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Summary

Long‐term stability and long‐term performance of thermal storage media are a

key issue that should be thoroughly analysed when developing storage systems.

However, no testing protocol or guideline exists up to now for validating stor-

age media, so that authors apply their own criteria, not only for designing test-

ing procedures but also for predicting the material behaviour under long‐term

operation. This paper aims to cover this gap by proposing a methodology for

validating thermal storage media; in particular, phase change materials

(PCMs). This methodology consists of different stages that include PCM char-

acterization, preliminary assessment tests, and accelerated life testing. For

designing the accelerated life tests, lifetime relationship models have to be

obtained in order to predict PCM long‐term behaviour under service conditions

from shorter tests performed under stress conditions. The approach followed in

this methodology will be valid for materials to be used as sensible or thermo-

chemical storage media, too.

KEYWORDS
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1 | INTRODUCTION

Thermal energy storage is one of the research topics that
have been attracting much attention during the last
decades because of its capacity to make certain renew-
ables dispatchable, to make waste heat useful, and to
increase thermal inertia in buildings, clothes, and shoes.1

The most critical factor in any thermal storage system is
the medium in which the heat is stored. This heat can
be stored by changing the temperature of the medium
(sensible heat storage), by changing its phase (latent
heat), or by producing a chemical reaction (thermochem-
ical storage).
- - - - - - - - - - - - - - - - - - - - - - - - - -

the Creative Commons Attribution

d, the use is non‐commercial and n

y Research Published by John Wile
When choosing a storage material for any of these
mechanisms, the first thing to take into account is the
temperature value or range of the specific application, after
which we have to look at the thermophysical properties
that make this material suitable for thermal storage. Apart
from having adequate values, it is very important that
these thermophysical properties remain sufficiently
constant along the whole service life of the storage system.
Therefore, the long‐term reliability of thermal storage
media is a question of main concern. A storage medium
can be interesting from the point of view of thermophysical
properties but loose its charm when those properties
change along the expected lifetime of the system.
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

‐NonCommercial‐NoDerivs License, which permits use and distribution in any

o modifications or adaptations are made.

y & Sons Ltd.

wileyonlinelibrary.com/journal/er 6521

https://orcid.org/0000-0001-6646-7840
https://orcid.org/0000-0001-5881-5331
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1002/er.4589
http://wileyonlinelibrary.com/journal/er
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fer.4589&domain=pdf&date_stamp=2019-06-10


6522 BAYÓN AND ROJAS
Since the early 80s, many researchers have paid attention
to this issue, so that literature abounds in papers reporting
on feasibility studies of storage materials.2-17 However, it is
in the field of latent heat storage materials, which are
usually called phase change materials (PCMs), where we
can find themajority of these studies. This is due to the large
number of PCMs that are suitable for applications in a very
wide temperature range18-23 (from 0°C to 800°C). Taking
into account that the thermophysical properties that make
PCMs suitable as storage media are phase change tempera-
ture (Tph‐ch) and enthalpy (ΔHph‐ch), Figure 1 represents
ΔHph‐ch vs Tph‐ch for PCMs that undergo solid‐liquid transi-
tions together with the temperature ranges of the possible
storage applications. As we can see, hydrated salts and
organic materials (sugar alcohols, paraffins, fatty acids, etc)
are the PCMs considered for low‐ and medium‐temperature
applications (less than 200°C), whereas inorganic salts and
metals are the most appropriate latent storage materials
for higher temperature processes. Although conventional
PCMs usually undergo solid‐liquid transitions, there are also
materials that exchange latent heat through solid‐solid24

and liquid‐liquid25 transitions.
Despite the wide range of potential applications, the

commercial implementation of latent storage systems is
very often hindered by the lack of validated PCMs. Most
of the studies found in literature aiming to assess the reli-
ability of PCMs as latent storage media have focused their
attention on thermal cycling. Table 1, based on a thor-
ough review of literature from the early 80s till today,
summarizes the thermal cycling tests performed by differ-
ent authors for evaluating and assessing the feasibility of
PCMs. This table distinguishes the kind of PCMs studied,
the cycling conditions, the used set‐up, and also the ana-
lytical technique(s) applied for evaluating PCM properties
after the tests. According to this review, most tested
PCMs are intended for storage applications at tempera-
tures below 100°C. Those PCMs include pure substances,
eutectic mixtures, and composites that undergo either
solid‐liquid26-29,31-46,48-58,65,67-69,75-77,79-82,85-87 or solid‐
solid30,63,78,83,84,88,89 phase transitions. In contrast, only
few stability studies have been found for PCMs intended
to temperature applications47,59-62,64,66,70-74 above 100°C.

