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Abstract: The determination of both the thermal and thermodynamical properties of a composite
material containing phase change material is done thanks to an inverse method, which combines
experimental measurements and numerical computations. Given first an in-house experiment,
which allows us to test samples at a macroscopic scale (i.e., close to the real conditions) and to
set various types of thermal stresses, and secondly the simulation of the corresponding thermal
behavior, relying on an accurate thermodynamical modeling and taking into account the real
operating parameters (e.g., thermal contact resistances and non-symmetric heat fluxes on each
side), it is possible to characterize the solid and liquid thermal conductivities and heat capacities,
as well as the temperature range associated with a non-isothermal phase transition and the associated
latent heat. The specificity of the present approach is to allow, in a single step, a characterization
of all the involved thermo-physical parameters that are usually required in simulation tools
(e.g., EnergyPlus. . . ). Moreover, the hitherto studies dealing with repeatability and uncertainties
of the enthalpy characterization are generally very scant and not encountered very often or only
with qualitative assessments. This is a clear caveat, especially when considering any system design.
Therefore, for the first time ever, the present paper pays a special attention to the repeatability of
the identification method and studies the scedasticity of the results, that is to say the deviations of
the determined enthalpy curves, not only from a qualitative point of view but also by proposing
quantitative arguments. Finally, the results are very promising since the agreement between all trials
is excellent, the maximum error for all parameters being lower than 4%. This is far below the current
quality thresholds admitted when characterizing the enthalpy of a phase change material.

Keywords: composite material; macroscopic characterization; enthalpy identification; inverse method;
quantitative analysis; scedasticity; deviation study

1. Introduction

Following the effective ratification of the Paris Agreement (official version is avaiable at
https://unfccc.int/sites/default/files/english_paris_agreement.pdf) by an overwhelming majority,
with 185 countries over 197 parties to the Convention (as the date of February 2019), it is clear
that the recent trends towards economy decarbonation and energy consumption reductions shall be
pursued, specifically in Europe. Among the possible avenues of research, the lowering of the impacts
of the buildings sector on energy needs appears to be a promising way. Practically, many options
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are nowadays available and many more practical and multi-disciplinary research projects are under
development. When considering only the energy requirements for the heating and cooling in residential
and commercial buildings, it is already a third of the total global use and, more importantly, it should
increase by approximatively 79% and 84% between 2010 and 2050 [1,2].

To overcome the use of heating and cooling devices, the use of phase change materials (PCM)
has been proposed. They can authorize to benefit from free heating or cooling or to delay the thermal
stress, to name but a few examples for passive applications. As a rule of thumb, the topic of PCM has
greatly focused the attention of numerous groups in the past decades, with a clear increase during the
last twenty years. Thus, when considering the literature, and if one goes from the most general to the
more specific, a good (subjective) starting point could be found in [3–8] or in the reviews summary
proposed by [9,10].

Zhu et al. [3] focused on the thermal dynamic behaviors and the energy performance of buildings
with PCM. Several important aspects on the use of PCM are withdrawn. Concerning the free cooling
and the passive applications (Section 2 pp. 3170–3171 & Section 5 pp. 3173–3179), it is shown that
thermal comfort can be increased yet the design process is a keyfactor. Moreover, in the former case,
the concept is more interesting if a large difference in temperature between day and night exists. Then,
the peak load shifting applications (Section 3 pp. 3171–3173) seem to be promising. Unfortunately,
the main results usually only rely on simulations or prototypes; it is consequently difficult to have a
detailed view of the energy savings. Finally, let us mention the interesting summary table of the major
results (Table 1, p. 3178) and the study of the relationship between the payback time and the price
of energy and the price of PCMs (Figure 1 p. 3171). In another way, a very generic and interesting
discussion concerning the overall properties of PCM when applied in buildings is proposed by Cabeza
et al. [9]. Generally speaking, this review presents very practical informations. A useful classification of
PCMs depending on their use (Tables 3 to 8) is first given. On one hand, one can distinguish the cooling
(TM < 21 ◦C) and comfort (23 < TM < 28 ◦C) applications, and the heating of water (29 < TM < 60 ◦C).
On the other hand, some real available commercial products are given. Classification relies on the
temperature range one is interested in: 61 < TM < 120 ◦C, TM < 21 ◦C and 22 < TM < 28 ◦C. In the
same way, a detailed analysis of the PCMs basic requirements is given. Added to this, a classification
is propposed in function of their respective melting temperatures and mass and volume latent heat.
It separates PCMs in four common groups: paraffins, organics, inorganics, and eutectics (see Figure 3
p. 1686). Finally, let us mention the very enlightening discussions on stability, under thermal cycling
or due to corrosion and the possible interactions between the PCMs and their containers. Last but
not least, practical examples of encapsulations for commercial PCMs (Table 13 p. 1693) are presented.
Issues related to over-cooling and possible segregation are also treated. Similarly, in [5], the same
“taxonomy” is taken to classify the various applications, although a specific attention is given to glazing
and shadings and blinds (Section 5 pp. 62–63) and to HVAC (Section 6 p. 63), and in [10]. Finally,
in [7], after some basic recalls about thermal energy storages and PCMs properties, various criteria are
furnished in order to help in the design and for the choice of the appropriate candidate. When turning
to the encapsulation techniques, one can consider [4,6] for the micro-encapsulations and [8] for the
nano-encapsulations.

If one now turns to more specific reviews, the cooling applications are addressed in [11–15] while
specific papers are available for the appliances (or active systems), such as PV [16] and solar domestic
hot water systems [17,18] or heat-pumps [19,20]. The use of PCM in structures, and the associated
boons and banes, can be found in [21–28], the specific topic of mortars being detailed in [29,30].
Ling and Poon [29], after some classic recalls about PCM and their incorporation processes, propose a
brief survey on the various mechanical and thermal properties determination. However, only a few
numerical and practical data are available, before some discussion on their stability. In [30], Rao et al.
first show that, for mortars, PCMs are mainly studied in combination with cement (Figure 11, p. 104).
Secondly, their global impacts are well described, with an useful summary for the micro-encapsulated
PCMs in Table 4, p. 105. Then, an extended analysis of the mechanical and thermal properties is given
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(see Table 6, pp. 114–115). As a rule of thumb, it appears that the determination of their effective
intrinsic properties is the key factor when trying to retrieve and characterize the thermal behavior of
such materials. In other words, only a confident and secure characterization will permit to estimate
their real boons for buildings applications. In this respect, this is the unique solution to perform reliable
and realistic simulations. This issue has been tackled by many authors:

• the thermal conductivity is searched for in [31–46] using either hot wire [31,45],
hot plate [32,34–36,39,42–44,46], or laser flash [33,40] techniques.
Let us mention here that the thermal contact resistances and their influence on the measured
conductivity are rarely taken into account.

