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Cement-Based Materials with Solid–Gel Phase
Change Materials for Improving Energy

Efficiency of Building Envelope
Zhuo Liu, M.ASCE1; Jiang Du, M.ASCE2; Ryan Steere, M.ASCE3; Joshua P. Schlegel, M.ASCE4;

Kamal H. Khayat, M.ASCE5; and Weina Meng, M.ASCE6

Abstract: This paper evaluated the cement-based materials incorporated with novel solid–gel phase change materials (PCMs) for improving
the energy efficiency of building envelopes. This novel PCM is form-stable, which will not leak as solid–liquid PCMs do and not
need encapsulation, and it features high energy-storage capacity. Experimental results showed that the thermal properties of cement-based
materials were improved as the increase of PCM content. A 30% replacement of sand by volume with PCM can increase the latent heat of
the mixture from around 0 to 7 J=g and decrease the thermal conductivity of PCM mortar based on the generalized self-consistent (GSC)
model by about 20%. However, the workability and mechanical properties were compromised. The simulation results indicated that 30%
PCM-incorporated walls can contribute to 5% energy saving for cooling in a whole year and 12% reduction in peak cooling load compared
with the reference without PCM. The proposed PCM composite offers a promising avenue to achieve energy-efficient building envelopes.
DOI: 10.1061/JMCEE7.MTENG-15925. © 2023 American Society of Civil Engineers.

Introduction

The energy demand in building structures is expected to rise by
about 50% in 2050, and the cooling demand will increase twofold
from 2010 to 2050 (Souayfane et al. 2016). The increased energy
consumption represents significant capital investment and impacts
on the environment. It was estimated that by 2100, climate change
will increase the retail cost of electricity by $167 billion in the
United States and will lead to $31 billion more in annual purchases
of air-conditioning units (Ackerman and Stanton 2008). The
energy-saving potential was estimated as 10%–40% in building
systems that have high energy efficiency for cooling. Hence, it is
significant and urgent to enhance energy efficiency in building
systems to reduce energy demand (Saffari et al. 2017).

One approach to enhance energy efficiency in building systems
for heating/cooling is using thermal energy storage materials that
can serve as a thermal energy reservoir (Saffari et al. 2017), absorb-
ing heat when there is a surplus and releasing heat when there is a
deficit. Among different thermal energy storage materials, phase
change materials (PCMs) provide an elegant, realistic, and inexpen-
sive solution for temperature management due to their intrinsic ther-
mal properties (Jeong et al. 2019; Frazzica et al. 2019; Zhang et al.
2020; Li and Shi 2019). Proper use of a PCM can minimize the peak
heating/cooling loads and has the capability to keep the indoor tem-
perature within a comfort range due to smaller temperature fluctua-
tions, consequently reducing energy consumption in buildings. The
room-temperature PCMs have been directly integrated into building
materials (Alqallaf and Alawadhi 2013; Ram et al. 2020; Royon
et al. 2013). It was reported that by incorporating a PCM, the interior
temperature at the room center was reduced by 5°C, and the annual
greenhouse gas emission was decreased by 465 kg (Memon et al.
2015a). Also, energy savings from 17% up to 87% (for ideal cases)
may be realized (Dincer and Rosen 2001; Stritih and Butala 2011).

