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Abstract: The application of phase change materials (PCMs) has been verified as an effective strategy
for improving energy efficiency and reducing greenhouse gas emissions. Biocomposite PCMs (Bc-
PCM) exhibit large latent heat, chemical stability, and a wide temperature range. In this study, thermal
conductivity improved Bc-PCM (TBc-PCM) was made via vacuum impregnation with graphene
nanoplatelets (GNPs). Chemical stability analysis and thermal performance analyses of the Bc-PCM
and TBc-PCM were carried out as well as building energy simulations and thermal comfort analyses.
Our results show Bc-PCM showed a higher heat storage capacity and enthalpy value compared
to TBc-PCM. TBc-PCM exhibited a 378% increase in thermal conductivity compared to Bc-PCM.
Building energy simulation results revealed that annual heating and cooling energy consumption
decreased as the thickness of the PCM layer increased. In addition, the Bc-PCM with a larger PCM
capacity was more effective in reducing energy consumption during the heating period. On the other
hand, the cooling energy reduction effect was greater when TBc-PCM with high thermal conductivity
was applied because of the high heat transfer during the cooling period. Thermal comfort evaluation
revealed it was more comfortable when PCM was applied.

Keywords: phase change material; thermal conductivity; heat storage; energy simulation; ther-
mal comfort

1. Introduction

The building sector contributes 30% of total primary energy consumption [1–3]. Thus,
effective and sustainable ways to enhance thermal comfort conditions and energy efficiency
in buildings are required [4,5]. The need to improve the energy efficiency of the built
environment has led to the development of various technologies for conservation of energy
and better usage for heating and cooling [6]. Thermal energy storage (TES) is a useful
technique for improving energy savings and energy efficiency [7,8]. TES in a building
can be implemented through sensible energy storage and latent thermal energy storage.
Applying sensible heat energy storage materials, such as concrete, increases the volume
and construction costs of the building. However, latent heat storage materials have a
high storage density at small temperature intervals [9,10]. In this respect, the application
of phase change materials (PCMs) in building envelope components has been verified
as an effective strategy for building energy efficiency improvement [11] and greenhouse
gas emission reduction [5,12]. PCM can absorb and release large amounts of latent heat
by changing its phase as the temperature increases or decreases. The latent heat storage
capacity of PCM plays an important role in resolving energy imbalance, improving energy
efficiency, and protecting the environment [13,14]. PCMs can be classified as organic,
inorganic, or eutectic. Organic PCMs such as paraffinic series are reliable, inexpensive,
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safe, non-corrosive, and chemically stable [15]. However, inorganic PCMs have high
latent heat, but they are highly prone to phase segregation and super-cooling. Therefore,
organic PCMs are mainly used in latent heat storage systems because they have good
compatibility with other materials, no super-cooling, and high heat of fusion, and can be
used over a wide temperature range [16,17]. Biocomposite PCMs (Bc-PCM) are organic
waste product from the food manufacturing process, that is performed to remove the acidic
fatty esters. Additionally, Bc-PCMs are highly appreciated given the fact that they are
non-toxic, renewable, non-expensive and accessible [18,19]. These Bc-PCMs are encased in
a sheet of plastic material and used to stabilize room temperature when installed behind
drywall on walls or ceilings. They show huge latent heat, chemical stability, and a wide
temperature range from −23–78 ◦C [15,20]. However, Bc-PCMs have a characteristic of low
thermal conductivity, which severely reduces the rate of heat storage and extraction during
the phase change cycles. Carbon materials can be effective enhancements to improve their
low thermal conductivity [21]. In this regard, many studies have been carried out to solve
the low thermal conductivity of Bc-PCMs by applying carbon materials. Wen et al. [22]
prepared and studied the thermal properties of a form-stable composite (capric + lauric
acid/diatomite). To increase the thermal conductivity, they further added expanded
graphite (EG) to the composite. As a result, the thermal conductivity of the composite
increased gradually by 39.7%, 61.6%, 77.6%, and 114.2% for EG fractions of 3%, 5%, 7%,
and 10%, respectively. Wan et al. [23] manufactured a form-stable PCM using pinecone
biochar as a supporting matrix for palmitic acid. In their study, the composite with a mass
ratio of 6 (palmitic acid): 4 (pinecone biochar) showed the highest stability. The thermal
conductivity of the manufactured composite material increased by 43.76% compared to
that of pure palmitic acid. Wu et al. [24] synthesized different parameters of stearic acid
(SA)/EG form-stable composite PCMs, in which liquid SA was adsorbed into EG additives
with various contents. When the EG content was less than 25 wt%, the thermal conductivity
of the EG/SA composite PCM increased as the EG content increased. However, when the
EG content exceeded the optimum value of 25 wt%, the thermal conductivity of the EG/SA
composite PCM gradually decreased. Amin et al. [25] analyzed the thermal properties
of the beeswax/graphene composite PCMs. Consequently, the thermal conductivity of
composite PCMs increased when the mass fraction of graphene nanosheets increased from
0.05% to 0.3%. The thermal conductivity of the composite PCMs reached 2.89 W/mK at
a temperature of 40 ◦C and a graphene concentration of 0.3%. In this study, we aim to
make a thermal conductivity improved Bc-PCM (TBc-PCM) via a vacuum impregnation
process with graphene nanoplatelets (GNPs). TBc-PCM has a lower heat storage capacity
compared to Bc-PCM, but has high thermal conductivity. Bc-PCM and TBc-PCM show
different characteristics in terms of heat storage capacity and thermal conductivity, which
may have different effects on energy reduction performance and thermal comfort when
applied to buildings. Therefore, this study applied the heat storage sheet containing
these two PCMs to the wall and analyzed the effect on the building energy reduction
performance and thermal comfort. To confirm the chemical and thermal characteristics of
the Bc-PCM and TBc-PCM, Fourier transform infrared spectroscopy (FTIR), differential
scanning calorimetry (DSC), thermogravimetric analysis (TGA) and TCi analysis will be
performed. We will then analyze the heating and cooling energy reductions in wooden
houses using Bc-PCM and TBc-PCM through energy simulation analysis. Additionally,
we will evaluate the effect of employing a PCM layer on indoor thermal comfort using
Fanger’s comfort model.