• the heat capacity is mainly investigated as an apparent capacity, which is supposed
to integrate the latent heat and goes continuously from the solid value to the liquid
one [31,33,34,36–38,40,44,45,47–53]. However, many of these studies determine this property from
a differential scanning calorimetry (DSC) experiment [33,34,38,40,44,45,47–51,53–55], where the
size of the sample is such that it is not very representative of the macroscopic material [5,31,36,52].
As far as real scales are concerned, one can also note the possible use of the dynamic heat
flow meter method (DHFM), which resembles the isothermal mode of calorimeters [56,57].
Practically, this apparent capacity is very often obtained by directly integrating the heat-flow rate.
Unfortunately, it can potentially lead to inconsistent or imprecise characterization [58–62] and be
responsible for erroneous predictions when modeling the macroscopic material [60,63,64].

• in recent studies, a more generic approach based on inversion methods has been developed in
order to determine separately the main thermo-physical properties, such as the heat capacities
(solid and liquid) and/or the latent heat etc. [36,52,65]. The main idea is to combine some
experimental measurements, usually the temporal evolution of the heat-flow rate, with a
numerical model of the composite sample. The correct values for the intrinsic parameters of the
material are retrieved by minimizing an objective function.

In summary, there exist several methods to determine either the transport properties (conductivity
and thermal resistances) or the thermodynamical ones (heat capacity, latent heat). Nonetheless, it is still
difficult to first determine them altogether and second, both the repeatability and the final uncertainties
quantifications on the average mascroscopic values are very scarce [34,36,40,45,52]. In this respect,
the deviation for the thermal conductivity and specific capacity can vary from 1 to 12% and from 5 to
66% respectively in [34]. Similarly, [36] conclude that determinations of the apparent capacity in the
range 10.43–19.4%, and 1.8% for the thermal conductivity, are acceptable for engineering use. On the
other hand, [40] obtain a precision of 8% for the equivalent capacity, while [52] show results whose
discrepancies are between 10% and 30%. Added to this, [45] highlight uncertainties of 10% for the
thermal conductivity. To shed light on this brief landscape, it is worth recalling that current standards
for the determination of PCM enthalpy functions are of the order of 10% [66,67].

Thus, the objective of the present work is to propose a non-intrusive extended method to
characterize all the thermo-physical properties of a composite material composed of a cement mortar
integrating a micro-encapsulated PCM. The intrinsic features are two-fold. First, all the required
parameters are obtained altogether. Then, the needed parameters to perform simulations with
dedicated tools (as EnergyPlus or Modelica for instance) are directly provided. Further, a painstaking
and exhaustive analysis is carried out to study the scedasticity of the identified parameters. The goal is
to prove the robustness and reliability of the method. Practically, the paper is organized as follows.
The basic principle of the method is given in Section 2. In summary, it is composed of an experimental
part followed by an identification one. The former one, whose protocole is defined in Section 2.1,
involves a full sample of the composite material, i.e., at a real scale. This latter one is then thermally
stimulated, at different heating and cooling rates, and it undergoes several cycles for each heat stress.
The next step, detailed in Sections 2.2 and 2.3, relies on an inverse method, which uses a numerical
modeling of the sample. The physical modeling is first presented, its specificity being to impose
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a thermodynamically consistent approach, and then the numerical method is detailed. Features of
the inverse process are finally given. In plain language, it combines the experimental measurements
and the numerical results to identify the various thermo-physical parameters. In practice, both the
transport and thermodynamical properties of the composite mortar and the thermal contact resistances
are determined. Eventually, the main results are given in Section 3. As mentioned thereinbefore,
several cycles of complete melting and solidification at various rates are completed. A first mortar is
analyzed in Section 3.1, considering first a single thermal stress and then all the temperature ramps
that have been set to the material. Then, the same analysis is performed for all the mortars altogether.
Meanwhile, the scedasticity of the results is also performed, which has not been done before to the
authors’ knowledge. Finally, the main conclusions are recalled in Section 4.

2. Method

The basic principle of the present study is thus to completely characterize a composite mortar
thanks to an inversion process coupling the measurements done on the real experimental sample and
the simulation of its behavior when submitted to a thermal stress. These three ingredients are detailed
in the sequel, yet a synthetic flowchart is provided first in Figure 1. So, both the temperature and the
heat flow-rate are measured on each side. Then, the former ones are used as boundary conditions for
the numerical system, which computes the corresponding heat flow-rates. These latter are compared
with the experimental ones, and a specific criterion is built to quantitatively check the agreement. If a
large gap is observed, then the values of the thermo-physical parameters are modified, and the system
is solved once again. When the method is converged, comparisons between the experiments and the
calculations are built.

2.1. Experimental Protocol

As mentioned above, the present experimental protocol consists of the realization of several tests
for different cement mortars including various amounts of PCM, the idea being to have the same ratio
of cement/sand (here 1:2.6) in each mixture. At first, sand (siliceous rounded sand 0.4 mm) and cement
(CEM I 52.5 N complying with the EN 196–1 standard) are mixed in order to homogenize components
with laboratory moisture content. Secondly, the PCM and water are added at the end of the mixing
process in order to expose micro-capsules as short as possible to mechanical stress. The quantity of
water added to make the composite mortars does not depend on the quantity of cement but rather
on the quantity of PCM included, and it can be very significant due to the high specific surface of
the micro-encapsulated PCM. The ratio of PCM estimated in each mixture is calculated using the
mass of solid materials, i.e., sand, cement, and PCM. The water added is considered as the required
water for the setting of mortar. Practically, to achieve a satisfactory workability, this needed water
is dependent on the quantity of micro-capsules. Yet, the real needed water can not be controlled
and therefore, free water is present in all samples. When drying, this later one will be replaced by
cavities which are consequently different from one sample to another. Concretely, this implies that the
dependency of some parameters (the density, the thermal conductivity, and the heat capacity) do not
depend only on the PCM amount. Lastly, all associated densities for each material are furnished in
Table 1. Three home-made composite mortars were realized in moulds of 250× 250× 40 mm3 and all
samples have been dried in the laboratory over several months before being used for the experiments.
The weight of samples was monitored before and after the tests. No noticeable variations have been
seen, since the differences were of the same order as the precision of the scale (0.1 g), which highlights
a stable water content during the tests. Thus, the characteristics of the mortars studied are presented in
Table 2, where each mortar is named according to its PCM mass percentage. Concretely, the previous
compositions can also be given in mass of PCM per unitaire volume: this leads to the values of 175,
241.3, and 272 kgMCP/m3 for each case, respectively.
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Figure 1. Graphical abstract of the present method.