Therefore, extensive research has been conducted to optimize
the energy efficiency of concrete by incorporating PCMs for storing
heat in building constructions (Hunger et al. 2009; Dehdezi et al.
2013; Lecompte et al. 2015; Jayalath et al. 2016). However, PCMs
also have some negative impacts on the properties of fresh and
hardened concrete that depend on the type and the method of PCM
incorporation during the production of the PCM-concrete com-
posite (Cao et al. 2017; Navarro et al. 2016). In addition, the meth-
ods of PCM incorporation in concrete compromised the heat
storage capacity of the PCM. Existing research primarily focuses
on using a solid–liquid PCM, such as paraffin and hydrated salts,
which involve a solid–liquid phase change at their transition tem-
peratures (Yeon 2020; Sarı 2004). However, liquid PCMs have
high potential of leaking during the solid–liquid phase change
(Kasaeian et al. 2017; Hunger et al. 2009). Attempts have been
made to incorporate solid–liquid PCMs into concrete by encap-
sulation, including macroencapsulation and microencapsulation
(Jayalath et al. 2016). In microencapsulation, PCMs are packed
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in capsules from less than 1 μm to hundreds of micrometers in size.
The microcapsule consists of a PCM core and a shell that is usually
made of polymer or silica and fabricated through a physical or
chemical process. Microencapsulation has been considered one of
the best solutions of preventing leakage of PCMs, and advanta-
geous over the macroencapsulation because of the higher heat
transfer rate associated with the reduced size of capsules (Pilehvar
et al. 2017; Su et al. 2015). In macroencapsulation, PCMs are
impregnated into porous supporting materials with the size greater
than 10 mm such as diatomite (Costa et al. 2020), vermiculite
(Wen et al. 2017), expanded perlite (Hasanabadi et al. 2019), and
expanded graphite (Bi et al. 2021). The primary drawback of mac-
roencapsulation is the low charging/discharging efficiency due to
the low thermal conductivity of the PCM and size of the containers
(Memon et al. 2015a, b; Cui et al. 2015, 2017; Shi et al. 2014), and
the latent heat of the PCMs is compromised significantly because
the retention capacity of the porous supporting materials for PCMs
is low, normally 30%–60% (Memon 2014). In addition, there is still
leakage risk when the supporting materials are overimpregnated
with PCMs (Zhang et al. 2021). However, both the macro- and mi-
crocapsules are susceptible to damages of the shell. Once the shell
is damaged, leakage of PCM will occur and affect the mechanical
and thermal properties of concrete (Shen et al. 2021; Niall et al.
2017; Kenisarin and Mahkamov 2007). Damage to the shell may
be induced by mechanical and/or other effects during construction
and operation, such as impacts of aggregates in mixing, concrete
cracks in operation, degradation of shell material, elevated temper-
ature, and so on. The potential to damage the shell is compounded
because conventional concrete lacks flowability (Essid et al. 2022;
Bao et al. 2022). Additional mechanical vibration is needed to con-
solidate concrete during construction of building structures. The
use of vibration increases the probability of damaging the shell of
capsules during construction (Sarbu and Sebarchievici 2018; Lin
et al. 2018; Sata et al. 2012). In addition, the charging/discharging
efficiency of the encapsulated PCM depends on the heat transfer
between concrete and the PCM through the shell. There is a trade-
off between the shell mechanical strength and the heat transfer ef-
ficiency (Kroehong et al. 2011; Nie et al. 2017; Song et al. 2022).
Heat transfer efficiency may be further reduced by debonding be-
tween the shells and surrounding concrete.

Considering these issues, a novel solid–gel PCM has been de-
veloped by the author using a eutectic mixture of lauric acid, a fatty
acid, and methyl palmitate (a methyl ester) (Saeed et al. 2017). This
PCM was modified through the addition of a gelling agent. The
gelling agent stabilizes the liquid phase, leading to a form stable
solid–gel phase transition. This novel PCM will not leak in the
cement-based composite and does not compromise its latent heat.
The resulting mixture has a melting temperature of 24.1°C and a
latent heat of about 178 J=g, which is much higher than normal
form-stable PCMs. Volume expansion during phase change is 3%,
which is feasible for incorporation in structural concrete with con-
sideration of the internal stresses induced by volume expansion.
The gelling agent also prevents supercooling, which is a common
problem with organic PCMs, leading to significantly lower freez-
ing temperatures than melting temperatures. The gelling agent sup-
presses supercooling by providing freezing nucleation sites within
the PCM. Most importantly, the novel PCM is form-stable and so
will not leak as solid–liquid PCMs do. This is particularly desirable
in building envelope applications; this new PCM does not require
encapsulation. Because of this, we envision that (1) the PCM–
concrete mass ratio can be higher, leading to larger thermal absorp-
tion capacity at a given structural strength, or (2) the PCM–concrete
mass ratio can be lower, leading to higher structural strength at a
given thermal absorption capacity.