In order to perform cycling tests, some
authors used differential scanning calorimetry
(DSC),27,30,40,59,60,66-68,77,82,85,89 whereas the majority used
set‐ups adapted and/or designed on purpose. Those set‐
ups included thermostatic chambers,26,31,33,41-
44,47,54,57,63,65,70,79,83,86-88 thermal water baths,28,29,32,34-
36,46,52,56,69 electric hot plates with temperature
control,37-39,45,62 weathering chambers,48,51,55,58,75,76,78

ovens with controlled heating,35,49,61,64,71,72,74,80 and, in
few cases, also with a cooling control.50,53,73 The advan-
tage of using a DSC apparatus for thermal cycling is that
phase change temperature (Tph‐ch) and calculated
enthalpy (ΔHph‐ch) are recorded directly for each cycle,
so that their evolution can be monitored without
interrupting the test or removing the sample. If a DSC
apparatus is not used to perform the cycling tests, these
thermophysical properties have to be measured after a
certain number of cycles mainly by DSC or thermogravi-
metric analysis (TGA). Additionally, for detecting chemi-
cal or structural changes in the PCMs after the cycling,
some authors applied analytical techniques like, for
example, Fourier transform infrared spectroscopy
(FTIR),46,48,51,57,59,61,63,65,69,75,78,83,88 visible and ultraviolet
spectroscopy (VisUV),64 X‐ray diffraction (XRD),60,74 high
performance liquid chromatography (HPLC),61 or scan-
ning electron microscopy (SEM).57,60,74,75,77,80
FIGURE 1 ΔHph‐ch vs Tph‐ch for

potential PCMs. The temperature ranges

required by different thermal storage

application have been indicated as well

[Colour figure can be viewed at

wileyonlinelibrary.com]
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Almost all references shown in Table 1 report on tests
based on consecutive heating/cooling cycles. Only in a
few cases,28,29,32,36,55,72-74 a stand‐by time at constant tem-
perature between the ramps was introduced. The usual
temperature interval for the cycles was 10°C to 30°C
above/below Tph‐ch, and only a handful of researchers
carried out tests with larger temperature inter-
vals.27,35,50,53,71,74 The number of cycles ranged from 11
to 5650, although most authors performed up to 1500
cycles and only a few of them attained 3000 or 5000
cycles. For those materials that degraded upon thermal
cycling, a decrease in ΔHph‐ch was normally observed. In
this sense, organic PCMs with Tph‐ch values below
100°C, such as paraffins or fatty acids, showed a decrease
in ΔHph‐ch not higher than 10% after 450 to 1200
cycles.34,35,42,56 This decrease in ΔHph‐ch was lower or
even disappeared when the same PCMs formed compos-
ites with inert materials.45,48,51,76,77 In contrast, other
organic PCMs with Tph‐ch above 100°C such as sugar alco-
hols,61,64 hydroquinone,61 salicylic acid,61 benzamide,62

or liquid crystals66 showed strong degradation after only
a few melting/freezing cycles. For the case of solid‐solid
PCMs, only a slight decrease (less than 4%) in ΔHph‐ch

was observed after the cycles.30,63,78,83,84,88 Hydrated salts,
such as CaCl2.6H2O,

50 Na2SO4.10H2O,
26 or

NaCH3COO.4H2O,
29 showed a strong decrease (up to

70%) in ΔHph‐ch, in addition to the occurrence of incon-
gruent melting/freezing phenomena. Sometimes, the use
of additives26 or the so‐called water principle53 reduced
that ΔHph‐ch decrease. PCMs for high temperature appli-
cations (greater than 300°C) showed no degradation upon
cycling (inorganic salts60,70-73) or a slight decrease in
ΔHph‐ch (metallic alloys47,74).