Table 1. Densities for all the involved materials.

Material Sand Cement Water PCM

ρ (kg m−3) 1600 3060 1000 300

Table 2. Characteristics of the various mortars.

Mortar e (m) ρ (kg m−3)

12.4%w 0.039 1412
19.2%w 0.0388 1257
22.1%w 0.0385 1231

The micro-encapsulated PCM used here for the home-made mortars is the well-known BASF’s
Micronal R© DS 5001 X, where the PCM is contained in the core of micro-capsules ranging from 2 µm
to 20 µm in diameter. Practically, BASF claims that the micro-capsules are completely sealed, safe to
process, and free of formaldehyde. It is also specified that the encapsulation process protects the
wax in its very pure form, resulting in a high heat storage capacity of 110 kJ kg−1 being permanently
guaranteed. The melting point of Micronal R© DS 5001 X, given by the manufacturer, is about 26 ◦C.
We realized the characterization of the PCM included in our composite materials with a pyris Diamond
Perkin-Elmer DSC and we concluded that the latent heat is around 99± 10 kJ kg−1. This result is
detailed within [68].

After the composite mortars have dried and hardened, the samples are placed in the experimental
set-up, as depicted in Figure 2. First, the mortar is surrounded by an insulated ring. This ring
avoids the heat losses by the lateral sides and enables 1D transfer towards the studied sample in the
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area of measures. On each face of the sample, a tangential gradient fluxmeter [69] with integrated
thermocouples (T-type precalibrated at ±0.1 ◦C) is stuck to limit the contact thermal resistance and
measure both the heat flux and the temperature. Their dimensions are similar to those of the sample,
which means that they are 250× 250 mm2. Practically, these are CAPTEC products, whose thicknesses
are about 0.2 mm and sensitivity are 120 µV W−1 m2. The calibration procedure, described in [69,70],
permits us to calibrate these sensors with a precision of ±3% as demonstrated for the example
in [71]. Secondly, the entire sample is positioned between two exchange plates in order to impose the
temperature on the two main faces. The plates are held compressed against the sample by means of
clamps, as shown in Figure 2b.

Each exchange plate is linked, by an isolated pipe, to a thermoregulated bath, allowing control
of the water temperature. Practically, a “snail” pattern is dug into each aluminum exchange plate,
similarly to what is usually done with heating floor. The entrance and exit are close to each other.
The incoming water circuit goes from the exterior to the center, and then the return flow paths from the
inner to the outer side. The homogeneity of the temperature field has been checked with an infrared
camera that shows that the temperature difference is less than 0.2 ◦C, proving that the plate can be
considered isothermal.

The temperature-controlled exchange plates are linked to thermoregulated baths, which themselves
are managed by a computer. Featured later on in this work, the temperature of the exchange plates
will be used as an input parameter (boundary condition) of the model and the heat flux measurements
will be compared with the numerical model predictions. The boundary conditions and the parameters
to identify are presented in Figure 3, where the thermal resistances R account for both the thermal
contact resistance and the conductive resistance.

(a) (b)

Figure 2. Schematic view of the experimental set-up. (a) Exploded view; (b) Real picture.

The experimental protocol consists of imposing different temperature ramps on the sample in
order to completely melt and solidify the PCM inside the mortar. To be sure that it is completely fused
or crystallized between melting or cooling ramps, a constant temperature step is applied between
each ramp and the levels of these steps are chosen far above and below the phase change temperature.
The required durations of these temperature steps are obtained when the sample reaches an isothermal
state highlighted by the vanishing of the heat flow-rate. The various sensors are connected to a Keithley
2700 multichannel multimeter adapted to low level signals measurement.



Appl. Sci. 2019, 9, 1104 7 of 34

Concretely, four heating/cooling durations have been tested (2, 3, 4, and 5 h), and after a zeroth
initial cycle, three cycles are realized and monitored for all samples. The corresponding temperature
levels used are 5 ◦C and 35 ◦C.

(a) (b)

Figure 3. Detailed description of the experimental set-up. (a) Schematic view; (b) Detailed view
(with boundary conditions).

2.2. Numerical Method

Given the small size of the PCM inclusions and their homogeneous distribution into the solid
cement mortar (cm) matrix, we model the sample as a homogeneous medium, characterized by
macroscopic thermo-physical properties. According to the same principle, the latent heat of the
inclusions is homogenized and allows to define an apparent latent heat of the homogeneous material.
These assumptions also make it possible to consider only conduction transfers [68].

Thus, the physical model writes:

ρ
dh
dt

=
−→∇ · (λ−→∇T) (1)

where all involved parameters are apparent ones.
Closure of (1) is then done by defining the initial and boundary conditions:

T = T0 (2a)

ϕnum
L =

Tp,L − TL

RL
(2b)

ϕnum
R =

Tp,R − TR

RR
(2c)

where Tp is the temperature of the exchange plate and R the corresponding thermal resistances for the
left and right side respectively, as shown in Figure 3b.

Finally, the enthalpy function h(T) is the one to be identified. Furthermore, the properties of
the PCM are not constant, since they depend on its physical state (liquid or solid): consequently,
the variation of the thermo-physical properties of the composite material depends on the liquid
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fraction χ of the PCM and involves its solid and liquid properties.
Moreover, the following assumptions are made:

1. The PCM being micro-encapsulated, the thermal expansion during the phase transition can be
neglected, which implies that solid and liquid densities are equal.
n.b. in such a case, there is no difference between the mass and volume fractions, which are
therefore both denoted by χ.

2. The thermodynamic behavior of the PCM, i.e., its enthalpy function, obeys a binary solution
model [68]:

dχ =
T?

M − TM(
T?

M − T
)2 dT (3a)

dh
dT

=
T?

M − TM(
T?

M − T
)2 LM(T) + cs

(
1−

T?
M − TM

T?
M − T

)
+ cl

T?
M − TM

T?
M − T

(3b)

Here, the involved latent heat for the composite mortar depends on the mass fraction Y of the
PCM included in this latter one:

LM = YL?
M (4)

3. The thermal conductivity is governed by a classic average [72–74]:

λ = χλl + (1− χ)λs (5)

where indices s and l stand for the homogeneous material, that is to say to the initial cement
mortar with the liquid or solid contribution of the PCM.

Lastly, the system of partial differential equations described by Equations (1) and (2) is solved
numerically using a finite-volume method, based on a first-order scheme for the flux calculations
and on an Euler integration. The mesh used contains 100 cells, which corresponds to a space step of
0.4 mm, and the time step is fixed at 0.1 s. These parameters have been set after a convergence study,
presented in Figure 4, which has shown that the solution was not sensible to further refinement.