Despite the promise of the novel form-stable solid–gel PCM for
enhancing energy efficiency in buildings, knowledge gaps remain
and must be addressed. First, a holistic understanding of the effect
of the PCM on the fresh and hardened properties of concrete is
missing. The use of the PCM may affect the mechanical properties
and long-term durability of concrete through changing the hydra-
tion kinetics of cementitious materials and the microstructure of
hardened concrete. There are several possible mechanisms, such as
(1) the PCM fillers may modify the packing density of concrete,
(2) the PCM particles provide surfaces that may serve as nucleation
sites for precipitation of hydration products in concrete, (3) the sur-
face activity of PCM particles may involve interactions with water
and admixtures in concrete, and (4) the volume change of PCM
during phase change may induce internal stresses and accelerate
degradation of the concrete matrix. There is no experimental data
available to help predict the fresh and hardened properties and
durability of the form-stable PCM-doped cementitious composite.
Furthermore, the PCM will change the thermal properties of con-
crete, such as the thermal conductivity, specific heat, and so on.
This is the basis of enhancing the energy efficiency of buildings.
However, fundamental knowledge on the effect of the new solid–
gel PCM on the thermal properties of concrete is missing.

This paper aims to investigate the effect of the novel solid–gel
PCM on the key properties of cement-based materials including the
mini-slump flow, 28-day compressive strength, and modulus of
elasticity. In addition, hydration kinetics of mixtures incorporated
with PCMs were explored, energy storage capacity of the mixtures
was measured, thermal conductivity was obtained using a theoreti-
cal model, and the microstructures were analyzed. Finally, the re-
sults of thermal properties were used in simulations by EnergyPlus
to find out the energy efficiency of the building envelopes built with
walls containing this novel PCM. Other parameters that affect the
energy efficiency, such as melting point and the outdoor temper-
atures, were also investigated in the simulations, which can facili-
tate the optimization of materials design of cement-based materials
with PCM for improving energy efficiency of building systems.

Materials and Experimental Program

In this study, the solid–gel PCM is first synthesized and prepared.
Then it is used for preparation of different mortar mixtures, which
are characterized regarding fresh and hardened properties, micro-
structure, and thermal properties. Finally, the thermal properties are
used to simulate the energy efficiency of building using the PCM-
mortar. The structure of the investigation is shown in Fig. 1.

Fig. 1. Flowchart of the investigations on PCM-mortar.
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Raw Materials

In this study, a eutectic mixture of methyl palmitate and lauric acid
(MP-LA) was used as the phase change material. The chemical data
for each component are listed in Table 1. The gelling agent was
2-hydroxypropyl ether cellulose (HPEC), with chemical data listed
in Table 2. The binary eutectic was prepared as a 60∶40molar ratio of
MP to LA. The HPEC gelling agent was then added to the MP-LA
mixture with a mass fraction of 10%. Fig. 1 shows a photograph of
the “liquid-state” PCM with and without the gelling agent. Fig. 2(a)
shows a clear liquid, while Fig. 2(b) shows a waxy semisolid.

Thermal performance of the resulting MP-LA/HPEC mixture is
summarized in Table 3. The thermal analysis by differential scan-
ning calorimetry (DSC) shows that the addition of HPEC gelling
agent did not cause any phase separation or incongruent melting.
The form-stable PCM shows a melting temperature at 24.06°C and
a latent heat of 177.9 J=g. In over 30,000 phase change cycles, rep-
resenting about 80 years of daily thermal cycling, the PCM showed
a drift of only 1°C in melting temperature and 2.9% for latent heat
of fusion.

To prepare the PCM for the cement-based materials, the PCM
was ground into 200-μm-sized grains. Due to the consistency of the
material and the material’s melting point being only slightly higher
than the room temperature, the smaller PCM pieces were mixed with
liquid nitrogen immediately before grinding, and the grinder was kept

in a 0°C freezer until grinding occurred. This was done to prevent the
PCM frommelting into a partially solid gel that would build up inside
the grinder, because the grinder would heat up as the grinding oc-
curred. Following the grinding, the material was stored in containers
in the 0°C freezer until mixing occurred. Type I/II portland cement,
class C fly ash (FAC), silica fume (SF), and well-graded river sand
were used to produce the mortar mixtures. The chemical composi-
tions and physical characteristics of these raw materials are listed
in Table 4. The particle size distribution of the river sand is shown
in Fig. 3. Thewater absorption value of river sand was measured to be
0.14%, in accordance with ASTM C128 (ASTM 2023).

