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Abstract: This paper presents a methodological approach for the evaluation of the thermal behavior
of cementitious porous media with/without integrated latent-heat thermal energy storage (LHTES).
To achieve this goal, the Lewis-Nielsen model has been calibrated to predict the insulation properties
of mineralized foamed concretes. Two pore-related microstructural fitting parameters, A and @,
are presented according to the available data in the literature. In this regard, new findings are
implemented for the classification of pore structure and prediction of the homogenized thermal
conductivity of two-phase cementitious foams with or without phase change materials. The calibra-
tion and predictive analyses have been extended to a wide range of experimental data, including
variation of binder types, porosities, and latent components. The presented analytical approach
appears to agree well with experimental results and can be employed in the design of two-phase
mineral foam materials. Then, to assess the thermal behavior of the predicted insulating envelopes,
a one-dimensional (1D) enthalpy-based model is used which combines Fourier’s law of heat con-
duction, the first law of thermodynamics, Lewis-Nielsen conductivities, and the mixture theory
for LHTES additions. The results demonstrated the importance of volumetric heat capacity for the
thermal inertia of building envelopes.

Keywords: latent heat thermal energy storage (LHTES); thermal energy storage (TES); porous media;
cementitious foam; conductivity prediction; Lewis-Nielsen model; Fourier’s law; dynamic envelopes;
energy efficiency

1. Introduction

The built environment is responsible for over 30% of global energy consumption and
contributes nearly 40% of total direct and indirect greenhouse gas emissions [1-3]. In
this context, the use of thermal energy storage (TES) technologies and latent-heat thermal
energy storage (LHTES) systems has an enormous potential for novel applications in build-
ings [4-6]. Utilizing phase-change materials (PCMs), one of the most effective methods for
increasing the latent heat storage in buildings, offers viable solutions for improving energy
efficiency, enhancing the performance of HVAC and on-site renewable energy systems, i.e.,
reducing peak loads, maintaining indoor comfort levels, regulating temperature excursions
and attenuating extreme thermal values [7-11].

Over the past few years, numerous articles have been dedicated to exploring the use
of PCMs in construction and building materials [12-14]. More specifically, the ability to
store and release large amounts of heat into PCMs mixed within insulating envelopes can
effectively reduce the thermal conditioning load of the building [15-24]. In this context, a
significant proportion of the research on PCMs focuses on their incorporation into porous
cementitious or other binder-based composites (i.e., having a density <800 kg/m?) to be
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used for thermal insulation in nearly-zero-energy buildings (nZEB) [25-28]. These com-
posites can provide excellent heat blocks and are non-flammable [29,30]. However, the
thermophysical properties of cementitious foams largely depend on the microstructural
parameters, including air content as well as inner pore morphology and the amount/type
of binders, aggregates, and, eventually, additional components like fillers, fibers, or rub-
ber particles [31-38]. The correlation between microstructural parameters and related
thermophysical properties of porous cementitious composites has been the object of ex-
tensive study for many decades due to its wide applicability in engineering problems
and applications.

From the modelling point of view, on one hand, several theoretical and empirical
models have been proposed in the literature to deal with describing the conductivity (either
thermal or electrical) of composites. In this context, the most popular expressions are those
due to the proposals by Maxwell [39-42] and Bruggeman [43—46]. They are often based on
expressions providing the effective conductivity of a homogenized composite, and built up
by combining the conductivity of the multi-phase components, such as the matrix, fillers,
air-voids, fibers, etc. The weighting parameters in these formulas are commonly determined
by either the volumetric or the weight fraction of each individual phase. However, the
influence of the pores (i.e., amounts, sizes, and distributions) on the heat-transfer properties
of porous materials represents the key factor in this field [47]. Specifically, the thermal
conductivity of two-phase porous systems has been reported to be strongly influenced by
their pore nature and structure [48,49]. In this field, it is worth mentioning the proposal
by Lewis and Nielsen [50,51], which most closely matches the transport parameters in
two-phase porous systems in different cases [52-56].

On the other hand, modelling the heat storage capacity of porous cementitious systems
enhanced with LHTES components has been largely explored in the literature. Most of
the models arise from solving the so-called Stefan problem for phase transformation
problems [57-59]. However, in construction and building materials applications, the
problem can be highly simplified, and the so-called enthalpy-based method, employable for
conduction-only mechanisms, represents the most used and simplified approach followed
by many authors [60-65].

This study aims to propose a simplified analytical approach for predicting the homog-
enized thermal conductivity of porous cementitious media. A wide range of experimental
data from the literature regarding the microstructure parameters of cement-based foams
influencing thermal conductivity has been compiled. The links between air inclusions and
fractions, geometrical classification of the pores, and the overall homogenized thermal
conductivity kg of porous cementitious foams are established. The proposed analytical
model concerns the stochastic characteristic of the pore structure and allows the prediction
of the homogenized thermal conductivity of cementitious foams considering the shape
and packing of the pores. The methodology can be further applied to solve the energy
transport equations through the complex structure of mineral foams, with/without LHTES
components, without the need for costly experimental designs or expensive computer
analysis for ascertaining ke [66].

The present paper is structured as follows. Section 2 provides a summary of the
available experimental data in the recent literature related to low-, medium-, and high-
porosity cementitious media. In Section 3, the theoretical background of the Lewis-Nielsen
model is discussed, including its assumptions, applicability, and further extension of the law.
Section 4 presents the analytical predictions and comparisons relative to the experimental
data to assess the soundness and capabilities of the methodology. Section 5 analyzes the
TES (latent and sensible) performance of the studied composites, e.g., in 1D wall systems,
while also examining the direct impacts of dynamic insulation parameters and the variable
effusivity and diffusivity of the media. Finally, Section 6 concludes with the main remarks
and provides future research directions.
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2. Experimental Database

Experimental tests on variable porous cementitious systems have been employed
as a reference database to show the potential and capability of the proposed modelling
procedure described within Sections 3 and 4. This section reviews and analyzes a series
of data available in the literature; the data cover the entire density (porosity) range, from
low densities (porosities) up to high densities (porosities). The data are those tested by
Batool (2015) [67], Awang et al. (2012) [68], Wei et al. (2013) [69], Mydin (2011) [70],
Davraz et al. (2016) [71], Oren et al. (2020) [72], and Jiang et al. (2017) [73] & (2016) [74];
see Supplementary Material S1 for more details.