0 20 40 60 80 100 120

2

3

4

5
·104

Ncell [−]

f
[W

m
−

2 ]

(a)

0.1 0.15 0.2 0.25

0

2

4

6
·108

∆t [s]

f
[W

m
−

2 ]

(b)

Figure 4. Convergence study. (a) Spatial discretization; (b) Temporal discretization.

2.3. Inversion Process

In summary, several experiments have been done and, given a thermal program, various heat
flow-rates have been measured during time. Further, a numerical model has been built so as to compute
the numerical heat-flow rate for a given set of input parameters −→p ; that is to say for different values
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of the thermodynamic and thermal properties, i.e., for a given −→p =
(
λs, λl , cs, cl , TM, T?

M, LM, RL, RR
)
.

These nine parameters correspond to the thermodynamical ones associated with the phase change,
and to the heat transfers ones with the thermal conductivities of the material, as well as the thermal
contact resistances on both sides. They are determined during transient heating and cooling modes,
involving both fusion and solidification.

Given these two data, i.e., the experimental and numerical heat flow-rates, a criterion can
be defined in order to assess the correctness of the estimation of −→p , here thanks to the classic
least-square error:

f (−→p ) =
1

t2 − t1

∫ t2

t1

(
ϕ

exp
L (t)− ϕnum

L (t,−→p )
)2

+
(

ϕext
R (t)− ϕnum

R (t,−→p )
)2

dt (6)

The basic principle of the inversion step is thus to minimize this cost function f over−→p , which can
be done in different ways, as for instance using a simplex approach [75] or a Levenberg–Marquardt
method [76] or genetic algorithms [77,78].

In the present case, the identifications were performed using the GenOpt free tool from the
Lawrence Berkeley National Laboratory [79,80]. It indeed implements several classic algorithms,
including the ’GPSCoordinateSearch’ that has been used here: the basic principle of the generalized
pattern search (GPS) is to link monodimensional minimizations according to the different directions
of the search space (dimension N). The version implemented in GenOpt automatically adapts the
search accuracy to obtain an acceptable solution without requiring too much computation time. As any
optimization method, GenOpt requires to define all the N parameters to be identified (−→p ∈ RN) so as
to minimize the cost function f (−→p ) : RN −→ R given by relation (6). Let us mention here that GenOpt
always delegates the evaluation of the cost function f to an external program, which corresponds
here to the code implementing the aforementioned system of PDE. From a practical point of view,
the raw text files that ensure the communication between these two threads are configured following
the documentation [81]. As a rule of thumb, all identified parameters are described by their name,
used only for display purpose, and by an initial value (first guess), as well as by lower and upper
bounds. As an example, the latent heat and solid thermal conductivity are initialized, respectively,
at 16.5 kJ kg−1 and 0.4 W K−1 m−1, and their minimal and maximal authorized values are 14 and
18 kJ kg−1, and 0.3 and 0.5 W K−1 m−1. Moreover, each run is repeated three times: in one case,
the initial seed is set by the user, and in the two others, they are randomly chosen inside the search
space. In these latter cases, it is obviously checked that the chosen first guess will lay inside the
respective bounds defined hereinbefore.

Finally, since the iterative algorithm always starts from an initial estimation −→p 0 arbitrarily chosen,
it can occur that the algorithm converges towards a local minimum. To avoid this caveat, GenOpt
therefore proposes to re-launch the same optimization several times (three times in this work) by
randomly selecting the initial estimate in the search space: this lengthens computation times but
increases the chances of converging towards the global minimum.

3. Results

The results obtained after the 192 optimizations are now presented. Firstly, a focus is done on
the 12.4%w-PCM mortar, considering only the first cycle of the 2 h ramp experiment, and then all the
other cycles. Secondly, the analysis is produced for all the samples, considering here all ramps and all
corresponding cycles. A statistical survey is done on all the results, together with a comparison of the
final identified values for the thermal and thermodynamic parameters. Finally, the identified enthalpy
functions are compared altogether and the total error is shown.

n.b. The results after identification are gathered in Appendix A for the sake of clarity and only the
main ones are presented below.

Furthermore, as mentioned before, the amount of initial water necessary for the cement hydration
and the amount of extra free water influence the porosity of each mortar. Concretely, this latter one
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impacts the macroscopic properties, as for instance the densities, the thermal conductivities, and the
heat capacities. In contrast, the latent heat will not be affected by this effect. Nevertheless, the relation
between the porosity and the evolution of the equivalent characteristics of the composite mortars is
out of the scope of the present work, which mainly focuses on the identification of these properties in
function of the amount of PCM.

3.1. First Sample

As mentioned hereinbefore, the starting point is the first cycle of the 2 h ramp for the 12.4%w-PCM
mortar. The experimental heat flow-rates on the left and right sides of the sample for the given imposed
temperature ramp are shown in Figure 5 with the corresponding numerical heat flow-rates obtained
after the inversion process. One can see that agreement between the experimental measurements and
the numerical computations is very good. Then, an obvious asymmetry is observed between each
sides. This can be easily explained by the fact that, experimentally, the thermal contact is not perfect
and is always different from one face to the other since their roughness is different. Consequently,
huge variations can arise between these two sides. Yet, in spite of this asymmetry, the method is
capable of reproducing the experimental behavior without any difficulties. Moreover, it is worth
mentioning that the real sample also shows a non-symmetrical behavior between the melting and
the crystallization steps, which is perfectly captured by the numerical calculation. This remark has to
be further commented. First, this behavior is not due to the presence of supercooling, which would
lead to a clear discontinuity during cooling, which is not observed experimentally. Added to this,
it would be rather difficult for the results to represent such a phenomenon since it has not been
considered during the modeling. In fact, this asymmetric feature is obtained only because the enthalpy
function is governed by the relation (3), which shows a different behavior when going to the solid
to liquid state and vice-versa. In other words, the slope of the function (and so its derivative) being
non-constant, dynamics of the phase transition is different between melting and solidification. In this
respect, this means that any enthalpy function having a symmetrical expression, as for instance with
pure substances or solutions where a linear profile is assumed between the liquidus and the solidus,
will no be capable to reproduce such a behavior. Once again, this is possible if and only if enthalpy
function obeys Equation (3), as demonstrated in [68].
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Figure 5. 12.4%w-PCM mortar: comparisons of the experimental fluxes with the numerical ones after
identification for the first cycle of the 2 h heating/cooling ramp experiment.