2. Materials and Methods
2.1. Materials and Preparation

In this study, Bc-PCM with a latent heat capacity of 148.9 J/g and melting temperature
of 29.33 ◦C was used, and it was provided by the Korea C&S Corporation in South Korea.
GNPs for TBc-PCM preparation was provided from Asbury Graphite Mills (Bloomsbury,
NJ, USA). TBc-PCM was prepared by vacuum impregnation [26–28]. The porous GNPs
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was prepared on a stainless-steel tray and dried in a vacuum oven for 2 h at 80 ◦C to
evacuate air from the porous GNPs. Then, the porous GNPs in the tray was placed in
the melted Bc-PCM until it was sufficiently submerged. The GNPs and Bc-PCM mixtures
were impregnated in a vacuum oven for 2 h at 80 ◦C. After the impregnation process, the
composite of the colloidal state was filtered through a 1 µm filter paper that was connected
to a vacuum state flask to remove any over-saturated Bc-PCM from the surface of the
composite. After the filtration process, the composite was dried in a vacuum oven for 24 h
at 80 ◦C to remove remaining Bc-PCM on the surface.

2.2. Characterization Techniques

To confirm the chemical characteristic of the Bc-PCM and TBc-PCM, FTIR (FTIR: 300E
Jasco) analysis was performed to observe the change of chemical groups upon curing.
The samples were analyzed over the range of 650–4000 cm−1. The thermal properties of
Bc-PCM and TBc-PCM, such as phase change temperature range and latent heat capacity,
were measured using a differential scanning calorimeter (DSC: Q 1000). DSC measurements
were carried out at heating and cooling rates of 5 ◦C/min, with the temperature ranging
from 0–80 ◦C. The latent heat capacities of the Bc-PCM and TBc-PCM were determined
by numerical integration of the area under the peak representing the solid–liquid phase
changes [29]. Then, TGA analysis was carried out using a TGA instrument (TA Instruments,
TGA Q 5000) on (2–4) mg samples within a temperature range of 30–600 ◦C. The thermal
conductivities of the samples were analyzed using a TCi thermal conductivity analyzer
(C-Therm Technologies Ltd., Fredericton, NB, Canada), a device that can measure the
thermal conductivity of small samples using the modified transient plane source (MTPS)
method [30].

2.3. Building Energy Simulation Modeling

In this study, DesignBuilder software, which provides a 3D comprehensive interface
based on EnergyPlus, was used for the building energy simulation. EnergyPlus can simu-
late indoor thermal comfort and building energy consumption [31] and uses a conductive
finite difference (CondFD) solution algorithm that discretizes the building envelope into
different nodes to calculate heat storage properties. DesignBuilder software uses a com-
pletely implicit scheme for a homogeneous material with uniform node spacing, as shown
in Equation (1).

Cpρ∆x
T j+1

i − T j
i

∆t
=

kE

(
T j+1

i−1 − T j+1
i

)
∆x

+ kI

(
T j+1

i+1 − T j+1
i

)
∆x

 (1)

where Cp is the specific heat capacity (J/kgK), ρ is the density (kg/m3), ∆x is the thickness
of the finite difference layer (m), T is the node temperature (◦C), i is the node being modeled,
j is previous time step, i − 1 is adjacent node to exterior of construction, i + 1 is the node
adjacent to the interior of construction, j + 1 is the new time step, kE (W/mK) is the thermal
conductivity of an exterior for the interface between node i and node i − 1, and kI (W/mK)
is the thermal conductivity of an interior for the interface between node i and node i + 1.
To calculate the thermal conductivity, the value of an exterior, kE (W/mK), for interface
between i node and i − 1 node was calculated by Equation (2). The value of an interior, kI
(W/mK), for interface between i node and i + 1 node was calculated by Equation (3).
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Then, this model by Equation (1) is accompanied by Equation (4) with respect to
enthalpy and temperature as follows:

Hi = Fh−t(Ti) (4)

where Hi is the node enthalpy (J/kg), and Fh−t is the enthalpy-temperature function.
In the ConFD algorithm, Equation (5) controls how the component is automatically

discretized or divided based on the spatial discretization constant Cs, the material’s thermal
diffusivity, Dt (m2/s), and the time step ∆t. A default value of 3 for the spatial discretization
constant is the inverse of the Fourier Number Fi.

x =
√

CsDt∆t =

√
Dt∆t

Fi
(5)

In this study, a wooden house established by the Korea Rural Community Corporation
to construct a standard residential house was considered as a building model for energy
simulation. The standard wooden house was 6.0 m × 6.9 m × 3.9 m, and this house has a
ceiling height of 2.4 m and a total floor area of 41.92 m2. To account for real-world activity,
the occupancy, equipment, and lighting schedules were set to run from 18 pm to 8 am
on weekdays and all day on weekends. In the simulation, the internal heat gain of the
equipment was set to 3.00 W/m2, and the illumination intensity was set to 100 lx. Heating,
ventilation and air conditioning (HVAC) conditions were set to simple HVAC to minimize
space heating and cooling loads, and heating and cooling setpoints were set to 20 ◦C and
26 ◦C, respectively. The simulation period was considered to be one year, and the heating
and cooling setback temperatures were set at 18 ◦C and 28 ◦C according to the standards
of the Ministry of Education. Korea’s Trade, Industry, and Energy (MOTIE) [32]. In this
study, weather data of Chicago, Los Angeles, Miami, and Phoenix in the United States were
considered to analyze how energy consumption changes when applied to different climates.
Table 1 summarizes the geographical information, average temperature, humidity, wind
speed, and Köppen climate classification of four cities (Dfa: hot-summer humid continental
climate, Csb: warm-summer Mediterranean climate, Aw: tropical savanna climate with
dry-winter characteristics, BWh: arid climate-hot desert). Bc-PCM and TBc-PCM were
placed in a sheet of plastic material, which had a thickness of 10, 20 and 30 mm, and
was applied between the insulation and the gypsum plaster board. Table 2 shows the
construction and material properties of the modeled exterior wall, partition, and roof.
Table 3 shows the material properties derived from the DSC, TCi analysis and density
measurement of Bc-PCM and TBc-PCM.

Thermal comfort analysis through the predicted mean vote (PMV) index was calcu-
lated in DesignBuilder software. We analyzed and predicted PMV index using Design-
Builder, based on the building performance simulation software EnergyPlus. EnergyPlus
provides a sophisticated building thermal analysis tool that allows the determination of
whether the environmental control strategy will be sufficient for the occupants to be ther-
mally comfortable. The commercial software DesignBuilder was used to estimate thermal
comfort, considering the use of all possible sources and internal gains in the modeling and
simulation of buildings. Fanger developed a heat balance equation and an index called
PMV based on the average temperature comfortable for a person’s skin, the optimal rate
of perspiration, and the human heat balance. This index shows the thermal sensation
index produced by a combination of environmental parameters [33]. The PMV index is
included in the ISO (International Organization for Standardization) standard 7730 [34],
and it indicates 10% dissatisfaction as the boundary for a comfortable environment. A PMV
of −0.5 to +0.5, was recommended to meet this requirement [35]. Fanger’s PMV index is
a mathematical model that includes the quantitative combined effects of air temperature,
air velocity, clothing thermal resistance, mean radiant temperature, and humidity activity
level [36]. Fanger suggested that only four physical variables (air temperature, relative hu-



Processes 2021, 9, 2191 5 of 18

midity, average radiant temperature, and air velocity) and two personal variables (clothing
and activity) significantly affect thermal comfort. Fanger’s PMV formula is [37]:

PMV =
(
0.303e−0.036M + 0.028

)
×
{
(M−W)− 3.05× 10−3 × [5733− 6.99(M−W)− PW ]
−0.42× [(M−W)− 58.15]− 1.7× 10−5 × (5867− PW)

−0.0014M(34− Tair)− 3.96× 10−8

× fclo ×
[
(Tclo + 273)4 − (Tmr + 273)4

]
− fclo × hc × (Tclo − Tair)

} (6)

Tclo = 35.7− 0.028× (M−W)− Iclo ×
{

3.96× 10−8

× fclo ×
[
(Tclo + 273)4 − (Tmr + 273)4

]
− fclo × hc × (Tclo − Tair)

} (7)

hc =

{
2.38× |Tclo − Tair|0.25 f or 2.38× |Tclo − Tair|0.25 > 12.1×√vair

12.1×√vair f or 2.38× |Tclo − Tair|0.25 < 12.1×√vair

}
(8)

fclo =

{
1.00 + 1.290Iclo f or Iclo < 0.078 m2K/W
1.05 + 0.645Iclo f or Iclo > 0.078 m2K/W

