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In this paper, a composite structure double layer phase change walls with expanded graphite (EG) was
investigated. By adding the EG, the time needed for the phase change process and the wall to work
was both accelerated. The effect of composite phase change walls on the indoor thermal comfort and
building energy consumption were investigated experimentally. The results show that the double layer
phase change wall with the EG can suppress the temperature fluctuation. In addition, it simulated
the cooling and heating loads with or without phase change walls based on the climatic conditions
in Shanghai. The results show that the heating load in winter is reduced by more than 15%. The
simulated values are consistent with the experimental values, and the temperature deviation at the
same measuring point within the same period is small. The maximum temperature change between
the experimental and simulated values is less than 1 °C. The double layer phase change wall with the
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EG can reduce the temperature fluctuation and improve the indoor thermal comfort.

© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

With the further study of renewable energy, it is found that
energy storage system can solve the imbalance between energy
supply and demand, improve and upgrade the energy structure
better (Gil et al., 2010; Yun et al., 2020). Today, energy storage
systems are increasingly being used to save energy in buildings,
with the aim of reducing their dependence on fossil fuels for more
efficient and reliable heating (Cellura et al., 2018; Wang et al,,
2020).

At the beginning of the new century, researchers gradually
applied phase change materials (PCMs) to building energy storage
walls (Du et al., 2018). Its outstanding feature is that the wall can
store the sensible and latent heat. When the temperature rises
during the day, the PCM absorbs solar energy and begins to melt,
preventing the heat being transferred to the room (Markarian and
Fazelpour, 2019; Gholamibozanjani and Farid, 2020). When the
temperature decreases at night, the PCM solidifies and releases
the heat. This in turn reduces the indoor temperature fluctuations
of the building (Saxena et al., 2020; Lin et al., 2018).

The PCM materials is manifested in three aspects (Ghad-
beigi et al,, 2018; Lu et al, 2020; Wang et al,, 2019): phase
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change energy storage envelope, heating energy storage system
and phase change air conditioning system. PCMs employed as
a solution to reduce energy consumption and greenhouse gas
emissions (Skaalum and Groulx, 2020; Zhang et al., 2018, 2020).
Scholars have done intensive experiments and exploration on the
whole process of building energy conservation (Zhang et al., 2018,
2020). The PCMs and traditional building materials are made
into walls, roofs, floors, thereby these building structures have a
certain ability to store the heat. Bao et al. (2020) utilized inorganic
PCM CaCl-6H,0 to make building walls, and flake graphite was
used to reduce the supercooling of the material. The simulation
results indicated that the application in Hong Kong and Changsha
were economically feasible with the payback periods of 18.3 years
and 8.4 years respectively. Yang et al. (2019) developed a “PCM
cool roof system” and to evaluate its performance by applying the
specific system to the roof envelop. Research results showed that
when used the PCM cool roof system, the roof surface tempera-
ture could be reduced in all seasons. The maximum temperature
difference was 2.5 °C in winter and 5.7 °C in summer. Mankel
et al. (2019) made ordinary mortar and porous recycled brick
aggregate into spherical mortar and filled with liquid paraffin.
The experimental results showed that the material reduced the
internal temperature fluctuations, and the strength loss caused
by the addition of PCM was almost negligible.

In order to investigate the thermal performance of the PCM
wall and optimize the application of PCMs, Xie et al. (2018b)
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designed a set of thermal performance test equipment, and they
conducted a case where the solar energy suddenly irradiated the
PCM layer during the day and disappeared in the air-conditioned
room at night. Liu et al. mixed (Liu et al, 2019a) paraffin/
expanded graphite (EG) to form composite PCM, then added
foam, stirred and poured into the mould to prepare a type of
foamed cement insulation block. Due to its porous structure,
foamed cement has lightweight and high thermal insulation ca-
pacity. The composite phase change energy storage material was
combined with the building to prepare the energy storage wall
for the solar house (Roman et al.,, 2016; Behi et al,, 2018). Not
only the wall has better thermal insulation performance, but it
can also maintain a comfortable temperature in the room (Fu
et al., 2017; Li et al,, 2017; Chen et al., 2017; Liu et al., 2020).
In order to achieve better results, other researchers built double
layer wall and floor with PCM (Jin and Zhang, 2011; Zhu et al,,
2016). Although they achieved certain temperature suppression
effect (Zhu et al.,, 2019a,b), there were limited analysis on the
energy consumption, and the thickness of the wall was generally
thick.

