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The incorporation of phase change materials (PCMs) in cement-based materials opens pathways for large-scale
thermal energy storage with tremendous opportunities for energy saving. However, traditional use of polymer
micro-encapsulated PCMs (MEPCM) in cement-based materials lead to several well-known drawbacks (e.g.,
detrimental to mechanical performance, lower thermal conductivity, and high costs). In this research, a novel
micro-encapsulation pathway is pursued, using fly-ash cenosphere to encapsulate PCMs for high volume use in
cement-based materials. A comparative study was conducted to elucidate the effects of the cenosphere encap-
sulated PCMs (namely CenoPCM) and its polymer micro-encapsulated counterparts on the mechanical and
thermal properties of functionalized cement-based materials. In addition, a micro-mechanics-based model was
developed to predict properties of cementitious materials containing MEPCM. Property trade-off analysis shows
that CenoPCM has substantial potential in the development of heat-storing cement-based materials, due to its
significantly improved mechanical properties, good thermal conductivity, and much lower cost than other

MEPCMs.

1. Introduction

The building sector consumes approximately 39% of primary energy
produced within the United States in 2019 [1], of which about 35% is
attributed to heating, ventilation, and air conditioning (HVAC) [2]. It is
projected that an annual average increase of 0.4% and 0.5% for the next
30 years in the residential and commercial sectors respectively [3]. To
curb this trend, efforts to improve the energy efficiency of buildings are
critical to reduce energy consumption and the associated greenhouse
energy emissions from building operations. Incorporating phase change
materials (PCMs) into cement-based materials (cement, mortar and
concrete) is one such effort which has been extensively studied [4-9].
PCM has large thermal energy storage capacity due to its high latent heat
of fusion. Through absorbing and releasing thermal energy during the
melting and solidifying phase change, cement-based material incorpo-
rating PCM can significantly increase the thermal mass of a building,
which in return reduces the energy consumption of building and indoor
temperature fluctuations and improves thermal comfort [10].

The PCM (e.g., paraffin wax) can be incorporated into cement-based
materials through direct immersion [11,12], form-stable composite
PCM [13-15], and encapsulation [4-7,16]. The direct immersion

method directly immerse construction elements (e.g., concrete blocks)
into liquid PCM and absorbs the PCM by capillary action [12]. Even
though it can be easily incorporated into cement-based materials and
can be implemented at a low cost, this method suffers from the draw-
backs of poor stability of the PCM and deterioration of mechanical and
thermal properties caused by the direct contact of paraffin wax with the
highly alkaline cementitious environment [17]. The form-stable com-
posite PCM method first absorbs liquid PCMs into lightweight porous
media, e.g., pumice and expanded shale/clay aggregates; and then, the
PCM filled porous materials are mixed into cementitious composites
[18]. This allows the PCM to be incorporated into construction materials
at higher volume fraction. But this method raises the issue of leakage of
the PCM from the porous media, both during mixing and after curing.
The leaked PCM in contact with the cementitious binder may interfere
with the hydration reactions [19-21] and affect the mechanical and
durability properties of concrete elements; it may also cause the corro-
sion of reinforcing steel (especially for inorganic salt hydrates) that
adversely affects the service life of the concrete structure [22].

To overcome these deficiencies, macro- and micro-encapsulation
methods have been widely adopted and studied [4-7,16]. The main
difference between macro-encapsulation and micro-encapsulation lies
in the size and shape of shells. Macro-encapsulation usually has a shell
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Nomenclature

CCD Charged-coupled device

CCMi Cementitious composites containing Micronal®
CCPCM Cementitious composites containing CenoPCM
CenoPCM Fly-ash cenosphere encapsulated phase change

material
CMOD  Crack mouth opening displacement
Do 10th percentile of particle size distribution
Dsp 50th percentile of particle size distribution
Dgg 90th percentile of particle size distribution
DIC Digital image correlation
DSC Differential scanning calorimetry

FAC Fly-ash cenosphere

HVAC  Heating, ventilation, and air conditioning
ITZ Interfacial transition zone

MEPCM Micro-encapsulated phase change material
PCM Phase change material

SEM Scanning electron microscope
XRD X-ray diffraction

TGA Thermogravimetric analysis
TPS Transient plane source

size with diameter larger than 1 mm or 1 cm [6], whilst
micro-encapsulation is usually 1-300 pm in size [23]. The
macro-encapsulation method stores PCM into a relatively larger
container (e.g., tubes [24], spheres [25]). It permits a high encapsula-
tion ratio of PCM and a high content fraction of PCM incorporated into
cement-based material. However, macro-encapsulation suffers from the
drawbacks of leakage issues, poor heat transfer characteristics and
thermal stratification [26]; and specific latent heat devices or heat
exchanger surfaces are needed which increases the thermal conductance
between PCM and environment [23]. Therefore, the
micro-encapsulation method, as a potential solution to
macro-encapsulation shortcomings, has attracted great research interest
during the last two decades. Due to its smaller size compared with
macro-encapsulation, micro-encapsulation phase change material
(MEPCM) has the advantages of good control of volume change when
phase change occurs; easily incorporated into conventional building
materials; and enhanced conductive heat transfer between PCM and the
surrounding material [26]. The most commonly used encapsulating
medium are polymer shells that can be physically or chemically created,
generally controlled by the desired particle size (i.e. microcapsules
smaller than 100 pm cannot be created using physical methods) [5].
While polymer-based encapsulation is widely studied, it may be asso-
ciated with very high production costs. It also suffers drawbacks
including [23]: (1) its low mechanical stiffness and strength which leads
to a significant reduction of mechanical performance for construction
materials including concrete [27,28]; (2) leakage of PCM during mixing
of concrete due to its low mechanically performing shell; and (3) poor
thermal conduction performance due to the low thermal conductivity of
polymer material.

This research tackles several major drawbacks of polymer shell based
micro-encapsulation for incorporating phase change materials (PCM)
into cementitious composites and concrete. To this end, a novel tech-
nology was presented, which uses fly ash cenospheres (FACs) as the
micro-encapsulation method and the produced PCM microcapsules,
referred to as CenoPCM [23,29]. This method uses the rigid fly-ash
cenosphere in lieu of polymers. Preliminary studies showed very
promising results of the FAC encapsulation technology — high mechan-
ical performance and good thermal and chemical stabilities within
cementitious systems. In this research, the mechanical and thermal
performance of cementitious composites functionalized with fly-ash
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cenosphere encapsulated phase change material, i.e., CenoPCM, are
studied through a series of experimental tests and computational
modeling. Specifically, experiments were conducted, where the me-
chanical properties (elastic modulus, compressive strength, and fracture
toughness) and thermal conductivities of two types of cementitious
composites containing microencapsulated phase change materials
(MEPCMs), i.e., CCPCM and CCMi with CenoPCM and Micronal® as
inclusions, were prepared and tested. The PCMs were added to replace
fine aggregate at the volume fractions between 3% to 20%. The exper-
imental results demonstrate superior performance of CCPCM compared
with CCMi, and comparable thermal conductivity. In addition, a
micromechanics-based computational model was presented to predict
the elastic and thermal properties of cementitious composites containing
MEPCMs. A property trade-off analysis was conducted using the cali-
brated computational model to quantify the technoeconomic potential
of the new microencapsulation technology.