}
(9)

where M is the metabolic rate (W/m2), W is the effective mechanical power (W/m2), PW is
the water vapor partial pressure (Pa), Tair is the air temperature (◦C), fclo is the clothing
surface area factor (m2·K/W), Tclo is the clothing surface temperature (◦C), Tmr is the mean
radiant temperature (◦C), hc is the convective heat transfer coefficient (W/m2·K), Iclo is
the clothing insulation (m2·K/W), and vair is the relative air velocity (m/s). Note that the
one metabolic unit (1 met) is 58.2 W/m2 and the one clothing unit (1 clo) is 0.155 m2·K/W.
The PMV is calculated based on equation in the design builder, a person with clothing
values (Iclo) of 0.5 clo for summer and 1.0 clo for winter and metabolic rate of 130 W/m2

was considered in this study. Figure 1 shows schematic diagram of this research.

Table 1. Geographical information for four climates.

City Latitude (◦) Longitude (◦) Elevation (m)
Average

Temperature
(◦C)

Average
Relative

Humidity (%)

Average Wind
Speed (m/s)

Köppen
Climate

Classification

Chicago 41.99 −87.91 205 16.66 69.98 3.58 Dfa

Los Angeles 33.94 −118.41 99 9.98 70.33 4.56 Csb

Miami 25.82 −80.30 9 24.31 72.54 4.34 Aw

Phoenix 33.44 −111.99 337 22.52 36.31 2.98 BWh

Table 2. Material properties and constructions of the modeled exterior wall, partition, and roof.

Thickness (m)
Thermal

Conductivity
(W/mK)

Specific Heat
(J/kgK)

Density
(kg/m3)

Thermal Resistance
(m2·K/W)

Exterior wall

Plaster board 0.03 0.25 1000 900

PCM composite layer Variable

EPS (Expanded Polystyrene) 0.03 0.04 1500 15

Glass fiber insulation 0.155 0.035 840 12

OSB (Oriented standard board) 0.012 0.13 1700 650

Air gap 0.038 0.18

Cement board 0.009 0.255 2040 520.00
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Table 2. Cont.

Thickness (m)
Thermal

Conductivity
(W/mK)

Specific Heat
(J/kgK)

Density
(kg/m3)

Thermal Resistance
(m2·K/W)

Partition

Plaster board 0.0095 0.25 1000 900

Air gap 0.012 0.18

Plaster board 0.0095 0.25 1000 900

Roof

Plywood 0.005 0.15 2500 560

PCM layer Variable

EPS 0.075 0.04 1500 15

Glass fiber insulation 0.159 0.035 840 12

OSB 0.012 0.13 1700 650

Asphalt 0.003 0.7 1000 2100

Table 3. Material properties of plain Bc-PCM and TBc-PCM.

Thickness (m) Thermal Conductivity (W/mK) Specific Heat (J/kgK) Density (kg/m3)

Bc-PCM
0.01

0.150 Variable 8600.02
0.03

TBc-PCM
0.01

0.568 Variable 8600.02
0.03
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Figure 1. Schematic diagram of the research.

3. Results
3.1. Chemical Stability Analysis of Bc-PCM and TBc-PCM

To determine the chemical stability of the Bc-PCM and TBc-PCM, FTIR analysis was
performed. Figure 2 shows the FTIR analysis of Bc-PCM and TBc-PCM. In the following
graphs, we confirmed that the FTIR absorption spectra of Bc-PCM and TBc-PCM are almost
same, with absorption peaks of from 2935 to 2846, 1739, 1701, 1389, 1083, and 717 cm−1,
caused by stretching vibration of functional groups of C−O, −CH2, and −CH3. This
shows that the FTIR peaks of Bc-PCM have not changed after the impregnation process.
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This indicates the chemical characteristics of Bc-PCM were not changed. Additionally,
the chemical stability analysis of TBc-PCM was carried after repeated thermal cycling
(1000 cycles) by FT-IR analysis. As a result, it can be seen that the peak position and
intensity according to the properties of TBc-PCM are not change before and after thermal
cycling. These results indicate that the chemical properties of TBc-PCM did not change
even after thermal cycling, indicating that there is no chemical interaction between Bc-PCM
and GNPs.
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3.2. Thermal Properties of Bc-PCM and TBc-PCM
3.2.1. Heat Storage Analysis and Enthalpy Analyses