Paraffin is a widely used organic PCM, which is non-toxic, non-
corrosive and inexpensive, it has been well investigated (Maleki
et al., 2019; Fredi et al., 2019; Chen et al., 2020). However, paraf-
fin has poor thermal conductivity and slow melting speed. EG has
excellent cold resistance, heat resistance, corrosion resistance,
self-lubrication and other properties, but it also has the characters
of softness, compression resilience, adsorption, ecological envi-
ronment coordination, biocompatibility and radiation resistance,
that natural graphite does not have (Qu et al.,, 2020; Xie et al,,
2018a). Adding EG to the PCM can improve the thermal conduc-
tivity, and has little effect on the latent heat of the PCM (Ziasistani
and Fazelpour, 2019).

EnergyPlus simulation software includes the Conducting Finite
Difference (CondFD) algorithm, which was utilized to simulate
the impact of building envelopes and HVAC on the indoor energy
consumption. Numerous scholars have used EnergyPlus to inves-
tigate the effect of PCMs in building energy saving (Dutkowski
and Fiuk, 2018; Liu et al., 2019b).

Based on the previous researches, this article breaks through
the limitations of applying PCMs to single walls, it also uses a
double layer PCM to achieve a thinner functional wall. In addition,
the EG was applied on the PCM walls to enhance the heat con-
duction of PCM wall. In the winter, the internal phase change wall
absorbs the heat and prevents the heat loss, and in the summer
both internal and external phase change walls can achieve heat
absorption and heat insulation. Therefore, a double layer PCM
walls can be employed to regulate the indoor temperature in
the summer and winter respectively. For the south wall and roof
that mainly receive solar radiation, it applied 29 °C PCM on the
external wall and 18 °C PCM on the internal wall. For floors with
high indoor heat dissipation, 18 °C PCM was also applied. In addi-
tion, in order to verify the experiment, EnergyPlus software was
utilized to simulate and analyse the energy-saving effect of the
building models, meanwhile the internal temperature changes
and energy consumption of air conditioning in Shanghai were
compared. The effect of phase change walls on the indoor thermal
comfort and building energy consumption were also investigated.

2. Simulation method
2.1. Description of simulated model

The size of the physical model is 30 cm x 30 cm x 30 cm,
and the structure diagram is shown in Fig. 1(a). The model mainly

employed double layer PCMs to receive the solar radiation on the
top and south sides. The diagram of its composition is shown in
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Fig. 1. (a) Physical model of experimental group, (b) Double layer phase change
wall (roof and south wall), (c) Single layer shaped phase change wall (floor) and
(d) The wall without PCMs (east, west and north wall).

Table 1
Thermophysical properties of materials.
Insulation board Concrete
Thermal conductivity/[W/(m K)] 0.31 0.02
Density/(kg/m?) 1600 2500
Thickness/mm 10 10
Specific heat [J/(kg K)] 1160 90
Thermal diffusivity/(x10~7 m?/s) 5.45 3.05
Table 2
Thermophysical properties of PCMs.
Sample Phase-transition  Latent heat of Onset Endset
temperature phase change  temperature temperature
(°0) J/g) (°0) Q)
PCM1 18.0 182.0 18.1 36.0
PCM2 29.0 178.0 29.1 48.0

Fig. 1(b) The wall structure comprises of a PCM layer 1, a heat
insulation layer, a concrete layer, a heat insulation board layer
and a PCM layer 2 in order from the outside to the inside. The
thermophysical properties parameters of PCMs are presented in
Table 2.

The floor material, which is showing in Fig. 1(c), is a single
layer of PCM. From the outside to the inside, the wall structure is
a concrete layer, a heat insulation board layer and a PCM layer 2
in sequence. Since the east, west and north sides receive less solar
radiation, no PCMs were applied in these three walls and these
walls are only concrete layers, and Fig. 1(d) shows a schematic of
these walls. Table 1 shows the wall thickness and the parameters
of the materials used. The cubic models in the reference group
and the experimental group is the same size, the wall, roof and
ground are all constructed without PCM. The composition is like
the structure in Fig. 1(d).