2. Experimental program

2.1. Preparation of fly-ash cenosphere encapsulated phase change
material (CenoPCM)

The production of fly-ash cenosphere encapsulated phase change
material (or CenoPCM) follows the procedure outlined in one of the
authors’ earlier papers [23]. In this study, a fatty-acid derivative, i.e.,
PureTemp 29 (Entropy Solutions, LLP), was selected as PCM to be
encapsulated because of its high heat of fusion (~200kJ/kg), cyclic
stability, and good cost-performance for potential large-scale building
applications. Cenospheres used in this research were obtained from
CenoStar Corporation (USA). It has sizes between 10 and 160 pm with
Djp = 44.9 ym, D5p = 90.6 pm and Dgp = 155.4 pm, as shown in Fig. 1.

The three-step process outlined in Ref. [23] was used to encapsulate
the PureTemp™ fatty acid PCM in micro-sized fly-ash cenospheres, see
Fig. 2: (1) perforating cenospheres with acid etching; (2) loading melted
PCM into perforated cenospheres, and (3) sealing the PCM loaded
cenospheres. Cenosphere particles are comprised of an aluminosilicate
shell (typically a few micrometers thick) with high stiffness and strength
[30]. The shell has a porous structure (Fig. 1 (d)) covered by a
glass-crystalline layer [31]. The hollow interior of cenospheres (typi-
cally over 80% in volume) makes it an ideal material to encapsulate
functional agents such as PCM. To make the cenosphere interior acces-
sible during PCM impregnation, acid etching technique is employed to
open the pathway to load melted PCM. To this end, approximately 12 g
of cenospheres was soaked into 250 mL of 1.0M NH4F-1.2 M HCI-H,0
solution for 2 h with occasional stirring. The specific gravity of the
cenospheres is about 0.75 g/cm3, thus 12 g of the cenospheres corre-
sponded to a volume of 16 mL. This made the volume ratio of solid to
liquid to 1:15 in this acid treatment, which was among the range
adopted by other researchers [32,33]. Occasional stirring was applied
instead of continuous one to prevent the possible damage of the ceno-
spheres during stirring. To compensate for this mild stirring process,
longer treatment time was used (2 h). After etching, the perforated
cenospheres were vacuum filtered and rinsed with 1500 mL of water,
followed by being dried in an oven at 150 °C.

Following the acid etching, a vacuum impregnation process was
employed to load melted liquid PCM into perforated Cenospheres, see
Fig. 2. The dry perforated cenospheres were placed in a flask with a
vacuum pressure of approximately 80.5 kPa for ~2 h [34]. Melted PCM
was then introduced into the flask before the vacuum was shutoff to
allow air back into the flask to drive the liquid PCM into the hollow
space inside the cenospheres. During the impregnation process, the flask
was heated in a water bath at 60 °C to keep the PCM in the liquid state.
At completion of loading, the flask was quickly removed from the hot
water bath for the PCM loaded cenospheres to be filtered, washed in
warm water to remove the PCM residuals on FAC surface. Then the
loaded CenoPCM was rinsed with cold water and air-dried. Lastly, a thin
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Fig. 1. Properties of the fly-ash cenosphere (FAC) used for microencapsulation and the Micronal MEPCM: (a) X-ray diffraction (XRD); (b) particle size distribution;
(c) SEM image showing the FAC surface morphology; and (d) polished section showing the porous wall structure of FAC; (e) conglomerate of Micronal particles; (f)

zoom-up view showing individual particles making up the conglomerate.
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Fig. 2. (a) llustrative figure showing the process to produce CenoPCM; (b) CenoPCM micro-capsules produced; and (c) an intentionally broken CenoPCM showing
the interior of the CenoPCM micro-capsules successfully loaded with fatty-acid PCM.

layer of nano silica coating was applied on the cenosphere surface to seal
the surface pores. The nano silica coating is applied by soaking the PCM
loaded cenospheres into 25% silica sol. The volume ratio between
cenospheres and silica sol was kept at around 1:3 during soaking with
occasional mechanical stirring. Then the coated cenospheres were
filtered and air dried to allow nano silica particles to precipitate on the

Table 1
Properties of the MEPCM materials used in this research.

cenosphere surface. It was noted that due to the nonhomogeneous sur-
face of cenospheres, the silica sol coating on CenoPCM surface is not
uniform. Further study is needed to develop more uniform and reliable
coating for CenoPCM sealing/coating.

Material Particle Size (um)” True Densityh (g/cm®) Crush Strength (MPa)“ Heat of Fusion, AH,, Phase Change Temp, T;,
Dio Dso Doo kJ/kg kJ/L

Micronal 62.3 192 308 1.005 <1 MPa 90.31 90.74 22°C

CenoPCM (uncoated) 44.9 90.6 155.4 1.383 5.51 MPa 118.76 164.24 27 °C

CenoPCM (silica coated) - 1.682 - 59.61 100.24 27 °C

Silica Sand 300 600 1350 2.650 - - - -

Quartz Flour 1.60 13.6 38.6 2.650 - - - -

2 Particle size distributions were obtained using dynamic light scattering. The particle size and crush strength of silica sol coated CenoPCM are assumed the same as

those of CenoPCM.

b The true densities of Micronal and CenoPCM were obtained using gas psychometry. Density value reported as the mean value of three measurements.
¢ The crush strength was determined using an isostatic method for the tested bubbles to have 90% survival rate.



A.L. Brooks et al.
2.2. Thermophysical properties of CenoPCM

The thermophysical properties of CenoPCM is characterized through
differential scanning calorimetry (DSC), thermogravimetric analysis
(TGA), and gas pycnometry. The true density of the CenoPCM is char-
acterized using a Quantachrome UltraPYC 1200E gas pycnometer. The
density is measured using volume measurements by pressurizing the
sample cell with Helium. A valve is then opened to a separate chamber,
the pressure change within the chamber is measured and the sample’s
true volume is calculated based on Boyle’s law. Table 1 lists the density
tested for CenoPCM with and without silica-sol coating, and the true
density of the Micronal® benchmark tested using gas pycnometry.