All data collected in Table 1 are highlighting the types of binders used, possible
additives/fillers, target densities p, water-to-binder ratios, dry densities p, measured con-
ductivity values of cementitious matrices/skeleton (either pastes or mortars), dispersed air
content (porosity), type of foaming agent employed, methods of foaming, and measure-
ment methods for the foam conductivity, as well as how all of these factors are affecting the
overall conductivity of the foam system (last column of the table). The review of these data,
as listed in Table 1, reveals that the use of different pozzolanic additives/fillers into the
matrix can affect the porosity and the related properties of the foam, and generally leads to
a reduction of the thermal conductivity of the composite.

Table 1. Experimental database of foam concrete by [67-74].

Matrix Dispersed

. Target Dry N . . Conductivity Foam

Authors B]{;s:r Additive/Filler Raﬂ)o Densit)sl p Densit%/ p Cg:;itl;c- Coﬁiint FX;:E?g fl:\?lzrt‘llll;‘f Measurnment  Conductivity

kgm)  (kghm’) oo . Method (k/W/m)

800 724 0.458 0.49 0.180
Ref 600 492 0.458 0.64 0.125
400 303 0.458 0.78 0.076
800 751 0.458 0.50 0.183
FA10 600 549 0.458 0.62 0.136
400 360 0.458 0.76 2 0.081
_ - 800 710 0.407 0.50 &0 E 0.182
= o FA20 600 499 0.407 0.64 £ g 0.122
@ g 400 273 0.407 0.81 . £ & 0.074
S - 800 755 0.415 0.50 b5 5 2 0.173
et g SF10 0.69 600 499 0415 0.65 E 5 g 0.111
= = 400 320 0.415 0.78 & = =, 0.079
8 8, 800 750 0.416 0.53 g B 0.166
& g SF20 600 474 0.416 0.70 = £ 0.100
400 270 0.416 0.83 = = 0.071
800 759 0.456 0.50 &= 0.176
MK10 600 529 0.456 0.65 0.119
400 295 0.456 0.81 0.074
800 756 0.461 0.51 0.179
MK20 600 533 0.461 0.65 0.121
400 276 0.461 0.82 0.074
600 na. 1.400 0.69 0.190
RefSa 1000 na. 1.400 0.49 0.430
1400 na. 1.400 0.36 0.590
—~ FA15 600 na. na. 0.69 0.170
i FA30 600 na. na. 0.70 0.160
= ) RL15 600 na. na. 0.72 o 0.160
= ° RL30 600 na. na. 0.70 & =) 0.200
= 8 PF20 600 na. na. 0.70 = £ g 0.180
S = PF40 600 na. na. 0.71 ot £ 5 0.180
= g FA15 1000 na. na. 0.50 £ g 3 0.380
= g FA30 0.45 1000 na. na. 0.51 £ 5 g 0.360
o o RL15 1000 n.a. na. 0.56 2 = =, 0.310
R E RL30 1000 na. na. 0.55 £ g £ 0.310
g z PE20 1000 na. na. 0.54 = Z 0.310
z ~ PF40 1000 na. na. 0.55 = = 0.320
s FA15 1400 na. na. 0.35 & 0.580
= FA30 1400 na. na. 0.35 0.610
RL15 1400 n.a. n.a. 0.36 0.590
RL30 1400 na. n.a. 0.37 0.530
PE20 1400 na. na. 0.36 0.600
PF40 1400 na. na. 0.35 0.560




Energies 2023, 16, 6687 4 0of 20

Table 1. Cont.

Matrix Dispersed

. Target Dry N . . Conductivity Foam

Authors B_ll.;;l:r Additive/Filler 1:’: ﬂ’o Densitg p Densit}; p Cgsgt;c- Coﬁtint FX;I:I:?g ];\(/)[irt?::f Measurnment  Conductivity

(kg/m?) (kg/m?) (W/m) e Method (k/W/m)
_ 1900 1870 0.500 0.00 5 0.500
a2 1700 1636 0.500 0.13 g — - 0.423
9 1500 1461 0.500 0.22 o £ £3 0.363
S — 1300 1201 0.500 0.36 2 £ E = 0.282
= 1000 948 0.500 0.49 2 g EZ 0217
s % FA20 040 800 757 0.500 0.60 £ E Mg 0.165
g 600 570 0.500 0.70 s E e 0.124
= 500 453 0.500 0.76 P~ E\ S 8 0.091
%) 400 374 0.500 0.80 £ 0.080
300 252 0.500 0.87 0.065
= e 650 n.a. na. 0.74 » 0.230
= 3 700 na. na. 0.71 g Z °0 0.240
g R 800 na. na. 0.64 £ g5 BT 0.260
~ g : Ref 0.50 900 n.a. n.a. 0.57 £ 28] gojﬁ 0.280
= g~ 1000 na. na. 051 g g8 =% 0.310
g U 1100 na. na. 0.47 £ = T & 0.340
S 5 1200 na. na. 0.44 & 0.390
= 300 364 n.a. 0.77 0.090
400 510 n.a. 0.70 0.140
. - 500 563 n.a. 0.64 0.140
= ~ 5 600 715 na. 0.58 ks & g. 0.160
A - A
—~ < n.a. . G =8 & .