Eventually, the corresponding enthalpy function is depicted in Figure 6 and the values for the
associated parameters, obtained after identification, are given hereafter:
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cS = 1094 J K−1 kg−1 (7a)

cL = 1094 J K−1 kg−1 (7b)

TM = 25.57 ◦C (7c)

T?
M = 27.18 ◦C (7d)

LM = 12, 322 J kg−1 (7e)

Here again, some discussion is needed. Indeed, in the inversion process, it is important to
recall that an unique enthalpy function is determined. So, with a single expression, obeying a
non-symmetrical formulation as discussed above, the behavior of the material is described for both
the solid and the liquid state. Consequently, this obviates the usual formulations assuming one
expression for the heating and another for the cooling, which is indisputably inconsistent with basic
thermodynamic laws, as further discussed in [62].
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Figure 6. 12.4%w-PCM mortar: identified enthalpy function for the first cycle of the 2 h heating/cooling
ramp (n.b. unique formulation pertaining for both fusion and crystallization).

After this study for the first cycle, the purpose is extended to the other cycles of the 2 h ramp
experiment. Thus, the second and third cycles are used as original inputs in the inversion process,
as well as the entire set of cycles. The corresponding results are furnished in Figure 7. In all cases,
the numerical results obtained with the present procedure show a very good agreement with the
experimental data. Once again, both the non-equal thermal contact resistances at the left and right
sides and the asymmetrical behavior between the fusion and solidification are perfectly rendered by
the computations. Eventually, the enthalpy functions obtained after the inversion process are depicted
in Figure 8. In Figure 8a–d the enthalpy functions obtained when using either the first or second
or third or all cycles as original inputs are shown. Then, in Figure 8e, all these inverse results are
compared with each other. On this latter one, it is worth noticing that the four estimated curves agree
very well and cannot be distinguished from each other. From a practical point of view, this means
that the cycle used for the inversion process is completely pointless. In other words, the method
always permits to obtain the same results, i.e., an unique enthalpy function, whatever the original
experimental measures used to initiate the seeds points of the inverse method. Undeniably, this is in
complete agreement with thermodynamic laws.
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(b) Second cycle
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(c) Third cycle
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Figure 7. 12.4%w-PCM mortar: comparisons of the experimental fluxes with the numerical ones after
identification for the 2 h heating/cooling ramp experiment.

3.2. All Samples

Given the previous results, it is now proposed to analyze all the available experiments. Thereby,
all mortars are studied for the four different heating/cooling ramps each time, the inversion process
using all the cycles (first to third) to identify the enthalpy function. As said before, only the final results
will now be presented, yet all the values can be found in Appendix A.

Thus, the enthalpy functions obtained after the inversion step are shown in Figures 9 and 10,
in function of the heating/cooling ramp and the type of mortar, respectively. In the first case, one can
easily remark that, the higher the amount of PCM incorporated in the mortar, the higher the value of the
latent heat. Practically, this increase is characterized by a larger phase change domain, situated between
the two linear parts corresponding to the sensible states. Moreover, one can see that the beginning of
this transition zone is almost the same for all mortars, whatever the heating rate that is used. In the
second case, it is straightforward to notice that, for a given mortar, all the identified enthalpy functions
collapse on a single curve. In other words, for all the heating rates and whatever the cycle that is
used, or even if all of them are considered in the characterization process, the estimated enthalpy
functions are not dependent on the heating ramp. In contrast with all the other existing methods,
the present approach thus does not suffer from any non physical dependency of the enthalpy with the
thermal stress. To further highlight this statement, the minimal and maximal and average values for
all identified parameters are presented in Table 3 for each mortar. Concerning the thermodynamical
parameters which are involved in the enthalpy relation (3), that is to say cs, cl , TM, T?

M, and LM, one can
see that discrepancies are very low. Furthermore, when comparing the intensive parameters, that must
not depend on the amount of PCM in the mortar, it is interesting to note that the maximum gap between
the identified values is 0.26 ◦C and 0.72 ◦C for TM and T?

M, respectively, the associated deviation being
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0.6% and 1.4%. In fact, these differences being of the order of the temperature uncertainty, one can
conclude that all the numerical estimations coincide altogether. When looking at the other parameters,
that vary with the amount of PCM, the comparisons can not be done anymore between all the mortars.
Nonetheless, for a given mortar, the agreement between all the estimations is excellent.
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Figure 8. 12.4%w-PCM mortar: comparisons of the identified enthalpy functions for 2 h heating/cooling
ramp (n.b. unique formulation pertaining for both fusion and crystallization).
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Table 3. Minimal, maximal, average values, and discrepancy between each identified parameter for each mortar (considering all ramps and various cycles).

Mortar Stat. RL (W−1K m2) RR (W−1K m2) λs (W K−1 m−1) λl (W K−1 m−1) cs (J K−1 kg−1) cl (J K−1 kg−1) TM (◦C) T?
M (◦C) LM (J kg−1)

12.4%w

Min 1.216 · 10−2 5.625 · 10−3 0.594 0.583 1089 1089 25.52 27 12, 261
Max 1.084 · 10−2 4.39 · 10−3 0.617 0.6 1100 1094 25.58 27.19 12, 478
Avg. 1.135 · 10−2 4.921 · 10−3 0.602 0.592 1093 1094 25.55 27.11 12, 348

ε 12.16% 28.12% 3.74% 2.86% 1.02% 0.51% 0.22% 0.7% 1.77%

19.2%w

Min 1.473 · 10−2 3.306 · 10−2 0.426 0.436 1062 1030 25.57 27.28 17, 978
Max 1.159 · 10−2 3.127 · 10−2 0.435 0.451 1096 1037 25.78 27.63 18, 352
Avg. 1.338 · 10−2 3.21 · 10−2 0.43 0.441 1068 1033 25.7 27.48 18, 227

ε 27.09% 5.71% 2.03% 3.54% 3.26% 0.72% 0.85% 1.3% 2.08%

22.1%w

Min 8.824 · 10−3 1.475 · 10−2 0.382 0.382 1132 1081 25.52 26.91 20, 587
Max 7.826 · 10−3 1.364 · 10−2 0.384 0.389 1163 1088 25.72 27.37 21, 336
Avg. 8.362 · 10−3 1.429 · 10−2 0.383 0.386 1149 1084 25.63 27.15 20, 924

ε 12.75% 8.2% 0.58% 1.74% 2.75% 0.62% 0.78% 1.69% 3.64%
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Finally, a last comparison is proposed to clearly show the coherence between all the identified
enthalpy functions. Knowing the minimal and maximal values for all the parameters, it is possible
to build two extreme estimations for the enthalpy function. Such curves are given in Figure 11.
Meanwhile, an error criterion between these curves is represented, which has been defined as follows
so as to be non-dimensional:

ε =
|hmax − hmin|

LM
(8)

It is obvious that, even when taking the extreme values for each parameter, the corresponding
discrepancy is very low. In fact, it is clearly far below the usual accepted quality threshold which is
currently around 10% [66,67].
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Figure 9. Comparisons of the identified enthalpy functions for all the heating/cooling ramps
(n.b. unique formulation pertaining for both fusion and crystallization).

