed experimental characterization based on DSC, thermal cycling, and TGA analysis confirmed
that these PCMs were suitable options for the CON system.

It is also important to highlight that the selection process described in this study should be viewed
as an initial step in an overall evaluation/materials selection process for the described applications.
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Since transportation costs and any other potential additional costs were not taken into consideration in
the decision matrix, the results presented here could be different, although they can still serve as the
basis for deeper analysis for any specific location and characteristics of the building where either the
MED or the CON HYBUILD solution is intended to be implemented. Moreover, a further assessment
of the actual thermophysical evaluation of the attained materials, as well as investigating the transient
performance of the system and the role of the material selected are crucial steps to ensure the good
performance of the entire system.
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