The large scattering in the test conditions chosen by
the different authors is evident from this literature
review, especially in relation to the temperature interval
and the number of cycles performed. In many of the ref-
erences gathered in Table 1, the thermal cycles were con-
sidered accelerated tests without any previous
justification (see the right‐hand column of the table).
Under this assumption, some authors established correla-
tions between the number of thermal cycles and the
period of real operation. Since reasons were never given
for such extrapolations, the variety of correlations is wide:
Raam Dheep et al62 stated that 1000 cycles were equiva-
lent to 4 years of real operation; for Sharma et al,65 1500
cycles were equivalent to 5 years of operation, whereas
Gao et al55 and Patel et al75 claimed that the stability of
the PCMs tested could be ensured for 20 years after
enduring 5400 cycles in a weathering chamber.

According to the methodology followed in other
branches of science,90-97 accelerated tests require previous
material lifetime relationship models and a comparison
with the results obtained under service conditions, which
is not the case of the tests shown in Table 1 and proclaimed
as accelerated. These tests were performed in a relatively
short time, but this does not mean that they accelerated
the degradation process of the material. Cycling tests are
certainly useful because they give an idea of the short‐term
stability of PCMs, but extrapolating their results to long‐
term operation under real working conditions without any
further justification seems rather inaccurate. In authors'
opinion, this misunderstanding is mainly due to fact that
no testing protocols exist for validating storage materials;
for which reason, authors have applied their own criteria
not only for the testing procedures but also for predicting
the material behaviour under long‐term operation.

The objective of this paper is, therefore, to present a
full methodology for validating storage media, focusing
the attention on PCMs. This methodology consists of a
set of stages that should lead to the assessment of a cer-
tain PCM for a specific application. The successive steps
to be followed and the kind of tests that could be per-
formed will be discussed along the paper. Key concepts
of the methodology such as control properties, service
conditions, degradation factors, preliminary assessment
tests, and accelerated life testing will be described as well.
It is important to remark that the methodology proposed
in this paper is intended as an initial guideline that could
be used not only for validating PCMs but also for other
kinds of thermal energy storage media.
2 | PROPOSED METHODOLOGY
FOR PCM VALIDATION

The methodology for PCM validation proposed in this
paper starts off the scheme presented by Abhat98 in 1983.
This scheme (Figure 2) comprised the different stages that
may be involved in the design of a storage system, in that
case, a latent storage system for solar thermal applications.
According to it, the material investigation side included
the selection of the storage material (PCM in this case)
based not only on its thermophysical properties and
melting/freezing characteristics but also on its compatibil-
ity with the construction materials. The study of the PCM
short‐term, long‐term, and thermal cycling behaviour is
proposed to achieve the, so‐called, long life consideration.

Using the flowchart of Abhat98 under the material
investigation side as point of departure, the new method-
ology displayed inside the dashed line of the scheme of
Figure 3 is proposed. This new methodology joins
thermophysical properties and melting/freezing charac-
teristics in a single step called PCM characterization.
The short‐term behaviour, long‐term behaviour, and
thermal cycling tests are merged into a preliminary



FIGURE 2 Flowchart providing an overview of the different steps involved in the development of a latent storage system96 [Colour figure

can be viewed at wileyonlinelibrary.com]

FIGURE 3 Scheme of the proposed methodology for validating PCMs as latent storage media [Colour figure can be viewed at

wileyonlinelibrary.com]
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assessment tests stage to be performed prior to the accel-
erated life testing stage, which finally leads to the PCM
validation. It is important to mention that PCM
validation also requires compatibility studies with the
materials in contact, which are the construction materials
of the storage module or other structures such as fins,

http://wileyonlinelibrary.com
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extended surfaces, and shells. However, this paper will
only focus on the validation of PCMs as storage media,
and hence, material compatibility tests will not be here
considered.

In the next sections, the different steps of the proposed
methodology for PCM validation will be described and
discussed in more detail. We would like to highlight that
the approach followed in this methodology would be
equally valid for materials to be used as sensible or ther-
mochemical storage media.
3 | PCM CHARACTERIZATION
AND CONTROL PROPERTIES

The main thermophysical properties that make a material
a potential latent storage medium (PCM) are its phase‐
change18 temperature (Tph‐ch) and enthalpy (ΔHph‐ch).
The analytical methodsmost commonly used for obtaining
those properties are DSC and what is known as the T his-
tory method. The first method is commercially available
in two types of equipment: differential scanning calorime-
ters and thermobalances, which can perform simulta-
neously both TGA and DSC. As for the T‐history method,
it is always carried out in set‐ups specifically designed for
such a purpose. Although there are other thermophysical
properties that could be used for PCM characterization
(density, heat capacity, thermal conductivity of the differ-
ent phases, viscosity of the liquid phase, etc), it was
discussed in Section 1 that almost all authors measure
Tph‐ch and ΔHph‐ch for detecting any changes in the PCM
performance. Therefore, these two thermophysical proper-
ties can be established as control properties, and hence,
they should be measured before and after each set of tests.