Then, another analysis is proposed to clearly underline the possibility of the present method and
its intrinsic strengthes. When looking at the other similar studies, summarized in Table 4, it appears
that only five of them use the same PCM as in the present study. Besides, as stated before, some of
them only deal with DSC [40,45,82] and the properties of a real macroscopic sample are addressed
solely by [35], although only the thermal conductivity is involved in the latter paper. More importantly,
when dealing with the thermal conductivity, very often, only an overall or effective value is furnished
and no distinction is done between the concrete with PCM in solid or in liquid state, contrary to what
is currently done here.
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Table 4. Overview of the phase change material (PCM) possibilities for use in combination with mortars.
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Figure 10. Comparisons of the identified enthalpy functions for all the mortars (n.b. unique formulation
pertaining for both fusion and crystallization).

So, similarly to what has been found by [35,45], it can be seen in Figure 12 that the inclusion
of PCM leads to a decrease of the thermal conductivity. Furthermore, a value of 0.4 W K−1 m−1

has been estimated in the 14.5%w case by [35], which is pretty close to the corresponding present
cases (12.4%w and 19.2%w) with λs = 0.602± 3.74% W K−1 m−1 and λl = 0.592± 2.86% W K−1 m−1,
and λs = 0.43± 2.03% W K−1 m−1 and λl = 0.441± 3.54% W K−1 m−1. In the same way, [45] obtained
values of 0.49− 0.5 W K−1 m−1 and 0.42− 0.48 W K−1 m−1 with 10%w and 20%w, while the current
12.4%w and 22.1%w cases lead to λs = 0.602 ± 3.74% W K−1 m−1 and 0.383 ± 0.58% W K−1 m−1,
and to λl = 0.592 ± 2.86% W K−1 m−1 and 0.386 ± 1.74% W K−1 m−1, respectively. In the same
idea, the identified specific heat capacities are depicted in Figure 13. Due to the large discrepancies
between all the data, no quantitative comparison can be done yet the results agree qualitatively,
nevertheless, we can note that the present values are very close to each other. Lastly, by dividing the
current latent heats obtained for each mortar, in Table 3, by the mass fraction of the PCM, one can
express the latent heat in function of the specific mass of the PCM instead of the one of the mixture
(cement+PCM). More clearly, this means that the latent heat of the PCM can be directly calculated
and, then, compared to the experimental value of 99 kJ kg−1, which was determined by DSC [68].
This measurement had been down with a Pyris Diamond apparatus from Perkin Elmer, using a 5.78 mg
sample and a 5 K min−1 heating rate on dynamic mode. The corresponding results are shown in Table 5:
once again, the agreement with the experimental measure is very good, a standard deviation of 3.56%
being observed for a mean value of 95.47 kJ kg−1. The associated discrepancy with the experimental
measurement is of 1.23%, which is excellent given all the experimental and numerical uncertainties.
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Figure 11. Comparisons of the enthalpy functions obtained with minimal (blue) and maximal (red)
values of the identified parameters, together with the absolute discrepancy, for all the mortars
(n.b. unique formulation pertaining for both fusion and crystallization).

Table 5. Estimated values of the micronal latent heat and comparison with the experimental value
obtained by DSC [68].

12.4%w 19.2%w 22.1%w

Avg. (J kg−1) 99,696 94,930 94,792
ε 0.7% 4.11% 4.25%
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Figure 12. Comparisons of the present estimations for the thermal conductivities for the solid (blue)
and liquid (red) state with similar studies (black data mean that only an unique value has been given,
without specifying the physical state (solid or liquid)).
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Figure 13. Comparisons of the present estimations for the specific heat capacities for the solid (blue)
and liquid (red) state with similar studies (black data mean that only an unique value has been given,
without specifying the physical state (solid or liquid)).

Eventually, another aspect of the inversion procedure is going to be analyzed by considering
the identified values for the thermal parameters, that is to say the thermal conductivities and the
thermal resistances furnished in Table 3. One can see that the former ones are pretty well estimated,
the discrepancy being several orders below the usual uncertainties for PCM measurements. In contrast,
the determination of the thermal resistances is more tricky, which is very well known. These depend
on the surface state and therefore the thermal contact resistance between the material and the sensor
(heat fluxmeter). The advantage here is that these resistances are estimated on each side and for each
sample. Hopefully, the behavior of the mortar is mainly governed by the latent effects and consequently
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this lack of precision does not impact the inversion process when identifying the thermodynamical
parameters, as seen above. However, it is clear that no good estimations of the thermal conductivity
can be achieved if this problem is not addressed carefully.

4. Conclusions

The goal of this work is to present an efficient method for characterizing the thermo-physical
properties of a composite material, which is in the present case a cement mortar containing a
micro-encapsulated PCM, as it could be used in real conditions. These properties are the required
parameters for the development of a numerical model able to reliably representing the thermal behavior
of the material containing phase change material.

The first step of the study is based on an experimental device where the material to be
characterized is repeatedly stressed by temperature ramps, at various speeds, in order to carry out
several cycles of melting/crystallization of the PCM. This fluxmetric device allows simultaneous
measurements of heat fluxes and temperatures to the access faces of the material during these
successive thermal stresses. These non-intrusive measurements, essential for the characterization of
the composite material, are then used as boundary conditions of a numerical model detailed hereafter.

In a second step, a physical model is developed to reproduce both the thermal and thermodynamic
behavior of each sample. In practice, it is thus necessary to impose a thermodynamically consistent
formulation of the enthalpy h(T), represented in the present case as a binary solution. This function
h(T) implemented in the numerical model, developed in a finite-volume framework, makes it possible
to account for the non-symmetrical thermal response of the samples submitted to heating and cooling
stresses (i.e., fusion and solidification).

The last step is to combine together in an inverse method the experimental measurements with
the numerical results obtained when solving the physical model. The use of efficient optimization
methods allows a reliable estimation of the thermo-physical properties of the composite material,
integrating the accuracy of the experimental measurements, and the thermodynamical correctness of
the modeling. These thermo-physical parameters stand here for the thermal conductivities and heat
capacities when the PCM is in the solid or liquid state on one hand, and the temperatures defining the
transition range and the corresponding latent heat on the other hand.