N2 SE PE/L 030 900 965 na. 038 £ = = 0270
sd ks 1000 1100 na. 0.32 S ~E 1= 0.300
g Us 1100 1272 na. 026 = E C 0320
1200 1321 na. 0.19 0.360
1300 1429 n.a. 0.13 0.430
1400 1531 n.a. 0.07 0.500
=) - 0.91 1000 975 n.a. 0.53 I 0.225
s = FA40/Sa 0.68 1000 1029 n.a. 0.51 § 0.235
g & 0.55 1000 1033 na. 0.50 b 2 2 0.256
~ & 091 1000 949 na. 0.53 S g £ % & 0.220
= o FA40/Sa/GBS  0.68 1000 1004 na. 052 z g o 0.226
B} = 0.55 1000 1030 n.a. 0.51 £ g8 =it 0.230
s s 0.91 1000 926 na. 0.53 £ £ 2 0.208
e} 6 FA40/GBS 0.68 1000 996 n.a. 0.50 § 0.226
Qs:; 0.55 1000 1132 n.a. 0.49 = 0.264
IS ER0% 0.60 n.a. n.a. na. n.a. 0.059
ER3% 0.60 na. n.a. na. na. 0.064
c ER6% 0.60 n.a. n.a. n.a. n.a. 0.063
g ER0% 0.80 na. na. na. na. 0 = 0.060
= 8 ER3% 0.80 na. na. na. na. 5 = 0.063
-z E ER6% 0.80 na. na. na. na. ks £ <) 0.064
e = ER9% 0.80 na. na. na. na. 2 £ ks 0.065
—g 5 ER9% 0.60 na. na. na. 0.89 'E ¢ < 0.069
oD ; Ref 0.80 na. n.a. n.a. 0.92 B s 5 0.052
RS n C/SF6 0.80 na. na. na. 091 S s 5 0.050
- § g C/MK20 0.80 na. na. na. 0.92 A z = 0.054
~ = C/MK20/SF6 0.80 n.a. n.a. n.a. 0.92 g 3 0.054
2 Ref 1.00 na. na. na. 0.91 T 0.053
O C/SFé6 1.00 n.a. n.a. n.a. 0.91 0.051
C/MK20 1.00 n.a. n.a. n.a. 0.91 0.053
C/MK20/SF6 1.00 n.a. na. na. 091 0.055

Figure 1 provides a plot of the effective conductivity, ke (W/m/K), as a function of
target density (kg/ m?), thus summarizing the foams’ results with different concentrations
of additives and fillers, as collected from experimental datasets. Besides the different
types of components and materials employed, Figure 1 depicts a clear increase in the
overall thermal conductivity, with an increase in density in all the experiments. The results
have been presented in four different foam classes, as described in [75,76]: insulating
ultra lightweight (UL) foams having 0-300 kg/m? density; insulating low-density foams,
with 300-800 kg/m? density; moderate strength foams with 800-1350 kg/m? density; and
structural foams with densities higher than or equal to 1350 kg/m? density.
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Figure 1. K¢t (W/m/K) vs. target density, p (kg/ m?) of concrete foams by [67-74]. Ref: Reference
foam, FA: Fly ash, SF: Silica fume, RL/L: Limestone, MK: Metakaolin, GBS: Granulated blast furnace
slag, PF: Polypropylene fiber.

3. Heat Conduction in Two-Phase Porous System

This section presents a simplified approach for the determination of the homogenized
thermal conductivity, keg (W/m/K) of cementitious foam composites. The model is based
on stacked porous amounts (porosity), continuous- and dispersed-phase conductivities,
and geometrical classification of pores according to the comprehensive study of the aqueous
foam structures presented in [77-79]. The main objective is to propose pore geometrical-
fitting parameters that can be employed in designing LHTES/TES-enhanced (two phases)
cementitious foams with general low-to-high porosity.

3.1. Modified Lewis-Nielsen Model for Conductivity of Porous Cementitious Composites

Cementitious foam’s microstructure, considered as a two-phase system, can be mod-
elled as a continuous phase made of cement paste (skeleton) and a dispersed phase made
of air-voids (Figure 2). The main thermophysical parameters of the two-phase system
which govern the homogenized heat transport phenomena include: (i) the specific heat,
(if) the density, (iii) the thermal conductivity (being i., ii., and iii. of the single phases), and
(iv) possible thermal lag, i.e., interfaces between these phases. Knowing these parameters,
one can describe the thermal behavior of the two-phase porous media.

Skeleton: 1 —¢ | k1 Skeleton: 1 —¢ | k1 Skeleton: 1 —¢ | ki
Dispersed air, €, k Dispersed air, €, k2 Dispersed air, €, k2
£<0.52 0.752€20.52 £>0.75

(@) (b) (9

Figure 2. Schematic illustration of a two-phase cementitious foam without considering the meso-
scale air-void distribution: (a) low- (¢ < 0.52), (b) medium- (0.75 > ¢ > 0.52), and (c) high-porosity
(e > 0.75).

The thermal conductivity (k) in a two-phase porous system is significantly influenced
by the conductivities of the continuous phase (k;) and the dispersed phase (k;), and by
their concentrations (i.e., 1 — ¢ for the skeleton and ¢ for the dispersed air, as in Figure 2).
In this regard, numerous analytical equations have been proposed to solve the effective
(i.e., homogenized) thermal conductivity of these two-phase systems. These models are
capable of accurately predicting the effective heat transfer by considering and weighting the
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porosity and conductivity of each single component. However, these approaches become
limited when the pore volume fraction increases and, at the same time, the isolated pores
become connected [69]. Nevertheless, the study conducted by Lewis and Nielsen [50,51],
while originally based on the theory of the elastic moduli of composite materials, has been
found to be a very good approximation for thermal conduction, if enough information
about the air content and the pore structure is available.