In the following subsections both types of thermal
analysis methods (DSC and T history) will be shortly
described and their advantages and disadvantages in
terms of PCM characterization highlighted.
3.1 | Differential scanning calorimetry

DSC is a standard method for thermal analysis in which
the heat flow between a sample and the environment is
calculated and recorded as temperature increases or
decreases at constant rate. Heating/cooling velocity is
usually in the range of 0.5°C/min to 10°C/min, the
amount of mass analysed is about 5 to 20 mg, and the
measurements are performed under inert atmosphere
(usually N2 or Ar). The resulting data are curves
representing either specific heat flow (W/g) or enthalpy
(J/g) vs temperature. From any of these curves, phase
change temperatures and enthalpies can be obtained for
the different phase transitions undergone by the material
under study. Some DSC devices also allow measuring
heat capacity, Cp, in solid and liquid states.

Although the DSC technique is quite accurate and pro-
vides quick and reliable results, it presents some issues
associated to sample size and heating/cooling rates. On
the one hand, because of the small sample size, the
supercooling phenomenon is promoted,99 while the degree
of phase segregation (ie, incongruent melting/freezing) is
diminished.98 On the other hand, if heating rate is very
high, heat flux may not be observed at the correct temper-
ature because of a temperature gradient inside the sample.
This is especially important in materials with poor thermal
conductivity and large phase‐change enthalpy. Observed
supercooling and phase segregation phenomena are closer
to the real ones if the sample amount is larger, but in that
case, temperature gradients inside the sample may be of
importance. Decreasing the heating rate reduces those gra-
dients, but it also reduces the signal/noise ratio and hence
the measurement precision.100 In short, DSC measure-
ments are strongly affected by the experimental condi-
tions, and therefore, they may not be representative
enough of the bulk PCM behaviour. This is also the reason
why it is difficult to compare the results obtained by differ-
ent authors that use different DSC or TGA/DSC equipment
and procedures. In this sense, it is worth mentioning the
task 42/29 of the IEA SHC/ECES TCPs, where a standard
procedure for PCM characterization using DSC has been
proposed.101 This public document is based on the stan-
dard102 RAL‐GZ 896 and not only defines how DSC appa-
ratus should be calibrated and how samples should be
prepared but also contains a detailed description of the
methodology and several suggestions for improving the
accuracy of results. Other attempts to establish some com-
mon guidelines for measuring thermophysical properties
of storage media by using DSC have been carried out by
the Thermal Energy Storage working group of the IEA
SolarPACES‐Task III TCP, in particular for determining
the heat capacity of solar salt with nanoparticles.103
3.2 | T‐history method

In the so‐called T‐history method, the temperature evolu-
tion with time is recorded against ambient temperature
for both the PCM sample and a reference material during
a cooling process. The reference material must be a sub-
stance with well‐known thermophysical properties that
remains in the same state (usually liquid) in the whole
temperature interval of the experiment. Both sample
and reference are assumed to exchange thermal energy
with the environment in a similar way.

This method was proposed in 1999 by Zhang et al104

from Tsinghua University, with the aim of obtaining
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properties such as melting point, enthalpy of fusion, heat
capacity, degree of supercooling, and even thermal con-
ductivity for various PCM samples at the same time.
Afterwards, both the design of the original set‐up and
the mathematical models applied for calculating the
thermophysical properties from the experimental data
have been improved by researchers of different institu-
tions over the world.105-115 Since the reference material
most commonly used is water, T‐history method has been
mainly used for characterizing PCMs for latent storage
applications below 100°C. In recent years, there have
been some attempts to use this methodology also for
PCMs working at higher temperatures, so that solid cop-
per has been proposed as reference material.116