Mixture Design

In this study, 12 mortar mixtures were investigated, with three dif-
ferent water–bind ratios (w/b) and four different PCM contents. All
the mixture proportions are presented in Table 5. Each designation
for a mixture consists of two components representing w/b and the
PCM content. For example, the designation W35-P20 represents
the mixture with a w/b of 0.35 and 20% of sand replaced by PCM.

Heat of Hydration

The rate and extent of hydration were monitored using an iso-
thermal conduction calorimeter (Calmetrix I-CAL 8000), which
was programmed to maintain the sample at a constant temperature
of 20°C� 0.1°C. About 75 g of fresh mixture was sealed in a plas-
tic vial and placed into the calorimeter. The heat of hydration data
was continuously measured from 2 min after completion of mixing
the mortar and continued for 36 h. The calorimetry results were
normalized by mass of the binder.

Fresh and Mechanical Properties

The unit weight and mini-slump flow values of fresh mixtures were
measured in accordancewith ASTMC138 andASTMC230/C230M
(ASTM 2017a), respectively. Compressive strength at 28 days was
evaluated using 50-mm cubes according to ASTM C109 (ASTM
2020). The Young’s modulus at 28 days was evaluated in accordance
with ASTM C469 (ASTM 2017b). Three sample replicates were
prepared for each test. The average results are reported.

Thermal Properties

A Seiko DSC 6200 calorimeter was used to measure the melt-
ing temperatures, specific heats, and latent heats of the mixtures.
Samples were tested using aluminum sample pans and lids. The
calorimetric precision, sensitivity, and temperature accuracy is within
�1%, 1 μW, and �0.05°C respectively.

Because the thermal conductivity of each component in the mor-
tar is available and multiple models have been verified to effectively

Table 1. The chemical and physical data of solid–gel PCM

Name Scientific name Purity (%) Molecular weight (g=mol) CAS number Molecular formula

Methyl palmitate (MP) Methyl hexadecanoate 99 270.4507 112-39-0 C17H34O2

Lauric acid (LA) Dodecanoic acid 99 200.3178 143-07-7 C12H24O2

Table 2. The chemical data of the gelling agent

Scientific name
(CA index name)

Supplier/product
name

Physical
form

CAS
number

2-hydroxypropyl ether
cellulose (HPEC)

Ashland/Klucel-G Powder 9004-64-2

Fig. 2. (a) Digital photograph of the eutectic PCM mixture (MP-LA);
and (b) digital photograph of form-stable gelled PCM (MP-LA/HPEC).

Table 3. DSC data for gelled Eutectic PCM

PCM name Tm (°C) Tf (°C) ΔHm (J=g) ΔHf (J=g) Csolid
p (W=mK) Cmelted

p (W=mK) ρsolid (g=mL) ρmelted (g=mL)

MP-LA/HPEC 24.1 20.8 177.9 176.4 1.89 2.88 0.893 0.847

Note: Tm is melting temperature, Tf is freezing temperature,ΔHm is melting enthalpy,ΔHf is freezing enthalpy, Csolid
p is solid thermal conductivity, Cmelted

p is
melted thermal conductivity, ρsolid is solid density, and ρmelted is melted density.

© ASCE 04023425-3 J. Mater. Civ. Eng.
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predict the thermal conductivity of concrete (Lee et al. 2006;
Mandilaras et al. 2015; Wang et al. 2006; Meshgin and Xi 2013),
in this paper, the thermal conductivity will be obtained using one of
these models, the generalized self-consistent model (GSC) that has
been proved highly effective in multiple studies (Lee et al. 2006;
Meshgin and Xi 2013).

SEM Observations

Small pieces from fractured mortar specimens were taken as
samples for scanning electron microscope (SEM) analysis. Before

examination, the broken pieces were rinsed using 99.8% isopropyl
alcohol, oven dried at 50°C for 24 h, and then coated with a very
thin layer of gold for conduction. Three images per sample were
taken using the SEM with backscattered electron mode.

Key Properties of PCM-Mortar

Fresh and Mechanical Properties

Fig. 4(a) shows the mini-slump results of tested samples. With the
increase of PCM content from 0% to 30%, the mini-slump spreads
of mixtures with a w/b of 0.35, 0.45, and 0.55 decreased by 58%,
57%, and 26%, respectively. This is because the replacement of
sand by PCM particles introduced more surface area for water
absorption, decreased the free water in mixtures, and hence mini-
mized the workability. When w/b increases and reaches 0.55, due to
more free water introduced to the mixture, the impact of the
PCM was offset significantly and the reduction in mini-slump was
mitigated.