Concretely, the identification of the parameters is done simultaneously for each of the three cycles
and then altogether with the inversion method. In order to thoroughly test the method, the studies are
conducted on several melting/solidification cycles for three mortars incorporating different amounts of
PCM. The results obtained show a very low dispersion, less than 3% and 4% for thermal conductivities
and heat capacities, respectively, 2% (0.5K) for T, 3% for LM, and 4% for the complete enthalpy curve.
These results are excellent considering the current standards, which are usually advanced as 1K for TM
and 10% for LM [66,67]. Moreover, the masses of PCM integrated in the mortar as well as the speeds
of thermal ramps do not affect the estimate of the transition temperatures, depending solely on the
nature of the PCM which is similar from one sample to another. This independence is obviously in
accordance with the laws of thermodynamics.

In addition, by taking into account the thermal contact resistances between the sensor and
the samples, different from one side to another and dependent on the surface finishing and
assembly (i.e., variable of a sample to another), do not pose any difficulty but, more importantly,
improves the accuracy of the results. In contrast, if ignored, it would be equivalent to a direct method,
and consequently, the estimated thermal conductivities would be erroneous.

Concerning the prospect of this work, it concerns the studies of more complex PCMs which
cannot be described by a binary model but need more sophisticated thermodynamics. This could
finally be one of the main limitation of the present method since it can only determine the values of
already known parameters. Saying this differently, one has to know or assume the thermodynamical
expression of the enthalpy function. In such a case, the problem can be manyfold. The principal issue
will be to find the correct formulation for the equation governing the enthalpy function, specifically if
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many components are contained in the mixture. Then the numbers of parameters to be identified
could probably increase and therefore the computational cost increases. Finally, It should also be noted
that, in the present case, the PCM does not show supercooling phenomena, which is cumbersome to
consider if required.
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Nomenclature

Latin symbols
c specific heat capacity, J K−1 kg−1

D duration, h
e thickness, m
f cost function, W2 m−4

h specific enthalpy, J kg−1

L latent heat, J kg−1

−→p set of parameters, −
R thermal resistance, W−1 K m2

T temperature, ◦C
t time, s or min
−→
X vector of coordinates, m
Y mass fraction of PCM, −

Greek symbols
ε error, %
ϕ heat flux, W m−2

λ thermal conductivity, W K−1 m−1

ρ density, kg m−3

χ liquid fraction, −
Subscripts and superscripts

? pure component (solvent phase)
ex execution
exp experimental
L left
l liquid
M melting
num numerical
p exchange plate
R right
s solid
w weight

Acronyms
DSC differential scanning calorimetry
GPS generalized pattern search
PCM phase change material

Appendix A. Additional Data

In order to help the possible interested readers to re-analyze the data or to propose new
post-treatments, all results are given hereinafter. Thus, the values of the identified parameters
for every heating/cooling ramps are furnished in Tables A1–A3 for the 12.4%w- and 19.2%w- and
22.1%w-PCM mortar, respectively. Then, the comparisons between the experimental measurements
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and the numerical results are shown in Figures A1–A11. Here, all cases are given, that is to say for
each mortar and each associated heating/cooling ramp with all the possible cycles (first, second, third,
or alltogether) as initial inputs for the inversion process. Finally, the corresponding identified entalphy
functions are depicted in Figures A12–A14.

Table A1. 12.4%w-PCM mortar: values of the identified parameters for each heating/cooling ramp and
for the first, second, third, and all cycles together cases.

D f RL RR λs λl cs cl TM T?
M LM tex

2 h

22, 577 1.098 · 10−2 4.638 · 10−3 0.606 0.6 1094 1094 25.57 27.18 12, 322 0:22:39
22, 596 1.085 · 10−2 4.39 · 10−3 0.594 0.589 1094 1094 25.57 27.17 12, 317 1:05:41
23, 028 1.084 · 10−2 4.39 · 10−3 0.594 0.589 1100 1094 25.58 27.17 12, 267 1:12:19
68, 175 1.084 · 10−2 4.412 · 10−3 0.594 0.589 1094 1094 25.57 27.17 12, 322 0:56:43

3 h

20, 403 1.125 · 10−2 4.737 · 10−3 0.594 0.589 1089 1089 25.57 27.17 12, 478 2:05:37
19, 899 1.154 · 10−2 5.028 · 10−3 0.611 0.6 1089 1089 25.58 27.19 12, 461 2:06:14
19, 774 1.139 · 10−2 4.918 · 10−3 0.606 0.594 1094 1094 25.54 27.09 12, 294 2:05:01
59, 337 1.139 · 10−2 4.891 · 10−3 0.606 0.594 1089 1094 25.56 27.14 12, 400 1:45:29

4 h

18, 095 1.111 · 10−2 5 · 10−3 0.6 0.589 1094 1094 25.53 27.06 12, 328 2:27:47
18, 642 1.111 · 10−2 4.918 · 10−3 0.594 0.583 1089 1094 25.54 27.11 12, 422 0:44:17
18, 230 1.125 · 10−2 5 · 10−3 0.6 0.589 1094 1094 25.53 27.07 12, 328 2:50:45
55, 793 1.111 · 10−2 4.891 · 10−3 0.594 0.583 1089 1094 25.54 27.11 12, 422 2:05:56

5 h

17, 821 1.2 · 10−2 5.455 · 10−3 0.606 0.594 1094 1094 25.53 27.03 12, 300 4:12:57
17, 924 1.2 · 10−2 5.455 · 10−3 0.606 0.594 1094 1094 25.52 27.01 12, 283 4:31:10
17, 518 1.216 · 10−2 5.625 · 10−3 0.617 0.6 1089 1094 25.54 27.08 12, 361 1:20:27
52, 845 1.2 · 10−2 5.455 · 10−3 0.606 0.594 1094 1094 25.52 27 12, 261 3:28:31

Table A2. 19.2%w-PCM mortar: values of the identified parameters for each heating/cooling ramp and
for the first, second, third, and all cycles together cases.