Compared with the analytical techniques for thermal
analysis commercially available (DSC and TGA/DSC),
T‐history method presents several advantages. It allows
using larger samples (approximately 10‐100 g), so that
the drawbacks associated to small sample size mentioned
in Section 3.1 are avoided. Moreover, the experimental
set‐ups are simpler and do not require costly equipment
such as DSC and TGA/DSC devices. According to Lázaro
et al,108 the accuracy of the thermophysical properties
obtained with T‐history methods is quite good because
uncertainty values in the calculated enthalpy are about
10%. However, since each experimental set‐up is unique,
common standard methodologies for performing the
experiments and for the mathematical procedure used
for data analysis have not yet been defined.117
4 | SERVICE CONDITIONS AND
DEGRADATION FACTORS

The specific service conditions of a storage medium are
those under which the storage system is expected to work
FIGURE 4 Scheme showing the service conditions of a storage system

case a PCM [Colour figure can be viewed at wileyonlinelibrary.com]
during its lifetime. For the case of a PCM, these condi-
tions are those dealing with charge/discharge cycles (time
frequency, stand‐by periods, etc), temperature (upper and
lower limits), atmosphere (gases in contact with the
PCM), pressure (of the gases), etc. In Figure 4, the service
conditions of a storage system are displayed together with
the type of changes, either chemical or physical, they may
produce on the medium (in this case a PCM). In most
cases, these changes decrease the capability of the mate-
rial to store energy so that it is said that the material is
degraded and hence not stable under certain service con-
ditions. Degradation factors affecting the storage medium
are among the service conditions. Performing studies on
PCM degradation is crucial since they allow obtaining
the degradation kinetics, which are necessary for the
design of accelerated life test.
4.1 | Chemical degradation

Chemical degradation implies that the storage medium
undergoes changes in its chemical composition so that
new compounds are formed through the occurrence of
chemical reactions. In the working temperature range of
the storage system, chemical reactions may take place
because the material is unstable and dissociates into other
compounds or/and it reacts with the surrounding
atmosphere.

Chemical degradation of PCMs is reported in several
papers under the name of thermal stability studies.58,68-
71,76-82,85-87,118-120 In all of them, TGAs are performed
under inert atmosphere (N2 or Ar) at a single heating rate
(normally 10°C/min) in order to obtain the temperature
limit for the beginning of PCM degradation. However,
the temperature at which degradation is observed in a
TGA experiment depends on the heating rate used
and the changes they may produce in the storage material, in this

http://wileyonlinelibrary.com
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because reaction kinetics are temperature dependent.
Hence, if PCM stability wants to be predicted, the kinetics
of its degradation processes must be studied. Moreover, as
will be discussed in Section 6, degradation kinetics are
required for obtaining the lifetime relationship models
required for designing accelerated life tests. For that pur-
pose, TGA apparatus is a very powerful tool since it
allows performing kinetic analysis of thermal measure-
ments in a very accurate way. An example of this kind
of analysis can be found in the paper of Tong et al,121

which reports on D‐mannitol decomposition studied
under nonisothermal conditions by performing TGA at
different heating rates.
4.2 | Physical degradation

A storage medium undergoes physical degradation if it
maintains the chemical composition but presents changes
that have a negative effect on its performance. Signs of
physical degradation can be phase segregation, disinte-
gration, agglomeration, attrition, etc. This kind of degra-
dation is most commonly found in solid materials used
in sensible storage or in thermochemical storage, but it
can also happen to PCMs. Hydrated salts used as PCMs
may undergo phase segregation, because the water
released during melting cannot dissolve all the salt, so
there is some remaining solid that separates and settles
at the bottom of the container because of its higher den-
sity. During the reverse process, both water and settled
salt are unable to crystallize together again. This phenom-
enon is known as “incongruent melting/freezing” and
implies a decrease in the stored energy density after sev-
eral charge/discharge cycles.122

Another example of phase segregation in latent storage
materials occurs when they are combined with other
materials forming composites or are embedded in porous
structures.118 The aim of combining PCMs with other
materials (normally solids with a higher thermal conduc-
tivity than the PCM) is enhancing heat transfer by
increasing the effective thermal conductivity. However,
if PCM segregation occurs upon thermal cycling (mainly
while PCM is melted), the desired improvement in ther-
mal conductivity is lost.
5 | PRELIMINARY ASSESSMENT
TESTS

Once a material has been chosen for a storage application
on the basis of its main thermophysical properties, some
preliminary assessment tests are required (see Figure 3).
The aim of these tests is, on the one hand, to determine
which service conditions are degradation factors and, on
the other hand, to evaluate the short‐term behaviour of
the PCM for deciding whether it can be considered or
not as potential storage medium for a certain application.