Fig. 4(b) presents the results of 28-day compressive strength,
and it was found that increasing PCM content from 0% to 30%
led to reduction of compressive strength by 48%, 50%, and 64%,
respectively, for mixtures with a w/b of 0.35, 0.45, and 0.55. This
could be because the lack of free water due to the water seques-
tration by PCM particles hindered the formation of hydration
product, which led to decrease in compressive strength (Eddhahak
et al. 2014). Also, with the increase of PCM content, there are less
sands providing a pozzolanic effect and greater interaction with
the cementitious matrix. In addition, sand with greater mechanical
strength partially replaced by the polymeric PCM can lead to re-
duction of compressive strength. Fig. 4(c) gives the results of
elastic modulus of tested samples. It showed that when PCM in-
creased from 0% to 30%, elastic modulus of mixtures with a w/b
of 0.35, 0.45, and 0.55 decreased by 38%, 40%, and 41%, re-
spectively. This followed the same trend in compressive strength
because the elastic modulus and compressive strength are intrinsi-
cally related (Haurie et al. 2016). The compressive strength was
significantly compromised owing to the incorporation of PCM
in the mortar. However, this mortar is designed for building walls.
Given the requirement of compressive strength of mortar for build-
ing walls is 13.8 MPa according to ASTM C90-22 (ASTM 2022),
which is much lower than all mixtures except for W55-P30, the
PCM mortar can be safely applied. But for heavily loaded appli-
cations, the compressive strength needs to be improved. Further
studies will be conducted to enhance the mechanical properties
while maintaining the benefits of thermal properties from PCM
(e.g., the mix design can be optimized to improve the packing den-
sity of the mixtures for higher strength).

Heat of Hydration

Fig. 5 presents the hydration heat flow and cumulative hydration
heat of mixtures W45P0, W45P10, W45P20, and W45P30. At the
same w/b of 0.45, with the increase of PCM content from 0% to
30%, the hydration peak is reduced from 3.62 to 3.07 mW=g
(by 15%), the time reaching the peak remained the same at around
12 h for all mixtures. This is because the replacement of sand by
PCM introduces more surface area for water adsorption, which hin-
dered the formation of hydration product, as a result the heat peak
decreased significantly in mixtures with 30% PCM compared with
that of mixtures without PCM. This can explain the results that
mixtures with PCM resulted in lower hardened properties compared
with mixtures without PCM.

Table 4. Chemical and physical properties of the cementitious materials
and sand

Composition
Type I/II
cement

Class C
fly ash

Silica
fume

River
sand

SiO2 (%) 19.8 36.50 95.50 80.30
Al2O3 (%) 4.5 24.80 0.70 10.50
Fe2O3 (%) 3.2 5.20 0.30 3.43
CaO (%) 64.2 28.10 0.40 1.72
MgO (%) 2.7 5.00 0.50 1.70
SO3 (%) 3.4 2.50 — 1.07
Na2O eq. (%) — — 0.40 —
C3S (%) 61 — — —
C2S (%) 8 — — —
C3A (%) 6 — — —
C4AF (%) 8.40 — — —
Loss of ignition (%) 2.6 0.50 2.00 1.28
Blaine surface area (m2=kg) 379 — — —
B.E.T specific area (m2=kg) — — 18,200 —
Specific gravity, SSD 3.15 2.70 2.20 2.65

Note: B.E.T = Brunauer, Emmett, and Teller.

Fig. 3. The particle size distribution of the river sand.

Table 5. Mixture design of the investigated mixtures (unit: kg=m3)

# Designations w/b PCM SF FAC Cement
River
sand Water

1 W35-P0 0.35 0.0 36.4 357.6 571.9 902.1 310.4
2 W35-P10 0.35 33.4 36.4 357.6 571.9 811.9 310.4
3 W35-P20 0.35 66.9 36.4 357.6 571.9 721.7 310.4
4 W35-P30 0.35 100.3 36.4 357.6 571.9 631.5 310.4
5 W45-P0 0.45 0.0 33.1 325.3 520.2 820.6 372.7
6 W45-P10 0.45 30.4 33.1 325.3 520.2 716.2 372.7
7 W45-P20 0.45 60.8 33.1 325.3 520.2 636.6 372.7
8 W45-P30 0.45 91.3 33.1 325.3 520.2 557.0 372.7
9 W55-P0 0.55 0.0 30.5 299.2 478.4 754.7 423.1
10 W55-P10 0.55 28.0 30.5 299.2 478.4 679.2 423.1
11 W55-P20 0.55 56.0 30.5 299.2 478.4 603.7 423.1
12 W55-P30 0.55 83.9 30.5 299.2 478.4 528.3 423.1