2.2. Governing equations

In EnergyPlus 9.0, the simulation of melting and solidification
of PCM materials are mainly based on the one-dimensional finite

difference equation of heat conduction (Chen et al., 2017; Liu
et al., 2020).
1 _ i (T _ ity (T
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where: G, is the specific heat of the material, J/(kg K);

T is the temperature of each node, °C;

i is the current node;

j is the current time step;

p is the material density, kg/m?;

Ax is the difference molecular layer thickness, m;

At is the time step, s;

k., ke are the thermal conductivity between adjacent molecu-
lar layer materials, W/(m k);

c is spatial dispersion constant;

« is thermal diffusivity of materials.

h is the enthalpy of the substance, kJ/kg.

In CondFD algorithm, the data was automatically separated
and discretized according to Eq. (4). It kept the default spatial dis-
cretization constant (C) of the algorithm unchanged and entered
other values for calculation.

In this algorithm, it defines the relationship between the en-
thalpy value of PCM and temperature by defining Eqgs. (5) and
(6) (Qu et al.,, 2020; Xie et al., 2018a). The purpose of this is to
establish the equivalent specific calorific value in each calcula-
tion. This model is an improved version of the original enthalpy
method.

In this paper, meteorological environment of Shanghai
(CHN_Shanghai. Shanghai.583620_SWERA) was selected as
weather conditions, and the experimental model (a small con-
fined space with double layer PCMs) and the reference model
(the same small confined space without PCMs) were simulated
based on EnergyPlus 9.0 version. The purpose of simulation is to
investigate the temperature variations and energy consumption
inside the building model. In the simulation of temperature of
the model, the experimental model and the reference model did
not set air conditioning, it compared the difference of indoor
temperature between the experimental and the reference models.
In the simulation of energy consumption in closed small space,
the working period of air conditioning should be set. The working
time of the air conditioner is from 7:00 to 24:00 every day, and
the simulation span is year-round.

3. Experimental approach
3.1. Experimental materials

The comfortable indoor temperature of the building is 24-26
°C in the summer and 17-22 °C in the winter, the PCM with the
melting point of 29 °C was selected for the external wall and
the PCM with the melting point of 18 °C was selected for the
internal wall. When the air conditioning is used, the temperature
of inner wall is above 18 °C, the phase change material will
undergo a phase change process with heat absorption. When the
air conditioning is turned off, the temperature of the inner wall
decreases, and the PCM will undergo another phase change to
release the stored heat if the wall temperature is below the phase
change point. In addition, EG was added to the PCM to improve
the thermal performance of composite materials.

The paraffin wax with a melting point of 29 °C was put into a
muffle furnace to be heated and melted, and then EG and paraffin
wax were mixed with a ratio of 2:8 to prepare a composite PCM.
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In order to solve the problem of uneven contact between paraf-
fin and EG, a multi-layer adsorption method was adopted (Guo
et al,, 2021; Liu et al.,, 2021), paraffin and EG were alternately
distributed in the beaker. Compared with single-layer adsorption,
multi-layer adsorption can make paraffin, EG contact more effec-
tively, and achieve better adsorption effect. The paraffin wax with
a melting point of 18 °C is liquid at room temperature. In order
to avoid the leakage of the EG/paraffin composite PCM during
the melting process, the paraffin was encapsulated in a small
aluminium foil bag, as shown in Fig. 2a. The aluminium foil bags
filled with PCM composites were evenly attached to the concrete
slab. A copper plate was applied to fix the aluminium foil bags
and provide uniformly heat flux from the electric heating film. In
addition, the copper plate improved the curing and forming effect
of the PCM in the horizontal (floor and roof) and vertical (south
wall) aluminium foil bags. The size of each small aluminium
foil bag is 10 cm x10 cm, thereby it is necessary to attach 9
aluminium foil bags on the external and internal walls for the roof
and south wall respectively. The floor was applied with a single
layer of 9 aluminium foil bags. The thickness of aluminium bag
with PCM is 10 mm.

3.2. Experimental apparatus

In order to measure the temperature change of PCMs in prac-
tice, a data acquisition instrument was employed to measure
the specific temperature change process. The data acquisition
object of the data acquisition board is the measuring temperature
point, thereby T-type thermocouple was selected to measure the
temperature of the measuring point. In order to ensure a more
continuous and stable heat flow during the heating process of the
electric heating film, a copper plate was added to the test surface
to heat the PCM as shown in Fig. 2(b). In view of the similarity
principle of each part of the same surface of the building model in
the heat transfer process, the temperature measurement points
in this paper were buried in the lower left quarter of the top
surface. The T-type thermocouple was embedded in the PCM
layer, and Fig. 2(c) is the schematic diagram of specific tempera-
ture measurement points. The test area is the lower left quarter
of each wall, where 13 thermocouples are arranged. Fig. 2(d)
presents the experimental flow chart. During the experiment,
heating was performed by wrapping the model with an electric
heating film, and the heat flow was kept as constant during the
heating process.