3.2. Fitting Parameters A and  for Porous Cementitious Composites

In this work, the following expression by Lewis and Nielsen [50] has been used as

homogenization rule for predicting the conductivity of cementitious foams:
Kp/K;—1

K 1+ AgR At

Ky Ky /Ky —1
K 1- TR A VE

M

where ¢ is the fraction of air inclusion, A the shape factor for the dispersed air-voids, and ¢
considers the type of packing of the pores, as well as the presence of either predominantly
closed or interconnected pores. In Equation (1), the accurate definition (and calibration)
of A and ¢ represents the key task, one which requires a fundamental knowledge and
study of the pore structure of the cementitious foams. For the evolution of A and ¥, it
is also important to consider the hydration process and aging time of the foam. Foam
pore structures can change during the hardening process due to rheological changes of the
cement matrix, with consequent volumetric reduction (shrinkage) of the paste due to drying
processes. Also, local failure of individual lamellae at advanced stiffening/solidification
time steps can lead to pore systems consisting of intersecting (coalescing) spherical pores.
In addition to volume changes, additives with different surface characteristics (polarity)
can also influence pore structure developments, leading to uncertainties in pore structure
and deviation between the real (measured) and the theoretical (calculated) porosity of
the composite.

In the fresh state of the foam, bubble coalescences and/or bubble coarsening are
directly related to an increasing of the air inclusion amount, which leads to an increase
in the mean pore diameter and a shift of the pore-size distribution towards larger pores.
In this regard, pore systems with a predominance of connected pores are formed from
polyhedral-shaped foams which have very high air contents (¢ > 0.75) and exhibit extremely
thin lamellae (ca. 20-30 pm). Due to this, highly irregular structures are associated with
high-porosity foams with a dwindled cement matrix. In foams with a predominance of
spherical bubbles, the minimum and maximum pore sizes, together with their distribution,
can influence the maximum achievable porosity. Thus, assuming an ideal distribution of
the pore sizes, a geometric maximum-possible porosity of 0.75 can be achieved for foams
with spherical bubbles. A classification into polyhedral foams, spherical foams, and bubble
systems can be adopted for the characterization of foamed cement pastes. This classification
represents a correlation between geometry, fraction of air inclusion (porosity) and bulk
density of a fictitious aqueous phase with a bulk density of 2.0 kg/dm?3 [78].

It follows that, by considering the correlation between fraction of air inclusion and
void geometry, as sketched in Figure 3, the calibration factors A and i can be defined
according to the literature. Particularly, the constant A, related to the generalized Einstein
coefficient (Einstein, 1905, 1906), which represents primarily the shape of the air inclusions,
for any direction of heat flow, can be calculated for aggregates of spheres as [51]:

A=221 )

where @, represents the maximum packing fraction of the randomly dispersed air voids,
defined as the true volume of the air voids in cementitious foam divided by the volume
they appear to occupy when packed to their maximum extent. In this sense, the three types
of foam classes can be taken from Table 2.
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O ®
O o 0o > ’ \
°° 0o
@)
o ° ° 0
(a) Random closed-cell bubbles (b) Spherical bubbles (c) Polyhedral bubbles
£<0.52 0.752¢2>0.52 €20.75

{

N4 N

— N

=

Figure 3. Correlation between the fraction of air inclusion (¢) and air void geometry in cementitious
foams of (a) low porosity, (b) medium porosity, and (c) high porosity, based on the findings of [77,79].

Table 2. Air-void shape/packing classifications of low-, medium-, and high-porosity cementitious
foam; see Supplementary Material S2 for more details.

. . Foam Shape . Maximum Packing
Air Fraction Class of Air Voids Type of Packing Fraction (®,,)
e >0.75 I Polyhedral Hexagonal close 0.74
0.75>¢>0.52 I Spherical Random close 0.64
£ <0.52 III Bubbles Random loose 0.60

The structural parameter i, needed for evaluating the conductivity of cementitious

foam, can be estimated as [51]:
1—- @y,
p=1+ ( o2 )s 3)

m

In this study, Equations (1)—(3) are employed for predicting the homogenized (effec-
tive) conductivity of the analyzed low-to-high porous cementitious foams. The proposed
methodological approach enables precise determination of &, (refer to Table 2) for solving
Equations (2) and (3) within each foam class, simplifying Equation (1) for enhanced practi-
cality in engineering applications. Consequently, the only remaining unknown parameters
are porosity and matrix conductivity. This represents a significant advancement in ther-
mal conductivity assessment, particularly addressing the impact of pore geometry within
the mid-to-high-porosity range of mineral foams. This advancement greatly contributes
to standardizing the thermal conductivity of mineral foams, enhancing their utility and
efficiency in engineering design and applications.

It is important to emphasize that the proposed fitting parameters for mineral foams in
this study are based on well-established mathematical principles and exclusively tied to
the system’s geometry; see Supplementary Material S2 for more details. Determining the
correct parameters would be arbitrary and impractical without a comprehensive under-
standing of the factors influencing thermal conductivity and knowledge of mineral foam
pore structures.

4. Analytical Predictions vs. Experimental Data
4.1. Classification of Test Data

In this section, the experimental data presented in Section 2 are analyzed to explore
potential correlations between the fraction of air inclusion (), target density, and effective
foam conductivity. The primary aim of this analysis is to classify the data into specific
categories, such as low-, medium-, and high-porosity cementitious foams. Additionally, a
categorization of the data based on air-void structure/geometry, such as random closed-cell
bubbles, spherical bubbles, or polyhedral ones, is considered, as presented in Section 3.2.
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This information is crucial for the accurate determination of calibration parameters “A”
and “f” in Equation (1).