© ASCE 04023425-4 J. Mater. Civ. Eng.
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Thermal Properties

Energy Storage Capacity
The energy storage curves are presented in Fig. 6. For mixtures
with the same w/b, increase of PCM content can effectively en-
hance the energy storage capacity over the temperature range from
24°C to 30°C due to the phase change process of PCM. The melting

temperature point of investigated mixtures was not considerably
affected by variations of w/b and PCM contents. The mixture
W45-P30 achieved the highest latent heat value (i.e., over 7 J=g).
However, given the latent heat of 178 J=g in pure PCM, a latent
heat of about 8 J=g was expected for W45-P30 mixture. The less
measured latent heat indicates that there may be some additional
interactions occurring during the mixing and curing process. Fur-
ther research is necessary to understand the chemical and physical
mechanisms.

Thermal Conductivity
In this paper, the GSC model (Meshgin and Xi 2013) was used to
determine the thermal conductivity of mortar with PCM. This model
was developed as a “Three PhaseModel” in which the matrix and the
inclusions are two constituent phases, and the composite is the third
one. The spherical inclusion of with a radius a is embedded in a con-
centric sphere matrix with a of radius b, which is embedded in an
effective media as is shown in Fig. 7(a). According to the steady-state
conduction and equation of this composite, as well as the continuity
conditions of the heat flux satisfied at the boundaries between the
inclusion and the matrix, the effective thermal conductivity can be
derived and calculated as
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Fig. 5. Effects of PCM on hydration heat: (a) heat flow; and (b) cumulative heat.
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Keff ¼ Km

2
41þ c

1−c
3
þ Km

Ki−Km

3
5 ð1Þ

where c ¼ ða=bÞ3 is the function of radius ratio of the inclusions
and Ki and Km are the conductivity of the inclusion and matrix.

Fig. 7(b) shows a schematic view of the multiscale model for
the PCM-incorporated mortar. It is shown that PCM-mortar has
three different phases: sand, PCM particles, and cementitious paste.
At largest scale, PCM-mortar can be considered as a two-phase
composite with sand as the inclusion and PCM-cementitious paste
as the matrix. Likewise, the PCM-cementitious paste can be con-
sidered as a two-phase composite with PCM as the inclusion and
cementitious paste as the matrix.

Thermal properties of phases are listed in Table 6. According to
the GSC model for PCM-mortar and Eq. (1), the thermal conduc-
tivity of mixtures with PCM content from 0% to 30% can be ob-
tained, and the results are shown in Fig. 8. The results indicate that
increasing the PCM content can significantly decrease the ther-
mal conductivity of PCM-mortar. Because the lower thermal con-
ductivity can prevent indoor heat exchanging with outside of the
building envelopes, it will be beneficial to maintain a more stable
temperature and improve energy efficiency.

SEM Observations

The results of microstructure analysis by SEM are shown in Fig. 9.
With the same w/b, the 30% PCM incorporated mortar has an ob-
viously larger thickness of interfacial transition zone (ITZ) than that
of the mixture without PCM. And the paste matrix in mixture with
PCM is apparently more porous than that of mixture without PCM.
These could result from: (1) the free water was adsorbed on the
surface of PCM; hence, hydration products are decreased due to the
reduction of free water and more pores are unfilled; and (2) incom-
patibility between PCM particles and cementitious matrix resulted
in weakened interface between them. These can explain the reduc-
tion in compressive strength and modulus of elasticity of mixtures
with the increased content of PCM.

Energy Efficiency of Buildings Using PCM-Mortar

Numerical simulations were conducted to investigate the energy
efficiency of building envelopes with and without PCM incorpo-
rated. The key parameters of PCM properties used in the models
were also explored to enhance the understanding of optimization of
PCM-mortar.