Fig. 3 (a) shows the DSC results (TA Instrument Q2000, scanning rate
10°C/min.) performed on both the CenoPCM and the commercially
available Micronal® (polymer encapsulated PCM). The CenoPCM has
around 125kJ/kg latent heat at phase change with phase change onset
temperature of 27 °C. The latent heat of the Micronal® benchmark was
tested at 90.3kJ/kg with phase change onset temperature of 22 °C, also
see Table 1. Fig. 3 (b) presents the TGA results of CenoPCM containing
fatty acid PCM core, showing that the thermal decomposition initiates at
around 145 °C and the mass percentage remaining at 300 °C is 44.53%.
Given the densities of the cenosphere shell and fatty acid core are 2.4 g/
cm® and 0.91 g/cm?, respectively, the volume percentage loading of
PCM is estimated at around 76%. This result is also consistent with the
density test data. It is noted that the particle size of Micronal listed in
Table 1 references to the conglomerate particle of the Micronal®, which
consist of many smaller particles clumped together by the manufacturer
for handling safety, see Fig. 1 (e) and (f).

The effects of silica sol coating and cementitious matrix on the
behavior of CenoPCM was studied by DSC. The thermophysical prop-
erties of silica sol coated CenoPCM including density, heat of fusion, and
phase change onset temperature are listed in Table 1 in comparison with
the uncoated samples, where the latent heat of silica sol coated cenoPCM
reduced from 118.8 kJ/kg to 59.61 kJ/kg which indicates roughly 30 vol
% of nano-silica coated on the cenoPCM particle surface. Then, the silica
sol coated CenoPCM was mixed with cement paste to prepare mortar
samples (without silica sand) according to Table 2. Silica sand was not
included in the mix design due to the small sample volume required for
preparing DSC samples - i.e., the particle size of silica sand makes it
difficult to obtain homogenous and representative samples, while silica
sand does not interfere with the interaction between the PCM micro-
capsules and the cementitious matrix. Fig. 4 (a) presents the hysteretic
DSC scanning results of uncoated CenoPCM, silica sol coated CenoPCM
and silica sol coated CenoPCM mixed in cementitious matrix at volume
load of 10 vol%, 20 vol%, and 30 vol%. It can be observed that the heat
of fusion, AH,, obtained from DSC scans matches well with the theo-
retical values calculated from the wt% of CenoPCM in the cementitious
material system, indicating that the heat storage capability of CenoPCM
are unaffected by the cementitious matrix, see Table 2. It is also

exothermic
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observed from Fig. 4 that the phase change onset temperatures of
cementitious composite with CenoPCM are not affected by the cemen-
titious matrix, see Fig. 4 (b).

2.3. Mix design and materials preparation

The constituent materials used for preparing the functional cemen-
titious composite mortars in this study include ASTM Type I-II Portland
cement, silica sand (US silica), water, superplasticizer (Sika Corp.), and
micro-encapsulated PCMs (i.e., CenoPCM and Micronal®). The water to
cement ratio (w/c) was 0.32 for all mixtures. The mass of cement, sand,
and water used for each cubic meter of the reference mortar (without
MEPCM) are 731 kg/m>, 1219 kg/m?>, and 234 kg/m?, respectively. Two
types of micro-encapsulated PCM were used in this project, i.e., the
CenoPCM with PureTemp 29 fatty-acid based PCM core and the
commercially available Micronal® 24D (Microtech Labs). The Micronal®
24D was selected as a commercially available benchmark to compare the
mechanical and thermophysical properties of cementitious composites
containing different types of MEPCMs (i.e., soft polymer shell vs. rigid
cenosphere shell). For cementitious composites containing Micronal®,
or CCMi, six volume fractions (3.5%, 7.0%, 10.5%, 14.0% 17.5%, and
21.0%) were evaluated; for cementitious composites containing Cen-
oPCM, or CCPCM, seven volume fractions (2.9%, 5.8%, 8.6%, 11.6%,
14.5%, 17.4%, and 20.3%) were evaluated. For each mixture with
MEPCM added, the equivalent volume of sand and quartz powder (fine
aggregate) was replaced by the MEPCM. Detailed mix design of all
cementitious composite groups made in this study are summarized in
Table 3.

2.4. Experimental method and setup

2.4.1. Thermal conductivity test using Transient Plane Source (TPS)
method

The transient plane source (TPS) method originally developed by
Gustafsson [35] was applied to measure the thermal properties of the
cementitious composites. The TPS tests were performed in triplicate for
each sample type using a HotDisk TPS-1500 thermal constant analyzer
with a 6.403 mm diameter TPS sensor according to the 1SO22007-2
specification [36]. The TPS technique is based on the recorded tem-
perature rise of a plane source that heats the surrounding material to be
measured. In a TPS test, a conducting pattern with negligible heat ca-
pacity (e.g., Kapton supported double spiraled nickel metal sensor as
shown in Fig. 5 (a) serves simultaneously as the heat source and the
temperature sensor. The initial electrical resistance of the TPS element,
Ry (calculated for each individual test), is first balanced in a Wheatstone
bridge and, during the measurements, the unbalanced voltage drop AV
(t) is recorded as the function of time t (20-40 sec) using a
high-impedance digital voltmeter, where AV(t) has the following
expression [35]:

b
(®) 100+ Thermal decomposition
starts @145 °C

@ 801

=

20

0 60+

B

40 44.53% @300 °C
100 200 300 400 500
Temperature (°C)

Fig. 3. (a) Differential scanning calorimetry (DSC) hysteresis of CenoPCM versus Micronal®; and (b) thermogravimetric analysis (TGA) performed on CenoPCM.
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Table 2
Mixture design of cementitious composites (no silica sand) containing CenoPCM.
Cement (g) Water (g) CenoPCM (g) Cement (wt %) Water (wt %) CenoPCM (wt %) AH,, (Theoretical) AH,, (Tested) Diff.
ref 45.8 5.1 0.0 90.0% 10.0% 0.0% 0.00 0.00 -
10 vol% CPCM 14.2 4.5 1.7 69.6% 22.1% 8.3% 4.94 4.85 —-1.9%
20 vol% CPCM 12.6 4.0 3.4 63.1% 20.0% 16.9% 10.08 10.24 1.6%
30 vol% CPCM 11.0 3.5 5.1 56.2% 17.9% 25.9% 15.44 14.43 —6.6%
(@) 34T — T T 1 (b) v '
] ] ! o,
()
1 0.68- ; 5
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2 ] 0511 .' o
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Fig. 4. Effects of cementitious matrix on the CenoPCM properties: (a) DSC traces of silica sol coated/uncoated CenoPCM and cementitious composites (no silica sand)
containing silica soal coated CenoPCM; and (b) the zoomed-in view of the DSC scan showing the exothermic process.