Preliminary assessment tests include tests under con-
ditions as close as possible to the real working ones in
terms of temperature range, heating/cooling rates, atmo-
sphere in contact with the PCM, number of cycles,
stand‐by times, etc (see Figure 4). Moreover, samples in
the order of grams or even kilograms are desirable so
the results are representative enough. For evaluating the
PCM state, control properties (Tph‐ch and ΔHph‐ch) are
measured, at least, at the end of the tests in order to
check whether their value has changed and, if so, to
which extent.

Examples of preliminary assessment tests could be the
consecutive thermal cycles carried out in the majority of
references in Table 1. As discussed in Section 1, although
there is a common trend to rely on thermal cycling for
evaluating the behaviour of PCMs, the authors have
never argued the criteria for choosing the experimental
conditions of the tests. In Table 1, the PCMs were moni-
tored by measuring the evolution of the control properties
after a certain number of cycles or at the end of the
cycling tests. In general, those materials degrading upon
thermal cycling showed a decrease in ΔHph‐ch, the extent
of which strongly depended on the kind of PCM studied.
Despite the large amount of papers dealing with this sub-
ject, no criterion has ever been stablished in terms of
what ΔHph‐ch decrease defines the thermal stability of a
PCM.

Sometimes, a PCM is able to stand a certain number of
consecutive cycles with almost no changes in the control
properties,59 but it degrades when it is kept melted for a
while.123 This is because, in the case of PCMs, tempera-
ture is usually the main degradation factor leading to
chemical changes. In contrast, melting/freezing processes
themselves are more likely to produce phase segregation
or incongruent melting/freezing, which implies physical
degradation. This proves that consecutive thermal cycling
tests are not enough for taking a first decision about the
feasibility of a PCM, since they underestimate the effect
of temperature when the material is melted.

In authors' opinion, common criteria for designing
preliminary assessment tests for PCMs need to be
adopted. These criteria should include guidelines for
defining the experimental conditions of the tests in rela-
tion to the specific service conditions of the storage sys-
tem. In this respect, the question remains open to the
R&D community, and it would be desirable to achieve
some degree of consensus. Additionally, it might be
worth stablishing the limits to the variation of the control
properties after the tests to decide whether a certain PCM
is assumed to pass or not these preliminary assessment
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tests. This would imply analysing to which extent the var-
iation of the control properties is relevant to the perfor-
mance of the whole storage system.
6 | ACCELERATED LIFE TESTING

By definition, accelerated life testing consists of a set of
methods intended to ensure product reliability during
design and manufacturing and after product fielding. In
all accelerated testing procedures, stress is applied to pro-
mote failure90 so that, by the term accelerated, a short-
ened time to failure is implied. If the objective is to use
accelerated testing to predict product lifetime, the stress
must produce the same degradation and failure types that
would be encountered during the intended use of the
product. Therefore, accelerated life tests are usually
applied to products, systems, or components prior to their
commercial implementation. The general methodology
for accelerated life testing was described in the literature
already91 in the 70s. This methodology has been
improved over the years and adapted to different products
used in specific applications (materials, components, sys-
tems, etc).92-97

Taking into account the methodologies already devel-
oped for accelerated life testing, a detailed scheme has
been elaborated with the different stages to be followed
(see Figure 5). The first stage is the identification of the
degradation factors or stress variables that are associated
FIGURE 5 Scheme showing the accelerated life testing methodology

be viewed at wileyonlinelibrary.com]
to certain service conditions. As previously mentioned,
degradation factors have been already determined by pre-
liminary assessment tests. The next stage involves tests
under increasing stress levels of those degradation factors
so that analytical models for lifetime relationships can be
obtained from experimental data. These models stablish
the degradation rate of the material for each degradation
factor and each stress level. In order to find out appropri-
ate correlations between accelerated testing results and
real lifetime behaviour, tests under real working condi-
tions are required. The degradation state of the PCM after
each set of tests has to be monitored by measuring the
appropriate control properties.