Figure 3 shows the melting and freezing temperatures and latent heat capacities of the
Bc-PCM and TBc-PCM from the DSC measurements. In the graph, the phase change process
of Bc-PCM occurred between 26 and 35 ◦C (peak temperature: 28.91 ◦C) during melting,
and its heat capacity was 148.9 J/g. When freezing from 80 ◦C to 0 ◦C, the heat released for
Bc-PCM was 133.7 J/g. For the freezing curve, the phase transition temperature range is
between 21 and 10 ◦C (peak temperature: 21.37 ◦C), indicating a lower phase transition
range. On the other hand, for TBc-PCM, the latent heats and peak temperature for the
melting and freezing were found to be 111.6 J/g and 114.1 J/g and 27.43 ◦C and 20.17 ◦C,
respectively. The latent heat capacity of the TBc-PCM was found to be nearly 74.9% of
that of the Bc-PCM. In addition, as shown in Figure 3, TBc-PCM with GNPs has a lower
melting temperature range than that of Bc-PCM. This shows that TBc-PCM received heat
from the heat source better than Bc-PCM because GNPs has a high thermal conductivity.
For the freezing curve, the peak of the TBc-PCM started at a higher temperature than
that of the Bc-PCM owing to the influence of GNPs. This means that TBc-PCM has a
faster heat transfer than Bc-PCM. However, since TBc-PCM has a relatively small heat
capacity compared to Bc-PCM, it is necessary to check how this affects the reduction of the
heating and cooling energy load. Additionally, the enthalpy accumulations of Bc-PCM and
TBc-PCM were analyzed. Figure 4 shows the steep enthalpy slopes in the phase transition
temperature range of the Bc-PCM and TBc-PCM due to its latent heat capacity. The solid
line in the graph indicates the changing rate of the enthalpy for each temperature with
an interval 1 ◦C and the dotted line indicates the accumulated enthalpy the integral of
these peaks for the Bc-PCM and TBc-PCM. At 80 ◦C, the enthalpy value of Bc-PCM was
276.54 J/g and TBc-PCM was 184.64 J/g. It was found that Bc-PCM showed a higher
enthalpy than TBc-PCM because the latent heat capacity of Bc-PCM was higher. These
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results show differences in the thermal properties of Bc-PCM and TBc-PCM, with Bc-PCM
having a higher latent heat capacity and TBc-PCM having a higher thermal conductivity in
energy simulation analysis.
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3.2.2. Thermal Durability and Thermal Conductivity Analyses

To evaluate the thermal durability of the Bc-PCM and TBc-PCM, TGA analysis was
carried out. GNPs were observed to have high thermal durability because thermal degra-
dation did not occur even at 600 ◦C [38]. Figure 5 shows the TGA analysis of Bc-PCM
and TBc-PCM. In the TGA graph, both Bc-PCM and TBc-PCM have two curves of thermal
oxidation degradation. The analysis results indicate that most weight loss occurs in the
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temperature range of 110–320 ◦C, where Bc-PCM and TBc-PCM are oxidized. In the graph,
the thermal oxidation rate of both Bc-PCM and TBc-PCM represented 99.73% and 87.86%,
respectively. They show that TBc-PCM left much more combustion residues, because of in-
corporating the contents of GNPs in the TBc-PCM. In the thermal conductivity analysis, the
thermal conductivities of Bc-PCM and TBc-PCM are 0.150 and 0.568 W/mK, respectively,
and the standard errors (SE) were 0.0026 and 0.0011. As a result, TBc-PCM has a 378%
increase in thermal conductivity compared to Bc-PCM, indicating that GNPs improved
the thermal conductivity of Bc-PCM. Owing to the rapid acceptance of heat energy by the
TBc-PCM, it is expected that high thermal efficiency and heat storage properties will be
applied to the building field.
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3.3. Energy Simulation Analysis
3.3.1. Annual Heating and Cooling Load Reduction

Table 4 represents the annual heating and cooling energy consumption of the building
models in which Bc-PCM and TBc-PCM were applied with thicknesses of 10 to 30 mm for
the four cities. In this study, the reference model represents a conventional wooden frame
house in which Bc-PCM and TBc-PCM are not applied to the wall. In Design Builder, the
energy consumption of the building was estimated based on gas consumption for heating
and electricity consumption for cooling. As shown in Table 4, the annual heating and
cooling energy consumption shows a lower heating and cooling energy consumption as
the thickness of the PCM layer increases. On the other hand, the cooling energy load was
reduced when TBc-PCM with a low latent heat capacity but high thermal conductivity was
applied. This means that the energy reduction performance of Bc-PCM and TBc-PCM is
different owing to the temperature difference between the phase change temperature and
the indoor room temperature. As the room temperature was maintained at a temperature
lower than the phase change temperature during the heating period, heat energy was
stored as sensible heat through specific heat rather than the latent heat performance of the
PCM. Therefore, when the temperature difference between the phase change temperature
and the room temperature was large, the PCM stored energy as sensible heat, so Bc-PCM
with a larger PCM capacity was more effective than TBc-PCM because the GNPs contained
in TBc-PCM had a low specific heat. In fact, when TBc-PCM was applied with a thickness
of 10 mm to Chicago with a large heating load, the annual heating energy consumption
increased by 20.77 kW compared to the reference model. However, when TBc-PCM was
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applied with thicknesses of 20 and 30 mm, a heating energy reduction effect of 23.37 and
57.01 kW was shown. On the other hand, TBc-PCM proved to be more effective during the
cooling period when the temperature difference between the phase change temperature
and the outside air temperature was small compared to the heating period. In addition,
when the latent heat storage performance of the PCM was well expressed, it was more
effective in terms of energy reduction when TBc-PCM with high thermal conductivity was
applied. In Phoenix, where the cooling energy consumption is the largest, when Bc-PCM
was applied by 10, 20, and 30 mm, the cooling energy reduction was 7.91, 23.19, and
30.96 kW, respectively, whereas when TBc-PCM was applied, higher energy reductions
of 9.17, 24.48, and 33.71 kW were shown. As a result, applying more PCM is effective for
heating periods with a large difference between the outdoor air temperature and the phase
change temperature. On the other hand, applying PCMs with high thermal conductivity
is more effective during the cooling period where outdoor temperature shows a small
temperature difference from the phase change temperature, due to the improved latent
heat storage of PCM.