Table 3

Test matrix and mix proportions (by weight, kg of materials/m® of concrete).
Mix ID Cement Water w/c MEPCM Silica Sand Quartz Powder Air Content MEPCM Vol%
Control 762 244 0.32 0 1270 62 0.010 0.0
CCMi-036 759 243 0.32 36 1170 56 0.016 3.6
CCMi-072 756 242 0.32 71 1069 52 0.021 7.2
CCMi-108 753 241 0.32 106 969 47 0.027 10.8
CCMi-144 751 240 0.32 141 872 42 0.031 14.4
CCMi-179 748 239 0.32 176 773 38 0.045 17.9
CCMi-214 743 238 0.32 210 674 33 0.066 21.4
CCPCM-029 760 243 0.32 48 1170 59 0.023 2.9
CCPCM-058 766 245 0.32 97 1083 54 0.025 5.8
CCPCM-086 767 245 0.32 145 987 49 0.033 8.6
CCPCM-116 770 246 0.32 194 894 45 0.038 11.6
CCPCM-145 772 247 0.32 244 798 40 0.046 14.5
CCPCM-174 774 248 0.32 293 701 35 0.054 17.4
CCPCM-20.3 769 246 0.32 341 578 29 0.077 20.3

AV(D) = RR} La D(z) o 2.4.2. Mechanical properties

Ry + R, n*Pa k

where R; is the standard resistance in the Wheatstone bridge circuit
(6.788013Q), Iy is the heating current, « is the temperature coefficient of
the TPS element, a is the outer radius of the heating element, k is the
thermal conductivity of the material, and D(z) is a function that can be
tabulated for a particular TPS element as a function of the dimensionless
parameter 7 = (Kt/az)l/ 2, where « is the thermal diffusivity of the ma-
terial to be tested. Through a process of iteration, the thermal conduc-
tivity k and thermal diffusivity « of the tested material can be
simultaneously obtained from one single transient recording [37]. For
each test an input power and test time is selected, then based on the
results of that trial, one or both are adjusted as needed to keep all pa-
rameters within the defined limits.

The mechanical tests were performed using a 500 kN INSTRON
servo-hydraulic universal testing system as shown in Fig. 5 (b). For
cementitious composite samples, five 50.8 mm (2 inches) diameter by
101.6 mm (4 inches) cylinders were tested for each specimen group
listed in Table 3. The mechanical loading procedure was carried out in a
displacement-control mode at the loading rate of 0.01 mm/min. The
deformation (i.e., compressive strain) was measured using a pair of
clamp-on extensometers (Epsilon Tech) with gauge length of 50 mm. The
setup of extensometers is shown in Fig. 5 (b). A high-resolution charged-
coupled device (CCD) camera was staged to record the damage and
failure of the specimens. The tested specimens were preserved for
scanning electron microscopy (SEM) analysis.

2.4.3. Fracture toughness test
The fracture toughness of cementitious composites containing both
CenoPCM and Micronal® was evaluated using notched beam tests [38].
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CCD Camera for
DIC Analysis

Fig. 6. (a) lllustrative figure showing the experimental setup to determine fracture toughness; (b) speckle pattern near the notch for digital image correlation (DIC)
analysis and crack initiation detected by DIC; (b) pictures showing the notched beam tests.

Fig. 6 shows the experimental setup where flexural specimens (25 mm x
50 mm x 235 mm) were cast using ABS molds. The beams were tested
under three-point bending with the load point at the center of the 200
mm span. Each beam was notched at the center with a 5 mm deep notch
using a fine diamond band saw and then speckle coated to allow for
digital image correlation (DIC) processing. The crack mouth opening
displacement (CMOD) was measured at the crack mouth location using a
CMOD extensometer. Loading was carried out at a crosshead rate of
0.05 mm/min, and an LVDT was used to measure crosshead displace-
ment. The sensors were conditioned using a National Instrument PXI-e
data acquisition system at sampling rate set at 100 Hz. The experimental
setup is shown in Fig. 6. The data comprised of the applied load and the
mid-span beam displacement plots, and the load vs mid-span displace-
ment and load vs crack mouth opening displacement (CMOD) plots for
the notched beams. In addition, an effective crack length (a.p versus
stress intensity factor (Kp) plot was calculated using the method
described in Banthia and Sheng [39], which uses compliance calibration
to obtain the a.y values. For the quasi-brittle materials without fiber
reinforcements as studied herein, the K}, value can be calculated at the
peak load point.

3. Experimental results
3.1. Thermal properties

Table 4 shows the summary of density, thermal conductivities (above
and below the melt point of encapsulated PCMs), and mechanical
properties of cementitious composites containing both CenoPCM and
Micronal® MEPCM. For cementitious composite samples that contain
Micronal® the density decreased more rapidly than that of the samples
with CenoPCM mainly due to the lower density of Micronal®, which is a
polymer-encapsulated paraffin wax, see Table 1. The density values
were measured under room condition (21 °C and 45% RH) for samples
cured for 28 days.

Fig. 7 (a) shows the thermal conductivities of the cementitious
composites measured at temperatures above and below the melting
point of the PCM encapsulated. The thermal conductivity of cementi-
tious composites in general decreases as the volume fraction of the
MEPCM inclusion increases. The decrease in thermal conductivity is
attributed to two major factors: (1) the addition MEPCM which has a
lower thermal conductivity than other compositions in cement mortar
and (2) the removal of the portion of silica sand that is replaced by
MEPCMs, see Table 3. Note that CCMi samples tend to have lower
thermal conductivities (34% of the reference mortar at ~20 vol%
Micronal inclusion) compared to the CCPCM samples (51% of the
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Table 4
Density, mechanical, and thermal properties of the tested mixture groups.