The kind of lifetime relationship model used for fitting
the experimental data obtained under stress conditions
depends on the degradation factor that is considered.124

The Arrhenius model is the most commonly used when
temperature is the degradation factor and a chemical
reaction occurs. This is because Arrhenius equation gives
the dependence of the kinetic rate constant of a chemical
reaction, k, on the absolute temperature, T, a pre‐
exponential factor, A0, the activation energy for the reac-
tion, Ea, and the universal gas constant, R.

k Tð Þ ¼ A0e
−Ea
RT : (1)

The so‐called Eyring models are very appropriate
when temperature combines with other degradation fac-
tors, such as mechanical stress (Weertmann model),
applied to storage materials, in this case to PCMs [Colour figure can
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moisture (Pecks model), or electrical current density
(Blacks model).124 If temperature combines with voltage,
the Kemeny model is usually adopted. For other degrada-
tion factors associated to mechanical fatigue damage,
analytical models such as Miner Rule or Coffin‐Manson
inverse power law have been proposed.124 Miner's
hypothesis does not describe any physical or chemical
change mechanism and only attempts to describe how
damage accumulates. It also assumes that all damage
increments add up independently, so that no synergistic
mechanisms are considered. Depending on the kind of
material or product requirements, lifetime relationship
models can be formulated in different ways. They may
be expressed as control property variation over time for
different stress levels, failure time as a function of stress
level, etc.90,124

As said above, the lifetime relationship models
applied when temperature is the degradation factor are
based on Arrhenius equation. This is because in such
case, a chemical reaction takes place, and hence degra-
dation is governed by the reaction kinetics. Unfortu-
nately, literature hardly includes papers reporting on
degradation kinetics of storage media. In relation to
PCMs, only a few kinetic studies have been published
and all of them dealing with D‐mannitol degradation.
One is the study published by Tong et al,121 already
mentioned in Section 4.1, in which the kinetics of D‐
mannitol decomposition was studied by TGA. Another
one is the work reported by Sagara et al,125 in which
D‐mannitol was tested in a DSC apparatus at constant
temperature above melting point and the variation of
latent heat over time was used for obtaining the degra-
dation kinetics. Bayón et al studied D‐mannitol degrada-
tion also at constant temperature (Tph‐ch + 15°C), but in
their case, ovens under either air123 or inert gas (N2 or
Ar) atmosphere were used.62 For monitoring degrada-
tion, they measured sample mass loss and analysed the
remaining amount of D‐mannitol by HPLC, observing
that this PCM degraded very quickly even under inert
atmosphere.

These papers aimed to obtain the degradation kinetics
of D‐mannitol and not lifetime relationship models; how-
ever, the results of one of them will be here used for illus-
trating how this kind of can be obtained using Arrhenius
equation (Equation 1). In particular, we will take the
results reported by Sagara et al,125 who studied D‐
mannitol degradation kinetics in a DSC apparatus under
isothermal conditions by monitoring the variation of
latent heat (ie, phase change enthalpy). These authors
defined the conversion degree, α (ie, the fraction of origi-
nal material that has reacted) as a function of latent heat
variation (decrease) in relation to its initial value through
the expression:
α ¼ 1 −
ΔHph−ch
� �

t

ΔHph−ch
� �

0

: (2)

Therefore, they calculated α from DSC data and found
that the experimental results were better fitted assuming
a first‐order mechanism for D‐mannitol degradation. This
means that the expression for the time variation of the con-
version degree, α, at a certain temperature, T, is as follows:

− ln 1 − αð Þ ¼ kt: (3)

The fitting lead to the Arrhenius parameters is
Ea = 117 kJ/mol and lnA0 = 16.4. Using these results
and choosing the latent heat ratio, (ΔHph − ch)t/
(ΔHph − ch)0, as control property, the lifetime relationship
model for D‐mannitol has been obtained. This model
gives the set of curves of Figure 6A, which represent the
variation of the control property with time for different
stress levels of the degradation factor (ie, temperatures
above melting point, 165°C).

If a certain value of the control property is established
as the limit for acceptable material performance, the
expected time to failure can be plotted versus degradation
factor stress level, in this case, temperature. In Figure 6B,
time‐to‐failure curves have been represented for different
values of latent heat ratios (0.9‐0.75) limiting the accept-
able performance of D‐mannitol. For example, if only
10% decrease in latent heat is allowed (ratio = 0.9),
D‐mannitol could be used for about 5 months provided
it is kept melted at 170°C (ie, 5°C above melting temper-
ature). However, if the temperature is 180°C (ie, 15°C
above melting temperature), this period is reduced to
about 2 months. It should be pointed out that, if daily
charge/discharge processes are expected, D‐mannitol will
remain melted, and hence, at temperatures higher than
165°C, only during the sun hours at which the storage
system is charged. In terms of time, this means that it
could meet the acceptable performance requirement for
three times the time to failure shown in Figure 6B. There-
fore, in the above examples, time to failure should be 15
and 6 months instead of the stated 5 and 2 months,
respectively. However, even under this assumption, it is
very clear that D‐mannitol degrades very quickly and
cannot be used as a storage medium for any latent system
that is expected to work during several years. Actually,
Bayón and Rojas123 demonstrated that D‐mannitol degra-
dation rate under conditions closer to the service ones is
even higher than the rate obtained by Sagara et al.125