Table 4. Annual energy consumptions and reduction rates of building models.

Heating Load (kW)

Reference Bc-PCM TBc-PCM

10 mm 20 mm 30 mm 10 mm 20 mm 30 mm

Chicago 4497.49 4495.67
(1.82)

4441.73
(55.76)

4404.51
(92.98)

4518.26
(−20.77) 1

4474.12
(23.37)

4440.48
(57.01)

Los Angeles 44.01 41.16
(2.85)

31.78
(12.23)

26.96
(17.05)

45.22
(−1.21) 1

35.83
(8.18)

30.63
(13.38)

Miami 0.02 0
(0.02)

0
(0.02)

0
(0.02)

0
(0.02)

0
(0.02)

0
(0.02)

Phoenix 83.85 77.58
(6.27)

57.48
(26.37)

44.73
(39.12)

81.57
(2.28)

60.35
(23.50)

46.13
(37.72)

Cooling Load (kW)

Reference Bc-PCM TBc-PCM

10 mm 20 mm 30 mm 10 mm 20 mm 30 mm

Chicago 101.51 96.30
(5.21)

88.12
(13.39)

83.71
(17.80)

94.12
(7.39)

85.42
(16.09)

80.10
(21.41)

Los Angeles 70.27 61.10
(9.17)

50.06
(20.21)

45.96
(24.31)

56.29
(13.98)

45.04
(25.23)

40.39
(29.88)

Miami 587.29 585.39
(1.9)

574.78
(12.51)

567.77
(19.52)

584.38
(2.91)

573.45
(13.84)

566.37
(20.92)

Phoenix 737.74 729.83
(7.91)

714.55
(23.19)

706.78
(30.96)

728.57
(9.17)

713.26
(24.48)

704.03
(33.71)

1 ( ) shows the reduced heating and cooling loads of the building models. Note that the (−) values indicate an increase in the heating and
cooling loads.

Looking at the annual heating energy consumption, Chicago has a large heating
energy consumption, and shows the highest reduction in heating energy consumption
when 30 mm of Bc-PCM is applied. In the case of Phoenix, the heating load was higher than
that of Los Angeles and Miami because of the large daily temperature difference due to
the desert climate. Phoenix showed a lower heating energy consumption (83.85 kW) than
Chicago (4497.49 kW), but the reduction rate was very large. In fact, when Bc-PCM 30 mm
was applied, Chicago showed a reduction of 2.07%, compared to 46.65% for Phoenix. In
the case of Miami, the heating energy consumption was small; therefore, even if a small
amount of PCM is applied, the heating energy consumption can be reduced to zero. In
the case of Los Angeles, the climate is relatively mild, and it was found that there was
an effect of reducing heating energy, except for the case of applying TBc-10 mm. The
consumption of cooling energy was high in the order of Phoenix, Miami, Chicago, and Los
Angeles. As PCM stores more heat energy in the form of latent heat during the cooling
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period, the cooling energy reduction effect was higher when TBc-PCM with high thermal
conductivity was applied owing to the high heat transfer. The reduction in cooling energy
consumption was the highest in Phoenix, but the reduction rate was highest in Los Angeles
(based on TBc-PCM 30 mm: Phoenix 4.57%, Los Angeles 42.52%). In the case of Miami, the
cooling energy consumption was high, but the amount of cooling energy reduction was
similar to that of Chicago. This is because the outdoor temperature in Miami was often
higher than the phase transition temperature, so the latent heat storage performance of
the PCM was not well revealed, so the reduction rate of cooling energy consumption was
low. In conclusion, it can be seen that to reduce heating or cooling energy consumption
by applying PCM, it is necessary to understand changes in the local climate and outdoor
temperature for the target period.