Cement and Concrete Composites 120 (2021) 104033

Mix ID MEPCM Material MEPCM Volume Density” Elastic Compressive Thermal Conductivity” Thermal Conductivity*
Type Fraction Modulus Strength (below T,,) (above Tj,)
Vs (%) (kg/m®) (GPa) (MPa) Wm'K™) Wm k™
Control Micronal® 0.0 2238.86 + 36.57 £ 1.01 88.34 +1.31 2.627 + 0.021 2.628 + 0.018
15.85
CCMi-036 3.6 2180.81 + 29.78 £+ 0.40 79.19 £+ 2.50 2.191 + 0.012 2.175 + 0.012
7.75
CCMi-072 7.2 2109.09 + 2351 £0.25  64.16 + 0.21 1.833 £ 0.00018 1.836 £ 0.00049
4.45
CCMi-108 10.8 2042.09 + 19.85 + 0.32 57.64 + 2.06 1.579 £+ 0.019 1.556 + 0.014
3.97
CCMi-144 14.4 1932.74 + 15.39 £ 0.31 49.71 + 0.98 1.274 £+ 0.0041 1.281 £+ 0.004
6.25
CCMi-179 17.9 1844.10 + 12.52 + 0.08 43.35 + 1.48 1.058 £+ 0.013 1.064 + 0.005
3.24
CCMi-214 21.4 1749.77 + 9.88 + 0.28 37.47 £ 0.50 0.891 + 0.005 0.869 + 0.006
5.50
CCPCM- CenoPCM 2.9 2202.84 + 35.65 + 1.52 82.41 +1.55 2.356 + 0.01 2.27 £0.012
029 5.58
CCPCM- 5.8 2168.97 + 33.57 £ 1.61 83.06 + 0.71 2.143 + 0.013 2.073 + 0.011
058 7.84
CCPCM- 8.6 2142.34 + 32.06 + 0.46 85.49 + 0.45 1.96 + 0.005 1.892 £+ 0.018
086 5.18
CCPCM- 11.6 2111.66 + 31.74 £ 1.17 87.46 + 0.82 1.822 £+ 0.018 1.762 + 0.005
116 6.50
CCPCM- 14.5 2032.00 + 27.78 £ 0.51 79.21 £ 0.41 1.617 £+ 0.019 1.537 £+ 0.006
145 3.43
CCPCM- 17.4 1992.26 + 26.71 +1.73 78.55 + 0.86 1.457 £+ 0.015 1.407 + 0.001
174 5.38
CCPCM- 20.3 1962.20 + 22.19 +£1.21 67.79 £ 0.34 1.362 + 0.004 1.335 £+ 0.0011
20.3 3.61
# The density of samples was measured at room temperature and 50%RH.
b Thermal conductivity below T, was measured at 40%RH at 18 °C.
¢ Thermal conductivity above T,, was measured at 40%RH at 35 °C.
(a) (b)
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Fig. 7. Thermal properties of LWCC tested through Transient Plane Source (TPS) method: (a) Thermal conductivity; (b) Volumetric heat capacity above and below

phase change temperature (sensible heat).

reference at ~20 vol% CenoPCM inclusion). This is due to the higher
thermal conductivity of the cenosphere shell of CenoPCM (XRD results
shown in Fig. 1). Only minimal differences were observed for thermal
conductivities measured above and below the phase change temperature
— Puretemp 29 fatty-acid based PCM has thermal conductivity values
around 0.15 W/m K (liquid) and 0.25 W/m K (solid). Using the TPS
testing method the volumetric heat capacity of the material can be
calculated from the measured thermal conductivity and thermal diffu-
sivity. The volumetric heat capacity as a function of the MEPCM is
shown in Fig. 7 (b). The volumetric heat capacity values are largely
unchanged for all volume fractions — CCMi maintained values from 2083
kJ/m3K to 2430 kJ/m°K, while CCPCM ranged from 1902 kJ/m>K to
2215 kJ/m>K. It should be noted that the volumetric heat capacity does

not account for the latent heat (heat of fusion) associated with the phase
change process of PCMs. The thermal energy storage capacity due to
PCM phase change, which is the primary advantage of the functional
thermal storage concrete materials, will be discussed in later sections.

3.2. Elastic modulus

Fig. 8 (a) and (b) present the elastic moduli of cementitious com-
posites containing MEPCM (i.e., CenoPCM and Micronal®) with various
volume fractions (3-21 vol%) tested at 7 days and 28 days curing,
respectively. The elastic modulus is affected by both the physical
properties of the added MEPCM and their volume fractions. For
cementitious composites containing Micronal® and CenoPCM, both
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Fig. 8. Elastic moduli of cementitious composites containing MEPCM at: (a) 7 days; (b) 28 days curing; and the elastic moduli reduction as functions of the MEPCM
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data sets show a downward trend as the MEPCM volume fraction in-
creases. However, for the same volume concentration, CCPCM (mixed
with CenoPCM) shows much higher stiffness than that of the CCMi
(mixed with Micronal®) —i.e., the reduction in elastic moduli in relation
to the reference mortar is much more severe in CCMi samples. Fig. 8 (c)
and (d) present the percentage reduction (loss) of elastic moduli in
relation to the reference mortar as functions of the MEPCM volume
concentration, where at around 3.5 vol% Micronal® the reduction in
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elastic modulus is around 20%; at higher volume concentrations (i.e.,
20 vol% Micronal®), the reduction in elastic modulus is as high as
70-75% in comparison with the reference mortar. On the other hand,
the CCPCM samples has only 5% reduction in elastic modulus when
CenoPCM vol% is 3% and 35% elastic modulus reduction when Cen-
oPCM vol% reaches 20%. The significantly higher stiffness is attributed
to the rigid pozzolanic shell of fly-ash cenosphere, which provides me-
chanical support to the soft fatty-acid PCM core in cementitious matrix.
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Fig. 9. Compressive strength of cementitious composites containing MEPCM measured at: (a) 7 days; (b) 28 days curing; and the compressive strength reduction as
functions of the MEPCM volume fraction measured at (c) 7 days and (d) 28 days, respectively.
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The relations between shell properties (stiffness), shell thickness, and
the particle size with its impact on the elastic properties of cementitious
composites is discussed in the authors’ earlier publications [40,41].
Since Micronal® - which is an acrylic polymer encapsulated paraffin, has
a softer polymer shell, its influence on the mechanical properties of
cementitious materials is rather significant due to the large mismatch of
elastic properties between the MEPCM and the cementitious matrix.

3.3. Compressive strength

Unlike the thermal properties of the cementitious composite with
MEPCM, which depend mostly on the MEPCM volume fraction, the
compressive strength is largely dictated by the physical properties of the
MEPCM incorporated (e.g., particle size and shell material). Fig. 9 (a)
and (b) present the compressive strength of cementitious composites
with different MEPCM volume fractures, vy, tested at 7 day and 28 day,
respectively. CCMi samples had substantial strength reduction as the
Micronal® PCM microcapsules volume concentration increases. This is
due to the soft polymer shell of Micronal®, which induces weak dis-
continuities within the cementitious matrix [41]. The soft spots created
by the MEPCM encourage the initiation of stress cracks and leads to
faster crack propagation throughout the cementitious matrix, see Fig. 10
(a). In addition, the polymer shell has low bonding strength with the
cement matrix, which may introduce a weak interface (interfacial
transition zone) between the embedded MEPCM and cement matrix. It is
worthwhile mentioning that during the mixing process, the larger con-
glomerates will break down into smaller individual particles of the
Micronal® MEPCM, see Fig. 10 (a).

On the other hand, CenoPCM microcapsules have a rigid shell, which
is comprised mostly of pozzolanic constituents (see the XRD plot shown
in Fig. 1). The rigid fly-ash shell of CenoPCM provides strong support to
the encapsulated PCM core. As a result, the compressive strength of
CCPCM is maintained (or even increased) when CenoPCM volume
concentration is low (i.e., vol%<15%). At higher volume concentra-
tions, only moderate strength reduction was observed - i.e., when vol-
ume concentration of CenoPCM reaches 20%, only 20% strength
reduction was observed (CCPCM with 20 vol% CenoPCM has 28-day
compressive strength of 68 MPa, in comparison to 88 MPa of the
reference mortar with the same water/cement ratio). This observation is
consistent with the authors previous studies [30,41], where rigid-shell
core-shell particles within cementitious matrix may help to prevent
the propagation of stress cracks at lower concentrations. In addition, the
pozzolanic activity of CenoPCM’s cenosphere shell, together with its
nano-silica coating, helps to develop strong and dense bonding between
the CenoPCM particle and the cementitious matrix [42], see Fig. 10 (b),
which further helps to increase the strength of the CCPCM material.