Figure 4 illustrates the relationship between the fraction of air inclusion (¢) and the
target density for all datasets [67-74] considered in this study. It demonstrates a consistent
linear decrease of porosity with increased density across all the data points. Furthermore,
by employing the classification outlined in Section 3.2, the data can be categorized into
three distinct foam classes: “Class I” for foams with polyhedral-shaped air voids (exhibiting
hexagonal close packing) and a fraction of air inclusion (¢) greater than or equal to 0.75;
“Class I1”, consisting of foams with spherical-shaped bubbles, with random close packing
and a fraction of air inclusion ranging from 0.75 to 0.52; lastly, “Class III” are foams with
low porosity, with random loose packing and a fraction of air inclusion (¢) below 0.52.

1.00
¢ Batoo], F. (2015)
I: Polyhedral shape

0s0 | { 0.74<e + Awang, H. etal. (2012)
N 7R E— AT N N SOOR SO PO SO SPOD U SPU O HOPO OO OO SO OO
o ' + Wej, S. L (201
g X gt 1I: Spherical shape e, 5. etal (2013)
= x ¢ ES
g . 0.52<¢e<0.74 .
2 0.60 [ " ey + Mydin, M. (2011)
=1 °
: 0.52  Jeerrerrerieeeeceeeecssneedessnneaees )Ki ............ i .................................................................
E % + III: Bubble system x Davraz, M. et al. (2016)
S 040 | L + £<0.52
g L | x Oren, O.H. etal. (2020)
5 X
-
R~ X

020 f X ¥

X o
X
0.00 L L L
0.00 0.50 1.00 1.50 2.00

Target Density (kg/dm?)

Figure 4. Fraction of air inclusion () vs. target density (kg/dm?); data by [67-74].

Figure 5 displays the correlation between the foams” homogenized conductivity (k)
and target density for collected datasets [67-74]. It exhibits a clear linear increase of
conductivity against increased density across all the data points. In this case, regarding the
presented classification described in Section 2, the data can be categorized into four distinct
subtypes: “ultra-light insulating foams”, which possess a target density that is equal to
or lower than 0.30 kg/dm?; “low-density insulating foams”, which includes foams with
target densities ranging from 0.30 kg/dm? to 0.80 kg/dm?; “moderate-strength foams”,
classifying foams having a target density ranging from 0.80 kg/dm? to 1.35 kg/dm?; and
finally, “structural foams”, comprising foams with a target density higher than 1.35 kg/dm?3.
It is worth noting that as the density increases, the insulation performance of the material
decreases, as indicated by a higher level of foam conductivity.

Figure 6 combines the information from Figures 4 and 5, establishing a correlation
between foam effective/homogenized conductivity (ks and the fraction of air inclusion
(¢) for the presented datasets. This graph clarifies the classification of the considered foams,
based on air-void structure/geometry and packing characteristics, presenting the related
conductivity range (upper and lower values) expected for each foam system class. The
classification in Figure 6 identifies three foam classes: the first one consists of foams with
bubble types characterized by low porosity and random loose packing (e < 0.52), with
expected k¢ higher than 0.2 W/m/K; the second one comprises foams with predominantly
non-connected spherical-shape voids, exhibiting random close packing, and having a
fraction of air inclusion ranging from 0.52 to 0.75, with expected k¢ between 0.2 W/m/K
and 0.1 W/m/K; lastly, the third class includes polyhedral-shaped foams, with hexagonal
close packing and ¢ greater than or equal to 0.75 with expected k¢ less than 0.1 W/m/K.
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An interesting observation arising from Figure 6 is that the type of internal structure in the
foam is directly linked to the total air fraction and the target density of the system.
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Figure 5. Kof (W/m/K) vs. target density (kg/ dm®); data from [67-74].
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Figure 6. K. (W/m/K) vs. fraction of air inclusion (¢): data by [67-74].

The classifications, as shown between Figures 4-6, are crucial for guiding the subse-
quent section, which presents a unified approach for modeling heat transfer conductivity in
various types of foams. The approach considers a wide range of porosity levels, extending
from low to high porosity cementitious foams, and points out the effects of the different
types of air-void geometry and meso-structural types. Thus, by understanding the influence
of these factors, this section provides valuable insights into the heat-transfer character-
istics of mineral foams, enabling a comprehensive understanding of their homogenized
thermal conductivity.

4.2. Analytical Description vs. Experimental Measurements of Thermal Conductivity Kg

In this section, the homogenized thermal conductivity of each foam is predicted and
compared to the corresponding experimental data from Section 2, as also categorized in
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Section 4.1. A total of one hundred foam cases were analyzed, and all the data were unified
and calibrated by fitting the parameters “A”, “®,,”, and “”, as listed in Table 3.

Table 3. Calibrated “A”, “®;,”, and “1” parameters for the foam concretes determined by [67-74].

Air Fraction Foam Class A Dy P
€ >0.75 I 2.37 0.74 1.370
0.75>¢ >0.52 I 2.90 0.64 1.563
£<0.52 I 3.10 0.60 1.546

The equation (Equation (1)) used for the analysis is modified, as:

Ky /K;—1
K L+ A Tat @
K, Ky /K;—1 1-Dy
R (e ()

Figure 7 illustrates all the data in terms of effective thermal conductivity (k¢), based on
the data from [67-74], and the predicted values obtained using the modified Lewis—Nielsen
expression proposed in Equation (4).
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Figure 7. K¢ (W/m/K) [67-74] vs. fraction of air inclusion (¢); blue points indicate the predicted
values and black points indicate the experimental findings.