Numerical Model

The numerical simulation was conducted using EnergyPlus 9.1,
which is a program specialized for modeling building energy con-
sumption. As is shown in Fig. 10, the building with dimensions of
10 × 5 × 5 m was built as the building model to represent the prac-
tice of a residential house. The walls on the four sides are constructed
with PCM-mortar inside to investigate their effect on energy effi-
ciency of the whole building. Fig. 13 presents the structure of the
walls. There are four layers in the structure: 1.3-cm (0.5-in.) stucco,
20.3-cm (8-in.) PCM-mortar, 5-cm (2-in.) insulation, and 1.3-cm
(0.5-in.) gypsum from outdoor to indoor.

Modeling Inputs

PCM Properties
In EnergyPlus, the one-dimensional Conduction Finite-difference
(CondFD) solution algorithm is introduced to simulate the phase
change process. This algorithm uses an implicit finite difference
scheme coupled with an enthalpy–temperature function to calculate
phase change energy accurately (Wang et al. 2020).

Fig. 7. (a) Modeling of PCM-mortar: the generalized self-consistent model; and (b) modeling of PCM-mortar: multiscale modeling of the composite.

Table 6. Thermal conductivity of phases in PCM-mortar

Composition PCM Sand Cementitious paste

Conductivity [W=ðmKÞ] 0.18 3.0 0.75

Fig. 8. GSC model-based thermal conductivity of mixtures with dif-
ferent PCM content.
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In EnergyPlus, enthalpy under different temperatures of the si-
mulated PCM are input. The enthalpy–temperature curves obtained
from test results of aforementioned mixtures W45-P0, W45-P10,
W45-P20, and W45-P30, abbreviated as NonPCM, P10, P20, and
P30 here, are set as the PCM properties of the PCM-mortar in
the walls separately to compare their effects on the simulations.
Fig. 11 shows the enthalpy–temperature function of the PCM-mortar
simulated.

Weather Conditions and Indoor Temperature
The EPW (EnergyPlus Weather Format) file of City 1 was used
in the simulation. Fig. 12 shows the variation of outdoor temper-
ature in a whole year. The climate has distinct four seasons with
the hottest weather in June and July and the coldest weather in
December and January.

To remain a comfortable indoor air temperature, the thermostat
was set with a cooling set point temperature of 22°C and a heating

Fig. 9. Microscopic morphology of ITZ under different w/b and PCM content: (a) W35P0; (b) W35P30; (c) W45P0; (d) W45P30; (e) W55P0; and
(f) W55P30.

Fig. 10. (a) Modelling of building energy consumption: building model simulated in EnergyPlus; and (b) the structure of walls in the building model.

Fig. 11. Enthalpy–temperature function of PCM-mortar. Fig. 12. The annual outdoor temperature variation in City 1.
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set point temperature of 18°C. Hence, the indoor temperature was
maintained between 18°C and 22°C.

Energy Efficiency Simulation Results

Energy Consumption
Fig. 13 presents the 1-year energy consumption in total in terms of
the heating and cooling. It can be found that both heating and cool-
ing energy consumption decreased with the increase of PCM con-
tent in the walls. Specifically, P30 building can save 5% energy
consumption for cooling compared with the NonPCM reference.

This is because in hot weather, the PCM wall can transfer some
absorbed energy to latent heat in PCM and conduct less heat to
indoor space, thus the heating, ventilation, and air conditioning
(HVAC) system need less cooling energy to maintain indoor tem-
perature. Likewise, the HVAC system needs less heating energy to
prevent indoor temperature from falling in cold weather. Notewor-
thy, the energy saving for cooling is more significant than that for
heating; this could be the result of the high melting temperature of
PCM-mortar, which makes it less possible to have phase change
process in cold weather.

Electricity Load
Electricity load, which represents the electric power required from
the supply, can be used to evaluate the energy demand in terms of
the heating and cooling system in the simulations. Fig. 14 gives the
cooling loads for 48 h from August 9 to 10, which are two typical
hot days in summer. It is shown that cooling load is considerably
reduced with the increase of PCM in the wall. The areas of the
curves which represent the energy consumption for cooling show
that PCM-incorporated walls are beneficial for reducing cooling
energy consumption. Furthermore, for the P30 building, peak cool-
ing load is reduced by about 12% on August 9 and 8% on August 10
compared with the NonPCM building. Thus, it can be indicated that
PCM walls can minimize both the peak demand and total demand
of electricity supply, which will mitigate the difficulties for electric

companies because their electricity generation capacity must meet
the peak demand and the total demand.