3.4. Fracture toughness

Fracture toughness of cementitious composite containing Micronal®

Cement and Concrete Composites 120 (2021) 104033

or CenoPCM were tested using notched beams under 3-point loading, see
Fig. 6. Table 5 summarizes the results obtained from the notched beam
tests, including the force, displacement, crack-mouth opening
displacement (CMOD), as well as the stress intensity factor, Ky, effective
crack length aef, and the crack tip opening displacement (CTOD) is
calculated at the peak load point. Fig. 11 (a) and (b) present the CMOD
against the applied load directly measured from the experiments. The
load-CMOD plots were used to determine the point at which unstable
crack growth starts, while it can be directly observed from the plots that
CCPCM beams have greater resistance to fracture than that of CCMi
beams. The non-brittle failure of CCMi with high dosage of Micronal is
likely due to the interlocking and fractional effects between micro-crack
faces [43]. Fig. 11 (c) shows the critical stress intensity factor, K}, varies
as a function of the volume fraction of the MEPCM embedded. Overall,
the fracture toughness of cementitious composite materials decreases as
the MEPCM volume fraction increases (expect for CenoPCM at 5% where
an increase in fracture toughness was observed. This is likely due to the
decrease in air voids since lower concentrations of CenoPCM improve
the workability of cement mortar. This phenomenon is discussed in an
earlier work by the authors [41]). The CCPCM material shows higher
fracture toughness than that of CCMi. The higher fracture toughness of
CCPCM is attributed to the rigid shell of CenoPCM and good bonding
strength developed between the fly-ash based CenoPCM with the
cementitious matrix. It is also noted that the silica sol coating also im-
proves the interfacial bonding strength between the CenoPCM micro-
particle with the cement matrix due to its pozzolanic activities. The
addition of the silica-based coating also improves the durability of the
functional cementitious composite, since silica reacts with the calcium
hydroxide produced from the cement hydration process. The depletion
of calcium hydroxide reduces its chance to react with the fatty acid. The
durability of cementitious materials with fatty-acid based PCM materials
will be discussed in detail in another work.

4. Simulation results and discussion

4.1. Micromechanics-based model to predict elastic and thermal
properties

4.1.1. Sub-stepping homogenization

Fig. 12 presents the multi-step sub-stepping homogenization
modelling scheme [40] for predicting the effective elastic and thermal
properties of cementitious composites containing MEPCM inclusions (e.
g., Micronal® and CenoPCM). First, the effective elastic modulus of
cement paste is calculated using the Mori-Tanaka method [44], where
both the hydration products in cement paste, un-hydrated clinkers, and
capillary pores, that coexist in cement paste are considered. Then, the
inclusion phases including MEPCM particles and aggregates (i.e., sand
and gravels) are homogenized into the cement paste, where the effective
property of the micro-size core-shell particles is obtained by the equiv-
alence model developed by the authors [40], considering the particle

Fig. 10. SEM image showing microcracking and damaged cementitious composites containing MEPCM: (a) CCMi (with Micronal); and (b) CCPCM (with CenoPCM).
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Table 5
Fracture Toughness test results.
Mix ID MEPCM Type MEPCM Volume Fraction Force Disp CMOD Qeff Kie CTOD
vy (%)* N) (mm) (pm) (mm) (MPa(m)"1/2) (pm)
Control Micronal® 0 975.37 + 164 0.697 + 0.067 9+0.1 6.146 £ 0.046 0.650 + 0.107 3.8 £0.01
CCMi-050 5 734.80 £+ 210 0.606 + 0.134 11 £ 01.9 6.597 + 1.03 0.501 + 0.105 5.1+ 217
CCMi-100 10 685.07 + 87.3 0.719 + 0.066 12 +15 5.924 + 0.441 0.450 + 0.074 4.5 +1.47
CCMi-150 15 566.45 + 17.8 0.636 + 0.182 18 +1.1 6.737 £1.36 0.394 + 0.028 8.3+3.23
CCMi-200 20 510.85 + 72.3 0.621 + 0.036 16 £2.3 6.696 + 1.21 0.353 £ 0.018 7.4 £3.16
Control2 CenoPCM 0 855.65 + 66.4 0.84 £+ 0.151 10 £1.5 5.72 + 0.401 0.563 + 0.025 4.7 £0.2
CCPCM-050 5 1007.4 £+ 82.1 0.728 + 0.132 12+ 0.9 6.005 + 0.769 0.698 + 0.017 5.7 £ 0.6
CCPCM-100 10 726.76 + 112 0.802 + 0.111 12 +21 6.672 + 2.767 0.544 + 0.011 6.0 £ 3.1
CCPCM-150 15 685.15 + 103 0.629 + 0.087 11 £ 0.6 8.082 £ 2.628 0.496 + 0.013 51+21
CCPCM-200 20 561.24 + 33.9 0.637 + 0.223 11 + 3.4 7.542 £ 1.12 0.406 + 0.056 6.7 £0.5
(@) 1250 : : (b) 4250
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Fig. 11. Results of the fracture toughness tests on cementitious composites containing Micronal® and CenoPCM: (a) CMOD-load curves for CCMi; (b) CMOD-load
curves for CCPCM; (c) comparison of Kj. with various MEPCM volume loading, and (d) DIC showing the crack propagation during loading.

size distribution, shell wall thickness and material of the embedded
micro-particles. The interfacial transition zone (or ITZ) between the
inclusion phases and cement paste is modelled using a differential ho-
mogenization method as outlined in the authors’ earlier work [40].
Following this sub-stepping scheme, both the mechanical (elastic) and
thermal properties of cementitious composites containing different
types of MEPCM can be calculated.