3.3.2. Monthly Heating and Cooling Load Reduction

Figure 6 shows the monthly heating and cooling load reduction for the model to which
30 mm of Bc-PCM and TBc-PCM are applied compared to the reference model. Empty
points indicate the amount of reduction in heating and cooling load for each city to which
Bc-PCM is applied, and filled points indicate the amount of reduction in heating and cooling
load to which TBc-PCM is applied. The graph shows that Chicago consumes more heating
energy during the heating period when TBc-PCM is applied compared to the reference
model. First, because the outside temperature during the heating period of Chicago is
lower than the phase change temperature of the PCM, the heat storage performance due
to the latent heat of the PCM cannot be expected. Therefore, most of the stored energy is
due to the specific heat of the PCM. In addition, when TBc-PCM was applied, the heating
energy consumption was larger because the heating heat source was quickly stored in the
TBc-PCM owing to its high thermal conductivity. Subsequently, the heating energy stored
in the TBc-PCM leads to heat loss through heat exchange with the outdoor air through the
wall, leading to an increase in the heating energy consumption. Even in the case of Bc-PCM,
the heating energy consumption was higher in February than in the reference model. This
is because, when the temperature difference between the outdoor and indoor is large, the
heat loss from the wall is large, resulting in more heating energy consumption. In the case
of Los Angeles and Phoenix, the heating energy consumption was smaller than that of
the reference model. This is because, compared to Chicago, heating energy loss between
indoor and outdoor was small due to the small temperature difference. In addition, when
Bc-PCM was applied, the heating energy reduction effect was greater than that of TBc-PCM.
In conclusion, when latent heat storage does not occur sufficiently, increasing the capacity
of the PCM is more effective than applying a PCM with high thermal conductivity. In the
case of Miami, the heating energy consumption was low because the outdoor temperature
was relatively high during the heating period.

In the monthly cooling load reduction graph, in the case of Miami and Phoenix, the
cooling energy reduction rate is rather low in summer. This is because, as the summer
season approaches, the latent heat storage performance of the PCM is not expressed because
the temperature difference becomes larger owing to the higher outdoor temperature than
the phase change temperature. This can be confirmed by showing the lowest cooling energy
reduction performance in July and August, when outdoor temperature was the highest.
In addition, because the temperature difference between the outdoor temperature and
the phase change temperature is small during the cooling period, the latent heat storage
performance of the PCM is exhibited. Therefore, it was confirmed that the cooling energy
reduction effect was large when TBc-PCM with high thermal conductivity was applied.
In addition, because the latent heat storage performance of the PCM is exhibited during
this period, the cooling energy reduction effect is large when TBc-PCM with high thermal
conductivity is applied. In the case of Chicago, the cooling energy reduction effect was
greatest during June–September, because the latent heat storage performance of the PCM
was maximized during this period. In addition, the cooling energy reduction effect was
greater when TBc-PCM was applied. In conclusion, the highest energy reduction effect was



Processes 2021, 9, 2191 12 of 18

observed when the PCM with high thermal conductivity was applied under the condition
that the latent heat performance could be maximized. In the case of Los Angeles, the
highest cooling energy reduction effect was found from September to November because
of the appropriate outdoor temperature for the latent heat storage of PCM. This means that
when a PCM with high thermal conductivity is applied, latent heat storage occurs well, so
it is effective in energy reduction.
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3.3.3. Surface Temperature Change Analysis

Figure 7a represents the change in the surface temperature of the indoor wall during
20–22 January in Chicago. Overall, the temperature change decreased as the PCM thickness
increased. In particular, looking at the temperature when the wall surface temperature
is lowered, the surface temperature is maintained higher when TBc-PCM is applied than
when Bc-PCM is applied. This is because more heat generated during heating is stored
in the TBc-PCM due to the higher thermal conductivity. In addition, the temperature
difference of the wall to which the PCM is applied slowly decreases during free cooling,
and the temperature difference between the PCM model and reference model increased
during this period. However, this temperature difference gradually decreased when
heating restarted.
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Figure 7b shows the indoor surface temperature change in Phoenix from June to
20–22. Similarly, the wall to which a large amount of PCM was applied showed a smaller
surface temperature difference. On the other hand, in the cooling period of Phoenix, the
temperature difference was small when Bc-PCM was applied owing to the latent heat
capacity of Bc-PCM. In addition, when TBc-PCM was applied with a thickness of 30 mm,
the temperature change was similar to that when Bc-PCM of 30 mm was applied. During
the cooling period of Phoenix, the room temperature was similar to the phase change
temperature of the PCM. In other words, under the condition that the PCM can maximize
the latent heat storage, the Bc-PCM with a large amount of PCM showed a smaller indoor
surface temperature difference.