D f RL RR λs λl cs cl TM T?
M LM tex

2 h

30, 313 1.159 · 10−2 3.127 · 10−2 0.435 0.442 1096 1035 25.59 27.31 18, 135 01:43:24
23, 390 1.224 · 10−2 3.14 · 10−2 0.431 0.436 1067 1037 25.57 27.28 18, 233 00:50:28
21, 859 1.24 · 10−2 3.127 · 10−2 0.431 0.436 1069 1036 25.58 27.28 18, 168 00:59:37
85, 878 1.204 · 10−2 3.127 · 10−2 0.431 0.437 1074 1035 25.59 27.34 18, 279 02:16:47

3 h

20, 785 1.304 · 10−2 3.176 · 10−2 0.427 0.437 1062 1035 25.7 27.51 18, 352 06:43:38
20, 551 1.321 · 10−2 3.189 · 10−2 0.427 0.436 1065 1031 25.68 27.43 18, 241 08:27:05
21, 697 1.33 · 10−2 3.189 · 10−2 0.428 0.438 1067 1030 25.69 27.46 18, 265 10:36:33
61, 906 1.313 · 10−2 3.176 · 10−2 0.426 0.436 1066 1032 25.69 27.47 18, 273 08:26:34

4 h

19, 051 1.399 · 10−2 3.24 · 10−2 0.427 0.443 1062 1031 25.76 27.59 18, 343 13:48:26
19, 216 1.397 · 10−2 3.24 · 10−2 0.428 0.442 1067 1031 25.74 27.54 18, 207 11:21:10
19, 216 1.397 · 10−2 3.24 · 10−2 0.428 0.442 1067 1031 25.74 27.54 18, 207 08:59:56
57, 062 1.399 · 10−2 3.24 · 10−2 0.427 0.442 1065 1031 25.75 27.57 18, 270 08:19:15

5 h

18, 094 1.434 · 10−2 3.266 · 10−2 0.429 0.443 1073 1035 25.77 27.54 17, 978 10:20:06
19, 170 1.467 · 10−2 3.293 · 10−2 0.433 0.45 1066 1032 25.78 27.61 18, 190 06:04:20
18, 679 1.473 · 10−2 3.306 · 10−2 0.433 0.451 1063 1031 25.78 27.63 18, 260 06:47:33
56, 006 1.465 · 10−2 3.293 · 10−2 0.433 0.449 1064 1032 25.78 27.63 18, 222 07:19:31
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Table A3. 22.1%w-PCM mortar: values of the identified parameters for each heating/cooling ramp and
for the first, second, third, and all cycles together cases.

D f RL RR λs λl cs cl TM T?
M LM tex

2 h

17, 511 7.893 · 10−3 1.364 · 10−2 0.384 0.384 1154 1088 25.52 26.91 20, 679 00:54:19
18, 899 7.825 · 10−3 1.364 · 10−2 0.384 0.384 1151 1084 25.52 26.94 20, 778 04:15:25
21, 183 7.826 · 10−3 1.364 · 10−2 0.382 0.382 1137 1084 25.54 27.02 21, 027 3:43:08
57, 935 7.895 · 10−3 1.364 · 10−2 0.384 0.384 1150 1087 25.52 26.93 20, 757 8:31:31

3 h

21, 014 8.333 · 10−3 1.429 · 10−2 0.384 0.387 1132 1081 25.72 27.37 21, 336 18:28:41
20, 915 8.257 · 10−3 1.429 · 10−2 0.382 0.387 1142 1081 25.63 27.19 21, 094 41:58:24
23, 850 8.333 · 10−3 1.429 · 10−2 0.384 0.387 1153 1081 25.62 27.1 20, 848 10:45:50
66, 027 8.333 · 10−3 1.429 · 10−2 0.384 0.389 1144 1083 25.66 27.21 21, 052 40:53:30

4 h

28, 680 8.571 · 10−3 1.452 · 10−2 0.382 0.384 1144 1081 25.67 27.26 21, 053 42:29:36
26, 641 8.654 · 10−3 1.452 · 10−2 0.384 0.387 1151 1081 25.67 27.23 20, 983 108:57:29
25, 323 8.571 · 10−3 1.452 · 10−2 0.382 0.387 1144 1082 25.67 27.26 21, 067 32:22:59
80, 789 8.571 · 10−3 1.452 · 10−2 0.382 0.387 1146 1081 25.67 27.26 21, 079 59:49:49

5 h

28, 322 8.824 · 10−3 1.475 · 10−2 0.384 0.387 1160 1086 25.67 27.16 20, 682 9:59:39
26, 548 8.738 · 10−3 1.475 · 10−2 0.382 0.387 1159 1084 25.67 27.2 20, 763 44:44:31
27, 889 8.654 · 10−3 1.475 · 10−2 0.382 0.387 1163 1087 25.67 27.16 20, 587 13:43:08
80, 419 8.738 · 10−3 1.475 · 10−2 0.382 0.387 1147 1086 25.69 27.28 21, 000 74:28:11
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Figure A1. 12.4%w-PCM mortar: comparisons of the experimental fluxes with the numerical ones after
identification for the 3 h heating/cooling ramp experiment.
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Figure A2. 12.4%w-PCM mortar: comparisons of the experimental fluxes with the numerical ones after
identification for the 4 h heating/cooling ramp experiment.
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Figure A3. 12.4%w-PCM mortar: comparisons of the experimental fluxes with the numerical ones after
identification for the 5 h heating/cooling ramp experiment.
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Figure A4. 19.2%w-PCM mortar: comparisons of the experimental fluxes with the numerical ones after
identification for the 2 h heating/cooling ramp experiment.
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Figure A5. 19.2%w-PCM mortar: comparisons of the experimental fluxes with the numerical ones after
identification for the 3 h heating/cooling ramp experiment.
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Figure A6. 19.2%w-PCM mortar: comparisons of the experimental fluxes with the numerical ones after
identification for the 4 h heating/cooling ramp experiment.
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Figure A7. 19.2%w-PCM mortar: comparisons of the experimental fluxes with the numerical ones after
identification for the 5 h heating/cooling ramp experiment.
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Figure A8. 22.1%w-PCM mortar: comparisons of the experimental fluxes with the numerical ones after
identification for the 2 h heating/cooling ramp experiment.
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Figure A9. 22.1%w-PCM mortar: comparisons of the experimental fluxes with the numerical ones after
identification for the 3 h heating/cooling ramp experiment.
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Figure A10. 22.1%w-PCM mortar: comparisons of the experimental fluxes with the numerical ones
after identification for the 4 h heating/cooling ramp experiment.
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Figure A11. 22.1%w-PCM mortar: comparisons of the experimental fluxes with the numerical ones
after identification for the 5 h heating/cooling ramp experiment.
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Figure A12. 12.4%w-PCM mortar: comparisons of the identified enthalpy functions with respect to the
heating/cooling ramp (n.b. unique formulation pertaining for both fusion and crystallization).
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Figure A13. 19.2%w-PCM mortar: comparisons of the identified enthalpy functions with respect to the
heating/cooling ramp (n.b. unique formulation pertaining for both fusion and crystallization).
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Figure A14. 22.1%w-PCM mortar: comparisons of the identified enthalpy functions with respect to the
heating/cooling ramp (n.b. unique formulation pertaining for both fusion and crystallization).
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