4.1.2. Hydration of cement

Hydration of cement includes the processes of nucleation, diffusion,
and formation of hydration shell of cement. The hydration kinetic model
proposed by Lee and Wang [45] is adopted herein:

dai _ 3(SW/S0 )Pw Cw—free 1

(-2/3)
@a(T) D.(1) L — @)

dt + _
(U wg)rOPC ( 1 D:?T)) 0 (] ai)( 1/3) 1
<.
2

3

4 4
a= Za,-gf/Zg;.
i=1 i=1

where ¢; is the degree of hydration of the clinker phases of cement — C3S,
C,S, C3A, and C4AF, respectively; a is the degree of hydration of cement
which is calculated as the weighted average of the clinker phases;
wq(T) = B(T)/a® + C(T)a® is the effective diffusion coefficient of
capillary water through C-S-H gel with B(T) represents the rate of the
initial shell formation and C(T) describes the rate of the initial shell
decay; wri(T) is the reaction coefficient of the boundary reaction process;
v = 0.25 is the stoichiometric ratio of mass of water to mass of cement;
w, = 0.15 is the physically bound water in hydration products; p,, and p,

are the density of water and cement, respectively;

Cw—free =
((Wo — 0.4aCy)/W,)" is the amount of capillary water at the exterior of
hydration products with Wy and Cy are the mass of water and cement,
respectively, and r = 1.0 when water to binder ratio is less than 0.4 and
r=2.6 — 4W,/Co otherwise; S,, and S, are the effective contact area
between the surrounding capillary water and cement particles and the

total area when cement hydration products progress unconstrained; f;,

10
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Fig. 12. A multi-step sub-stepping homogenization scheme for predicting the effective elastic modulus of cementitious composites containing microencapsulated

phase change materials (MEPCM).

Ba» B3, and p, are temperature sensitivity coefficient of reaction co-
efficients, i.e., B(T), C(T), wy(T)and D¢(T). The influence of curing
temperature (T) on reaction coefficients follows the Arrhenius’s law as:

B(T) =By exp(— f,(1/T —1/293)) (4-1)
C(T) = C exp(— (1 /T —1/293)) (4-2)
W = W00 exp( — f5(1 /T —1/293)) (4-3)
Do =D exp( — f,(1/T —1/293)) (4-4)

The parameters in Equations (2)-(4) are enlisted in Tables 6 and 7,
respectively.

Once the degree of hydration « is determined by Equation (3), the
volume fractions of un-hydrated cement clinkers, C-S-H, CH, capillary
water Weqp, and other remaining hydration products can then be ob-
tained through [45]:

C
Puniyc :/TO (1-a) (5-a)

c

Table 6
Coefficients of the cement hydration model [45].

Byo = 8.1 x 10°° (em/h) Dezo = 8.6 x 1071 (cm/h)

C20 = 0.02 (cm/h) £, = 1000 (K)
Wreys20 = 9.0 x 1076 (cm/h) f = 1000 (K)
Wrcy520 = 2.7 x 1077 (em/h) P3 = 5400 (K)
rca20 = 1.4 x 107° (em/h) B4 = 7500 (K)

rc,ar20 = 6.8 x 1078 (cm/h)
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Table 7
Composition of type I OPC [46].
Mineral compositions Blaine
C3S Cc2S C3A C4AF CS,H
(mass%) (mass%) (mass%) (mass%) (mass%) (cmz/g)
60.0 11.0 10.0 8.0 2.5 3280
CSH(t
Pesy = ( ) (5-b)
Pcsu
CH(t
Pcn = —( ) (5-0)
Pcu
Peap = Weap + 0.0625C,a (5-d)
Pother = 1- Punhy — Pcsa — Peap (5'9)

where the elastic and thermal properties of each constituent phase can
be found in Ref. [47].

4.1.3. Equivalent elastic and thermal properties of MEPCM

For inclusions with a core-shell configuration like the MEPCM
considered in this study (i.e., CenoPCM and Micronal®), the inclusion
phase can be equivalently treated as a solid particle having the same
dimension with equivalent elastic or thermal properties, see Fig. 12,
where the equivalent elastic properties can be estimated via Eshelby’s
strain energy equivalence [48]. The equivalent bulk modulus of the
inclusion, K}, is obtained as [49]:
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(Kc - K\')P

1+ (1—p)|(K.— Ks)/(K,y + 4/3/4:)

(6)

K=K, +

where p = (r1/r)? is the volumetric ratio of the core in a core-shell
particle; K, p,, and K, u. are the bulk and shear moduli of the shell
and PCM core materials, respectively.

The equivalent shear modulus of a core-shell particle, y;?, is obtained
by solving:

eqy 2 eq
A (’i> A, (’i> YA =0
ﬂ: MY
where coefficients A;, Ay, and Az are the functions of the core/shell
material elastic properties and the volumetric ratio of the core p. The
formulations of Aj, Az, and Az can be found in a previous paper of the
authors [40].
The equivalent thermal conductivity of core-shell particle, y;?, is
[50]:

o 20— (120l
T QHp +U-pi.

(7)

®

where y.and y.are the thermal conductivities of the core and shell,
respectively.

4.1.4. Consideration of the interfacial transition zone (ITZ)

According to Shen and Li [51,52], a spherical inclusion with its
interface transition zone (ITZ) can be treated as a composite system.
Then, the equivalent particle with ITZ can be obtained by applying the
Mori-Tanaka method in a differential scheme:

Xy (R) 3 (X (R) — X (R)) ©

dR R ry

where X;%.is the equivalent properties - i.e., the elastic properties (bulk

modulus and shear modulus) and thermal conductivity, of the core-shell
particle (CSP) inclusion including the interface layer.

-5
an(R) =X+ (XITZ.min 7Xm) (R/R2> ~with-Ry <R <R + tyrz (10)

where X7z min is the minimum value across the ITZ region located at the

0.02X,
m—XI1Z,min

1 In (X
In <1+t1rz/R)

particle boundary. The power exponent f =

with t;7z is the thickness of the interface layer.

4.1.5. Homogenization

With the elastic and thermal properties of the cement paste and the
equivalent inclusion determined following the previous sections, the
effective properties of cementitious composites can be estimated using

Mori-Tanaka method [53]. The effective elastic tensor, C, of a composite
system containing N inclusions (the jth) may be estimated as:

N
C=C,+Y_ ¢,(Cry—Co)Tyn, an

Jj=1

where @; is the volume fraction of the jth inclusion; C;; and Cpare the
elastic tensors of the jth inclusion and the matrix, respectively; and
F(CMT) ;is the Mori-Tanaka strain concentration tensor of the jth inclusion:

C _
v = a2

-
-1 N -1
o1+, (FSHJ) + ; W/FSHJ (ngu) ] s L#]
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where I is a fourth order identity tensor, ¢, is the volume fraction of the
matrix, and T'§; ;is the strain concentration tensor of the jth inclusion
under dilute scheme [53]:

r;il.j = [I + Sﬁcmil (C’-j - C’")} o

13)
where Sg is the Eshelby’s tensor, which can be found in Ref. [48].
Similarly, for the effective thermal conductivity tensor,:

N
A=An+ Z @ (i — Xﬂx)r)((MT).i as

i=1

where y;;, X, are the thermal conductivity tensor of the ith inclusion
and matrix respectively, and I‘)(’MT)_I. is the temperature gradient con-

centration tensor [54].
The volumetric heat of fusion (VHF) of cementitious composites
containing PCM can be simply calculated as:

VHE = @ penLpem s
where @,cm; Ppem> and Lpem are the volume fraction, density, and heat of
fusion (latent heat) of PCM material which are listed in Table 1.