Notably, the homogenized conductivity predictions can be achieved by solely cali-
brating “A” and “®,,” parameters, which are mainly influenced within the three distinct
foam classes mentioned in Section 3.2. Specifically, the fundamental factors are the foam
air-volume fraction and the dispersed air-geometry characteristics, while one can disregard
other factors, such as binder variations, casting types, foaming agents, and other compo-
nents/amounts. This aspect represents the significant contribution of this study, as the
application of the modified Lewis-Nielsen expression to an extensive dataset of mineral
foams with widely scattered formulations and thermal responses has not been attempted
previously. This limitation arises from the lack of sufficient experimental data regarding
the classification of pore geometry in mineral foams, a crucial factor for determining the
appropriate values of parameters A and @, in model implementation.

The presented results show that, by considering the shape of the dispersed air and their
packing characteristics, a consistent stable response for each foam type can be achieved,
i.e., class I (polyhedral-shaped air voids), class II (spherical-shaped), and class III foams
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(loosely packed bubble inclusion). There is substantial good agreement between the theory
and the experimental data.

To demonstrate the effectiveness of this approach, Figure 8 shows the homogenized
predicted conductivity values plotted against the employed data. The figure displays
both the linear-regression curve and the square-root error, both of which help to identify
the best-fit line that presents the relationship between the measured variables and the
predicted ones.

060 r

y =1.0128x - 0.0029
R2=0.9828
040 [

Batool

Awang

Wei

Mydin

Davraz

Oren

Jiang

Linear regression
prediction bound- 99%

020 r

Keff, Nielson (W/m/K)

0.00 . ! !
0.00 0.20 0.40 0.60

Keff, measured (W/m/K)

Figure 8. Lewis-Nielsen predictions: ke, Nielson (W/m/K) vs. measured conductivity kes, mea-
sured (W/m/K), for all collected data; comparison and linear regression + R2, slope >1 model
overestimates the conductivity data.

The prediction results reveal promising outcomes, with a high R? value of 0.9828 and
a regression line slope of 1.0128. In Supplementary Material S3, Figures 5S2-S8 show the
homogenized predicted conductivity values plotted against the employed data, analyzed
author by author. The agreement between experimental values and predicted ones is
remarkable; see Figure 8. A prediction interval, within which, with a probability of 99%,
future observations are expected to fall, is presented in Figure 8. It provides an uncertainty
of 0.02 W/m/K surrounding the predicted foam homogenized conductivity value by
applying the proposed approach. The scatter in the data can potentially be attributed to the
experimental errors due to sampling, measurement techniques, and measurement accuracy.

It is possible to further simplify and extend Equation (4) by incorporating the param-
eters from Table 3. However, the predictive results obtained demonstrated remarkable
accuracy, closely matching the experimental data. At this point, there is no compelling
reason to extend the equation further.

4.3. Extension of the Analytical Model for Porous LHTES-Systems (Mineral Foams)

The main objective of the analytical model proposed in Sections 4.1 and 4.2 was
to predict the conductivity, or the homogenized one, of cementitious foams made of
various types and amounts of components and having variable properties. By knowing
the conductivity of the matrix (or skeleton) and considering the amount of air inclusion
(porosity), and by using the analytical formula based on air dispersion shape and packing,
the conductivity of the homogenized porous system was well predicted.

Based on this, now the model can be extended to predict the conductivity of latent-
heat-storage-enhanced porous systems. The goal is to facilitate simulations through simple
engineering calculations, without the need to perform expensive experimental tests. The
estimation of the homogenized conductivity of LHTES-enhanced foams is thus considered
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by employing different optimization methods, such as embedding microencapsulated
phase change material (MPCM) within the skeleton at various percentages (i.e., 10%, 20%,
30%, and 40%). The investigation is limited to 40%, since higher percentages have been
found to compromise foam stability. The proposed analytical formula (Equation (4)) has
been employed by adopting the parameters of the LHTES-enhanced skeleton (MPCM
pastes) by Sam et al. [80], including the thermal conductivity data for the MPCM paste, in
both liquid and solid phases. The conductivity of the air is sourced from the literature. All
these data are summarized in Table 4.

Table 4. Data used in the proposed model to predict homogenized conductivity of thermal-energy-
storage mineral foam composites; see Sam et al. [80].

K¢ Paste (W/b =0.4) K¢ Paste (w/b = 0.4)

Vol.- %MPCM Solid Phase MPCM  Liquid Phase MPCM

in Paste (W/m/K) (W/m/K)
40 0.600 0.464
LHTES Paste 20 0.754 0.759
Keff Ref Paste w
e 0.89-0.93
K Air(W/m/K) 0.025

The graphs of Figures 9 and 10 illustrate the predicted homogenized conductivities of
the LHTES/TES-enhanced foams, with and without considering 20% and 40% of MPCM
pastes in comparison.
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Figure 9. Foam with skeleton having 0% (Ref) and 20% MPCM: fraction of air inclusion (e) vs. ke,
predicted (W/m/K).

More specifically, the skeleton of the foams consists of cement paste with a water-to-binder
ratio of 0.40, which was mixed with a commercial MPCM having a melting/solidification
temperature of 24 °C, with volume percentage substitutions of 0%, 20% and 40%, respectively.
The experimental data were tested by the author in the previous work; see Sam et al. [80]. By
analyzing the graphs, the conductivity range within each foam class and porosity level can
be determined at any desired porosity. The effective homogenized values for 10% and 30%
of MPCM substitutions in the paste can be smoothly interpolated from the data available in
this section.
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Figure 10. Foam with skeleton having 0% (Ref) and 40% MPCM: fraction of air inclusion (¢) vs. ke,
predicted (W/m/K).

In conclusion, Table 5 presents the predicted homogenized conductivity ranges for
different foam classes and volumetric amounts of MPCM, offering insights into the con-
ductivity of polyhedral and spherical foam systems (of both Class I and II) with porosities
higher than 52%, which can be used for energy storage purposes.