3.3.4. Thermal Comfort Evaluation through PMV Index

Figure 8a shows the change in the PMV index between 20–22 January and in Chicago.
The PMV index was found to be between −0.75 and −0.42. In Figure 8a, the difference
in the PMV index between the reference model and the PCM model is not significant
because PCM does not store latent heat effectively. Nevertheless, the fluctuation of the
PMV change decreased as the thickness of the PCM increased, and the PMV fluctuation
decreased when Bc-PCM with a higher amount of PCM was applied than TBc-PCM. In
addition, when 10 mm TBc-PCM was applied, the fluctuation of the PMV index change
was large compared to the reference model. As mentioned in the surface temperature
analysis, heat generated during heating is quickly transferred to TBc-PCM with higher
thermal conductivity, but because the amount of PCM that can store heat is insufficient, it
causes a rapid increase and decrease in the indoor surface temperature. In other words, the
high thermal conductivity and small amount of heat storage caused a sudden change in the
surface temperature, which influenced the mean radiant temperature (Tmr), resulting in a
more rapid PMV change. Evola et al. [39] introduced a new parameter for evaluating indoor
comfort conditions and the frequency of thermal comfort (FTC). The FTC is defined as the
percentage of time that indoor thermal comfort conditions are met within a given period.

FTC = ((Ps − τD)/Ps)× 100 (10)

where Ps is the period of the simulation and τD is the time at which the PMV index is
outside the comfort range. During the simulation period, the FTC in Chicago showed no
significant difference, ranging from 48.6–45.8%. However, the lowest PMV was found
when the PCM was applied with a thickness of 10 mm and the reference model. This means
that it is advantageous in terms of thermal comfort to increase the amount of sensible heat
storage of PCM by increasing the thickness of the PCM under the temperature condition
with a large difference from the phase change temperature. In addition, when PCM was
applied, the PMV index was closer to the comfort zone (in the case of PMV > −0.5) in the
discomfort zone, so it was found to be more comfortable.

Figure 8b shows the change in PMV index between 20–22 June and in Phoenix, with
values between 0.29–0.72. Unlike Chicago, Phoenix’s PMV showed a larger difference
between the reference model and the PCM applied model. This is because the latent
heat storage of the PCM occurred well, evidenced by the fluctuation range of the PMV
value being smaller when PCM was applied. In addition, when Bc-PCM was applied, the
fluctuation range of the PMV was smaller, similar to the surface temperature analysis result,
which was attributed to the effect of large latent heat capacity and low thermal conductivity.
During the simulation period, there was no significant difference in the FTC between the
models in Phoenix, ranging from 72.2–73.6%. However, as in Chicago, when PCM was
applied, the PMV index was closer to the comfort zone (in the case of PMV < +0.5) in the
discomfort zone, so it was analyzed as more comfortable.
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4. Conclusions

In this study, a TBc-PCM was fabricated using a vacuum impregnation process with
Bc-PCM and GNPs. Bc-PCM and TBc-PCM were placed in a sheet of plastic material,
which had a thickness of 10, 20 and 30 mm, and was applied between the gypsum plaster
board the insulation. To confirm the chemical and thermal properties of the Bc-PCM and
TBc-PCM, FTIR, DSC, TGA, and TCi analyses were performed. In addition, to confirm
the energy reduction and thermal comfort performance, building energy simulation, and
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thermal comfort analysis were carried out for the four cities using DesignBuilder software
based on EnergyPlus.

• In the FTIR-analysis shows that the characteristics of Bc-PCM in TBc-PCM were not
changed after impregnation process. Thermal property analyses revealed that Bc-PCM
showed a higher heat capacity and enthalpy value compared to TBc-PCM. Thermal
conductivity analysis showed that TBc-PCM exhibited a 378% increase in the thermal
conductivity compared to Bc-PCM.

• In the building energy simulation results, when the temperature difference between
room temperature and the phase change temperature was large (heating period), the
PCM stored energy as sensible heat, so Bc-PCM with a larger PCM capacity is more
effective in terms of energy consumption reduction. On the other hand, because
PCM stores more heat energy in the form of latent heat during the cooling period,
the cooling energy reduction effect was higher when TBc-PCM with high thermal
conductivity was applied owing to the high heat transfer.

• In the monthly heating and cooling load reduction analysis, the highest energy re-
duction effect was observed when the TBc-PCM with high thermal conductivity was
applied under the condition that the latent heat performance could be maximized. In
conclusion, when applying biocomposite PCM (28–30 ◦C of phase change temperature
range), it is effective to apply TBc-PCM (High thermal conductivity) in the cooling
season, and it is advantageous in terms of energy reduction by applying Bc-PCM
(High latent heat capacity) to the heating season.

• In the surface temperature change analysis, the temperature change decreased as the
thickness of the PCM increased. In addition, under the condition that the PCM can
maximize the latent heat storage, the Bc-PCM with a large amount of PCM showed a
smaller temperature difference.

• In the thermal comfort evaluation through the PMV index, the high thermal conduc-
tivity and the small amount of heat storage caused a sudden change in the surface
temperature, which had an effect on the mean radiant temperature, resulting in a
more rapid PMV change. We also found that the PMV index was closer to the comfort
zone in the discomfort zone when PCM was applied. In conclusion, the application of
PCM is advantageous in terms of energy reduction and thermal comfort. However, to
maximize these performances, it is necessary to understand the heat storage capacity
and thermal conductivity of PCMs.
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