4.2. Trade-off among heat storage capacity, mechanical property, and
material cost

The effective elastic properties, effective thermal conductivity,
volumetric heat of fusion, and material cost of cementitious composites
containing MEPCM can be calculated using the model described in this
section with the corresponding physical, thermal and economic prop-
erties of its constituents presented in Table 8. The calculated results
using the model developed herein and the experimental data tested are
compared in Fig. 8 (a) and (b) for elastic moduli and in Fig. 7 (a) for
thermal conductivity. The results indicate that the model production
matches well with the experimental results.

With the calibrated computation model, a trade-off analysis was
carried out to compare thermal and elastic properties, heat storage ca-
pacity, and material cost for cementitious composites containing poly-
mer micro-encapsulated PCM such as Micronal® and those with
CenoPCM. Fig. 13 shows the 3-D scatter plot of the property relation-
ships among effective thermal conductivity (TC), effective elastic
modulus (E), and the volumetric heat of fusion (VHF), obtained by
varying the water to cement ratio (w/c varies between 0.3 and 0.5),
volume fraction of aggregate (sand), and the volume fraction of MEPCM
(0-25%). The compressible packing model proposed by de Larrard [56]
was employed to calculated the volume fraction of each constituent
within the cementitious composite material. The model assumes the
particle has a polydispersed distribution and calculates the packing
density through considering both the wall effect caused by particles

Table 8
Constituent properties and costs in cementitious composites containing
MEPCMs.

Material Cement Sand Water CenoPCM* Micronal®

core shell core Shell
E (GPa) 90.3 72.0 - 0.0557 96.0 0.0557 2.1
v(-) 0.3 0.17 - 0.499 0.21 0.499 0.37
¥ (W/mK) 3.4 4.0 0.604 0.25 1.60 0.25 0.20
P (kg/ms) 3200 2650 1000 1250 982.4
Cost ($/kg) 0.1235 0.09 0.005 1.7 5.7

@ Cost of CenoPCM is estimated by reaching a storage capacity cost of 50
$/kWh which can be achieved through combining innovative microencapsula-
tion technology of cenosphere and relative low cost fatty acid PCM.

b Cost of polymer encapsulated paraffin wax phase change material (Micro-
nal®) is estimated by using the data presented in Ref. [55].
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Fig. 13. Trade-off among material cost, thermal conductivity, elastic modulus, and volumetric heat of fusion for cementitious composites containing: (a) polymer

encapsulated PCM (e.g., Micronal); and (b) CenoPCM.

having larger diameters and the loosing effect due to particles having
smaller diameters. The material cost is presented as the size and color of
the scatter points as shown in Fig. 13.

The results show that the effective elastic moduli and effective
thermal conductivity is almost linearly correlated and they both
decrease as the volume fraction of MEPCM increases, while the volu-
metric heat of fusion increases as the volume fraction of MEPCM in-
creases as expected. It is worthwhile noting that because of the fly-ash
based shell of CenoPCM, cementitious composites with CenoPCM (i.e.,
CCPCM) shows substantially higher mechanical performance and

13

thermal conductivity than those of CCMi, indicated by the positions of
the scatter points within the 3-D property space, see Fig. 13. In addition,
because of the high costs of polymer micro-encapsulated PCM materials,
the material cost of heat storage for CCMi composites is sustainably
higher than that of concrete with CenoPCM, as indicated by the size and
color of the scatter points. Note that for the computational cases studied
herein with volume fractions of MEPCM up to 25% the price of heat
storing concrete incorporating CenoPCM is only a fraction of those with
polymer micro-encapsulated PCMs, which demonstrates enormous
technical and economic potential of CenoPCM for large-scale
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infrastructural applications — e.g., development of high volume con-
struction materials like heat-storing concrete and large building
components.

5. Conclusions

A comprehensive study on cementitious composites containing
micro-encapsulated phase change materials (MEPCM) is conducted.
Specifically, a new micro-encapsulation technology, namely CenoPCM,
was developed using fly-ash cenospheres (FAC) to encapsulate fatty acid
based PCM in its rigid shell. Cementitious composites containing various
volume percentage loading (3%-20 vol%) of CenoPCM were made and
tested. The experimental results were compared against its counterparts
with polymer micro-encapsulated PCM (i.e., Micronal®) in terms of
mechanical properties (elastic moduli and compressive strengths tested
at 7-day and 28-curing), thermal conductivities, and heat storage ca-
pacity. A micromechanics-based model was developed using a multi-
step substepping scheme to predict the mechanical and thermal prop-
erties of cementitious composites containing MEPCM of different types.
Key parameters governing thermal and mechanical properties of the
material are discussed, and the composition-property relationships are
deduced from both experiment results and predictive models. The
following conclusions are drawn from this study:

e Increasing the volume fraction of MEPCM leads to the decrease of
mechanical properties in general. However, cementitious composites
containing the CenoPCM have significantly higher strength that
those with polymer encapsulated PCM with the same MEPCM vol-
ume loading — while at lower volume fractions, the compressive
strength of cementitious composites with CenoPCM surpasses the
reference mortar likely due to the reduced air content because of the
improved workability. A similar trend was observed for elastic
moduli. The rigid shell of FAC provides strong support of the
encapsulated PCM within cementitious systems, leading to radically
higher strength and stiffness (elastic modulus). Fracture toughness
evaluated using notched beam tests show that the K}, of cementitious
composite containing CenoPCM experienced at least 47% less
reduction in the Kj. than those with Micronal®.

Thermal conductivities of cementitious composites containing both
types of MEPCM show a declining trend as the volume percentage of
MEPCM increases. Cement composite with CenoPCM shows higher
thermal conductivity overall due to the higher thermal conductivity
of FAC shell than that of the polymer microcapsules.

A micromechanics-based substepping model was developed to pre-
dict the thermal and mechanical (elastic) properties of cementitious
composite with various types of MEPCMs. The comparison between
predicted results with experimental data show good agreement. In
addition, a trade-off analysis was conducted using the calibrated
model. The results showed that CenoPCM has substantial potential in
developing concrete and cement-based materials at mass production
scale, due to its high mechanical properties, good thermal conduc-
tivity, and importantly, much lower costs than other MEPCM
materials.

Silica sol coating, or other similar method, maybe used to partially
seal the surface of CenoPCM after PCM loading. The nano silica
particles deposited on CenoPCM surface react with calcium hy-
droxide produced during the cement hydration process, which im-
proves the interfacial bonding between the CenoPCM particle and
the cementitious matrix. The silica also depletes the alkali within the
cement matrix, which may reduce the tendency of fatty acid to react
with the pore solution of cement composite. However, more effort is
needed to study the long-term durability and cyclability of CenoPCM
in cementitious materials.
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