Table 5. Proposed predicted conductivity range for further thermal analysis and numerical simula-
tions. Values for specific porosity can be taken from Figures 9 and 10.

F Vol-. kegs Foam Kkegr Foam
oam . Lo
Class %MPCM Solid Phase Liquid Phase
in Paste PCM (W/m/K) PCM (W/m/K)
40 <0.14 <0.10
TES Polyhedral Foam I 20 <017 <015
. 40 <0.24 <0.20
TES Spherical Foam I 20 <030 <028
TES Polyhedral Foam I 0 <0.2
TES Spherical Foam I 0 <0.39

This information is utilized for a 1D-wall simulation presented next, in Section 5,
by incorporating porosity and effective thermal conductivity of TES-Foam with and
without MPCM.

5. Integration of LHTES and Dynamic Envelopes: Application Scenario-1D Model
Based on the First Law of Thermodynamics

In this section, the thermal performance of multi-layer enclosing structures consisting
of expanded polystyrene (EPS) and TES-foam (foam having porosity higher than 52%)
as external layers and reinforced concrete as main structural layer is assessed by using
standard one-dimensional (1D) FEM simulation. More details about the applied theoretical
background are presented in Supplementary Materials S4.

This chapter underscores the model’s physical significance for a building envelope
and illustrates how the model simplifies the intricate numerical calculations that were previ-
ously required to determine the thermal conductivity of mineral foams. These calculations
include scenarios involving 20% MPCM in the skeleton and 90% porosity.

The analytical model implemented enables the straightforward representation of
thermal behavior within building envelopes by the modification of input parameters such
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as matrix conductivity and/or porosity. This analytical capability extends to the calculation
and implementation of conductivity while addressing concerns related to volumetric heat
capacity through a simple one-dimensional FEM simulation.

Parametric Studies for Thermal Performance in Multi-Layer Structures (EPS vs. TES
Foam Composites)

The heat flow via conduction through a two-layer enclosing structure is schematized in
Figure 11: the x-axis denotes the direction of the one-dimensional heat flux, and considers
a heat flow between the exterior layer, L1 (0.1 m thickness), and the interior one, L2 (0.2 m
thickness), with total thickness of Ax = 0.3 m.

L1 L2

Outdoor Indoor

Tleft k, pCp kv pCp Tright

x=0 x=0.1 x=0.3

Figure 11. Schematized one-dimensional (1D) conduction model for a two-layer wall.

For one-dimensional heat flow, the temperature gradient through the structure is
simulated. To solve the heat transfer problem (as shown in the Supplementary Materials),
two nodes’ truss finite elements (FEs) were adopted and the non-linear FEM problem was
solved in MATLAB; the space discretization of the wallboard uses 100 FEs, while for the
temporal one, an implicit backward Euler method with a time stepping of 5 min within 24
h was chosen. Initial boundary conditions considered an initial temperature Ty = 20 °C
(i.e., at t = 0), while essential (Dirichlet types) boundary conditions were fixed according to
two case studies:

e “Summer” T(x =0,t) = Tjopy =40 °C T(x = 0.3,t) = Tyjgpy = 20 °C;
o “Winter” T(x =0,t) = Tjepy = —=5°CT(x = 0.3,t) = Ty = 20 °C;

Two scenarios are simulated: wall section with TES-foam as insulating layer L1 con-
taining 2% MPCM (Tr,: 24); and wall section with EPS as insulating layer L1. Tables 6 and 7

provide the key thermophysical parameters of the considered EPS and TES foam with and
without MPCM for the analysis of the thermal behavior of the two-layer wall sections.

Table 6. Thermophysical properties of single components relevant for calculating the volumetric heat
capacity of TES foam, both with and without MPCM, using mixture theory.

Paste [80] Air MPCM [80]
Density, p (kg/m?) 1708 1.2 760
Sensible heat capacity, Cp (J/kg/K) 1300 1000 2100
Latent heat storage, h (kJ/kg) 0 0 195

Table 7. Thermophysical properties of composites: model input for simulating one-dimensional
(1D) temperature profiles. “TES-Foam’ denotes foam with porosity higher than 52% and without
integrated MPCM. * Foam with ¢ = 0.90, MPCM in solid phase.

TES-Foam 0% TES-Foam 2%

MPCM MPCM RC-Wall EPS [81,82]
Density, p (kg/m?) 200 90 2000 30
Predicted effective conductivity, kg (W/m/K) 0.07 * 0.05 * 2.1 0.04
Volumetric heat capacity, Cp, sensible (kJ/m3/K) 223.120 210.632 1760 45

Latent heat storage, h (kJ/m?3) 0 2964 0 0
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Using the measured thermophysical properties of single components shown in Table 6,
the volumetric heat capacity of TES-foam with and without MPCM can be simply ascer-
tained by applying the mixture law [61]; see Table 7. Density and effective conductivity
of TES-foams with 90% porosity are two parameters derived from the presented model in
Sections 3 and 4.

Figures 12 and 13 present the transient temperature distribution along the x direction
across the two-layer structure, showing the differing responses of EPS and TES-Foam
with 2% volumetric amount of MPCM to the heat and cold wave. The initial scenario
involves both outside and inside temperatures equal to 20 °C at ty. Subsequently, a sudden
increase/decrease in the outside temperature to 40 °C/—5 °C occurs. The graphs depict
the temperature distribution inside the wall at 5 min intervals. In both Figures 12 and 13,
Ty represents the temperature at location x1, recorded 5 min after the initiation of a
temperature increase or decrease, demonstrating a noticeably slower rate of temperature
change in response to both heat (Figure 12) and cold (Figure 13) wave stimuli for TES-Foam.