The main advantage of lifetime relationship models is
that they can be applied for predicting long‐term perfor-
mance of a certain material. For the case of PCMs and
other materials implemented in thermal storage systems
that are expected to work for several years, it is quite



FIGURE 6 Lifetime relationship diagrams for thermal degradation of D‐mannitol. Latent heat ratio vs time for different temperatures

above melting point (A). Time‐to‐failure vs temperature for different latent heat ratios (0.9‐0.75) (B) [Colour figure can be viewed at

wileyonlinelibrary.com]
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obvious that the time scale of the lifetime relationship
diagrams must be in the order of years. In Figure 7, gen-
eral lifetime diagrams similar to the ones displayed in
Figure 6 have been constructed as an example by using
generic stress levels and changing the Arrhenius parame-
ters so that the time scale is increased to the range of
years. It is desirable that these diagrams included as
many experimental data as possible from tests under ser-
vice conditions (white circles) in order to improve the
estimation of the control property variation along the ser-
vice lifetime (green‐dashed line). In principle, the control
property variation under service conditions can be esti-
mated with the lifetime relationship equation, but it is
preferable if it was validated with experimental data.

If 10% decrease of the control property ratio at the end
of material service lifetime is set as an acceptable failure
limit for the lifetime diagrams of Figure 7A, the time‐to‐
failure diagram in the logarithmic scale of Figure 7B
FIGURE 7 General example of a lifetime relationship model based on

stress levels (A). Time‐to‐failure vs stress level plot assuming a 10% decr

viewed at wileyonlinelibrary.com]
can be constructed. Then the accelerated tests for each
degradation factor are easily designed by using the corre-
sponding time‐to‐failure diagram, in which stress level 0
corresponded to in‐service conditions. In Figure 7B, some
examples of how accelerated tests could be performed
depending on the testing time available have been indi-
cated. According to this diagram, if tests were performed
under stress level 12, the material would attain the failure
limit in about 3 months. However, if the tests were per-
formed at stress level 8 (lower than stress level 12), the
material would stand at least for 1 year.

There are no fixed rules for designing accelerated tests.
This means that the design criteria can be chosen
depending on the sort of material and its application.
These criteria should establish not only the value for the
accepted failure limit of the control property and hence
the time‐to‐failure under service conditions but also the
testing time and the stress level to be applied during the
Arrhenius equation. Control property ratio vs time plot for different

ease of the control property as failure limit (B) [Colour figure can be
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tests. For the particular case of thermal storage materials
and PCMs, the accepted failure limit for the control prop-
erty (for example, ΔHph‐ch) has to be decided taking into
account its effect on the whole system performance and
how long the system is expected to be under operation.
Accelerated tests may then be used not only for
confirming the long‐term behaviour of a storage medium
but also for validating materials expected to undergo sim-
ilar degradation processes.
7 | CONCLUSIONS

In this study, a full methodology for validating materials to
be used as reliable latent storage media (PCMs) for a given
application is proposed. This methodology considers
successive stages, which include PCM characterization,
the performance of preliminary assessment tests, and the
design of accelerated life tests. Preliminary assessment tests
are performed under conditions as close as possible to the
real working ones. The design of the accelerated life tests
needs lifetime relationship models based on degradation
factors capable of predicting the long‐term behaviour of
the storage medium under service conditions. The method-
ology proposed aims to cover the lack of guidelines for
validating PCMs, and it is expected to be a very useful tool
for the whole research community in the field of latent
storage materials and systems. The authors hope that this
community will contribute to the further development of
this methodology here proposed. It is very important to
highlight that the scope of this methodology goes beyond
the limited domain of latent storage media (PCMs) since a
similar approach could be applied for validating materials
to be used in sensible or thermochemical storage systems.
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