Parameters Affecting the Energy Efficiency

Weather
Weather has an important effect on the efficiency of the function-
ality of PCM walls because it directly affects the degree and fre-
quency of phase change process happening in the PCM walls.
Therefore, three different types of weather in City 1, City 2, and
City 3 are compared in the simulation. Fig. 15 presents the annual
outdoor temperature variation in these three cities. It can be seen
that, compared with City 1, the temperature in City 2 on summer
days is higher and more variable while the temperature in City 3 is
lower and more stable.

Fig. 16 compares the cooling energy saving amount and per-
centage in PCM buildings compared with their NonPCM referen-
ces. It was found that, compared with City 2, both the amount and

(a) (b)

Fig. 13. Annual heating and cooling energy consumption: (a) heating energy; and (b) cooling energy.
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percentage of energy saving for cooling in City 1 are higher while
both are lower in City 3. This is possibly because high temperature
makes it more possible for melting to happen and more fluctuating
temperatures make the phase change happen more frequently. Thus,
it can be indicated that the PCM can be more effective in increasing
energy efficiency of building in a relatively high and more fluctuant
temperature environment.

Melting Point of PCM
Another important parameter that affects energy consumption is the
melting point of the PCM because it decides the starting point of
latent heat storage and influences the total heat transfer under given
climate data. If the melting point is too high above or too low below
the outdoor temperature, it will be difficult for the phase change
process to happen.

Figs. 17(a–c) present the PCM properties of different PCM mor-
tar with melting points from 9 to 33°C, and they are applied in the
simulation and their effect on energy consumption is investigated.

Fig. 18 gives the annual heating and cooling energy consumed
in simulated PCM buildings and the NonPCM references. As is
shown in Fig. 17(a), it is indicated that the melting point above
33°C contributes negligibly to heating energy saving. And contri-
bution of the melting point below 15°C to cooling energy saving
is also ignorable according to Fig. 17(b). The 18°C and 27°C are

the optimal melting temperatures that contribute to the best energy
saving performance for heating and cooling separately, depicted in
Fig. 17(c). The optimal PCM that leads to the least total energy
consumption has a melting temperature between 21°C and 27°C.
Thus, it can be indicated a reasonable range of melting points should
be considered according to the weather conditions used to obtain a
better energy-saving performance of the building envelope.

Conclusions

In this study, the main findings from experimental studies and
numeral simulations are summarized:
1. Energy storage capacity of the cement-based materials in-

creases as the increase of PCM content. A 30% replacement
of sand by PCM can increase the latent heat of the mixture
to 7 J=g.

2. Fresh and mechanical properties of the mixtures were highly
impacted by the addition of the PCM. The workability was
reduced with the increase of PCM. The 28-day compressive
strength and elastic modulus also decreased significantly with
the increase of PCM.

3. Simulation results demonstrated that PCM-mortar are beneficial
for reducing energy consumption and electricity load in terms of
heating and cooling. Thirty percent PCM-incorporated walls
can contribute to 5% energy saving for cooling in a whole year
and 12% reduction in peak cooling load.
This study is a feasibility study on utilization of the novel PCM-

mortar in cementitious materials for enhancing energy efficiency of
building envelopes. It fills the blank of understanding on how this
solid–gel PCM influences key properties of cementitious materials
and energy efficiency of building envelopes. Further studies need to
be carried out to understand the fundamentals on how PCMs inter-
act with cementitious matrix, which will give more in-depth under-
standing on how to design the solid–gel PCM composite and the
cementitious mixtures in different applications. In addition, more
experimental studies need to be conducted to verify the durability
and volume stability of PCM-incorporated cementitious materials
for further expansion of the applications of this material.
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Fig. 18. Annual heating and cooling energy consumed in 1 year: 18°C and 27°C are the optimal melting temperature for PCM to achieve lowest
heating and cooling energy consumption respectively, and 21°C–27°C contributes to the highest total energy saving: (a) heating energy; (b) cooling
energy; and (c) total energy for heating and cooling.
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