EPS as insulation TES-Foamas insulation

K k)
8 32 8
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® ®
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Figure 12. One-dimensional (1D) transient temperature field across the wall with thickness
(Ax =30 cm), at tp, the temperature difference AT = 0 (Tipside = Toutside = 20); sudden outside temper-
ature increase to Tyysige = 40 to evaluate the wall response to heat wave at any fixed position along
the x axis. The temperature profile for the wall section is depicted using lines of different colors at
various time intervals: t; = 5 min, tp = 10 min, up to t, =24 h.

The simulation results shown in Figures 12 and 13 indicate that the volumetric heat
capacities of the materials have a decisive impact on the capacity of heat storage and
prolonging the heat/cold penetration, providing a balanced and energy-efficient means of
maintaining indoor comfort. A significantly higher volumetric heat capacity of TES/LHTES-
Foam (223.120 kJ /m3/K/210.632 k] /m3/K) in comparison to EPS (45 k] /m3/K) reduces
the required storage volume and, at the same time, the structure thickness.

TES-Foam functions as thermal mass or thermal battery, effectively moderating in-
ternal temperatures by mitigating day-night temperature fluctuations. When integrated
as LHTES-Foam, TES-Foam significantly enhances its thermal capacity through the effi-
cient latent heat storage and controlled release of heat energy. During warmer periods, it
adeptly absorbs and stores excess heat, while during cooler periods, it steadily releases the
stored heat, contributing to the stabilization and regulation of indoor temperatures. This
dual functionality of TES Foam as both a thermal mass and an advanced LHTES material
provides a robust and energy-efficient solution for maintaining a consistently comfortable
indoor environment, regardless of external weather variations.
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Figure 13. One-dimensional (1D) transient temperature field across the wall with thickness
(Ax =30 cm), at tp, the temperature difference AT = 0 (Tinsige = Toutside = 20); sudden outside temper-
ature decrease to Tyysige = —D to evaluate the wall’s response to a cold wave at any fixed position
along the x axis. The temperature profile in the wall section is depicted using lines of different colors
at various time intervals: t; = 5 min, t, = 10 min, up to t, =24 h.

Table 8 summarizes the calculated thermal diffusivity («) and thermal effusivity (b)
variables of proposed structures to assess the thermal performance under transient bound-
ary conditions and conducts an evaluation of the energy-saving capacities of both structures.
Lower thermal diffusivity of LHTES/TES-Foam (0.0237 10~> m?/s/0.0314 m?/s), com-
pared to EPS (0.08 10> m?/s), provides a much slower response to temperature differences,
and decreases the transient heat transfer, or the progression of a temperature wave in the
system, extending the time for charging and discharging of heat/cold load and turns, all in
a more thermally inert system; also see Figures 12 and 13. This is especially beneficial for
reducing over-temperature degree hours in indoor spaces. A much higher thermal effusiv-
ity value for LHTES/TES-Foam (102.6 m?/k/S%?/124.9 m?/k/S%? vs. 42.5 m? /k/S? for
EPS) leads to a larger amount of heat being stored, which is significant for the effectiveness
of internal storage masses.

Table 8. Calculated thermophysical properties relevant for dynamic envelope evaluation; thermal
diffusivity o = A/pc, and heat penetration coefficientb =, /Apc »

TES-Foam  TES-Foam RC-

0% MPCM 2% MPCM Wall EPS
Thermal diffusivity, « 107> (m?/S) 0.0314 0.0237 0.15 0.08
Heat penetration coefficient, b (J/(m?/k/S%®) 124.9 102.6 1922.5 425

6. Conclusions

This paper presents an analytically based approach which combines the effective ther-
mal conductivity of the foam skeleton with dispersed air bubbles, creating a porous media
system. The objective is to provide a comprehensive description and precise prediction of
the thermal behavior of TES-mineral foams with/without LHTES (incorporation of MPCM),
with varying porosity levels, ranging from low to high, with the final goal of facilitating
simulations through simple engineering calculations, and without the need to perform
expensive experimental tests.
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Considering the correlation between porosity and geometry of the dispersed air,
through the porous mineral systems, six fitting values of parameters “A” and “®,,” were
proposed for use in the modified analytical expression proposed by Lewis and Nielsen
(1940), based on three distinct foam classes: Class I foams, having polyhedral-shaped air
voids and a fraction of air inclusion (¢) greater than or equal to 0.75; Class II foams, having
spherical-shaped bubbles and a fraction of air inclusion ranging from 0.75 to 0.52; and
lastly, Class III foams, with low porosity and a fraction of air inclusion (¢) below 0.52.
The calculated homogenized conductivities were validated by using the proposed fitting
parameters and upon the collected experimental data, resulting in a consistently stable
response for all foam classes and datasets.

By determining the effective conductivity of TES-mineral foams, with and without
latent heat integration, at high porosity of 90%, and by calculating the volumetric heat
capacity of the composite using the mixture theory, the potential of LHTES/TES-enhanced
mineral foams to be used for thermal energy storage purposes was discussed. In this
regard, thermal diffusivity and the heat penetration coefficient of the LHTES/TES-enhanced
mineral foams was calculated and compared with conventional EPS. The results showed
a 3.5 to 4 times higher value for thermal storage capacity and an almost 70%/60% lower
thermal diffusivity for LHTES/TES-enhanced mineral foams, respectively, compared to
EPS layers, without considering the latent heat storage amount (h).

Future research directions might aim at exploring new building envelopes that incor-
porate dynamic thermal performance. This approach differs from conventional solutions,
which are based on obsolete concepts of insulation and thermal resistance (R-value) pa-
rameters. The main goal will be to synergistically integrate both insulation materials and
latent heat thermal storage (LHTS), thus opening new perspectives for prospective novel
envelope designs. Research studies regarding their long-term stability, durability, and per-
formance under different environmental conditions would contribute to a comprehensive
understanding of their applicability in real-world scenarios.
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