In order to validate the numerical model, it carried out exper-
iment and computational simulation in point 13 without adding
PCMs, the results are plotted in Fig. 2(e). It found that the temper-
ature has small numerical differences, and there was a significant
transformation in the middle part, which was consistent with the
previous test results. The value of average temperature difference
is 0.5 °C, it indicates the numerical model has a high reliability.

4. Results and discussion

4.1. Simulation results of temperature and energy consumption in
Shanghai

To understand the effect of PCMs, it compared simulation re-
sults of the central point temperature with or without PCM in the
cubic model. Fig. 3(a) and (b) show the temperature conditions of
the cubic model with and without PCMs of Shanghai in July and
December. By comparing the temperature change curves of the
two building models, it can be concluded that the use of PCMs
can reduce the internal temperature of the model. When the PCM
was made into a double-layer shaped phase change plate, the
average temperature inside the model dropped by 1.5 °C. This
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Fig. 2. (a) Aluminium foil bag containing PCM, (b) Experiment model. (c) Schematic diagram of temperature measurement points. (d) Experiment flow chart, (e)

measured and simulated temperature of point 13 without PCM.

is attributed to the external PCM absorbed a lot of heat during
the melting process. Meanwhile, the presence of the insulation
board also prevented the introduction of external heat, reflecting
a certain insulation effect. However, the effect of delaying peak
temperature is not obvious. As shown in Fig. 3(c) and (d), the
summer cooling load of the cubic models are also reduced. In
July and August, when the average temperature was the highest,
the cooling load of the model was reduced by 2000 ] and 2500 ],
respectively. In addition, in the winter, the internal PCM material
provided thermal insulation, which also reduced the heating load
of Shanghai in December by 15%.

Fig. 4(b) and (d) show that when there is no EG in the outer
wall, the wall starts to enter the phase transition process at 2200
s and ends at 6400 s. When EG is added, the phase change process
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of the wall surface is from 2000 s to 5000 s. In contrast, the high
thermal conductivity of EG allows the phase change process to
start much earlier, reducing the phase change process by 40%.

Fig. 5(a) and (c) show that when the inner wall has no EG,
the PCM starts to melt from 2200 s to 6400 s. In Fig. 5(b) and
(d), the PCM with EG started to melt in 2000 s and ends in 5000
s. Meanwhile, the above figure shows the effect of EG on the
melting process of PCM in the inner wall of model. When there
is no EG, the liquid phase ratio increased to 1 from 2200 s to
6400 s. When EG is present, the liquid phase ratio increased to 1
from 2000 s to 5000 s. Therefore, the rate of change in the liquid
phase liquid phase ratio is consistent with the time required for
temperature changes with or without EG.
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4.2. Experimental temperature analysis

The DSC (differential scanning calorimetry) curves of the four
paraffin are shown in Fig. 6. It can be seen from the figure that the
addition of EG can advance the started melting point of paraffin
and reduce the maximum heat flow rate of the mixtures. Fig. 7 is
the change curve of thermal conductivity of four different melting
paraffin added with EG. It can be seen that EG has obviously
improved the thermal conductivity of paraffin.

Fig. 8(a) shows the temperature change curves of the measur-
ing points 1, 2 and 3 in the outer wall during the melting process.
It can be seen from the figure that the temperatures of the
measuring points 1, 2 and 3 are basically the same in the initial
state, all of which are solid at room temperature. Similarly, after
the phase change process was completed, the PCMs were almost
all in the liquid state and the temperatures of the measuring
points 1, 2 and 3 are also basically the same. It can be seen from
the figure that the point where the temperature difference is
large during the phase change process due to the PCM coexists in
the solid-liquid state. When the liquid component was increased,
the thermal conductivity was stronger, and the temperature was
correspondingly higher. Therefore, the heating conditions of these
three measuring points are not necessarily the same, and there is
a certain temperature deviation. However, the temperature range
of the three is not much different, and the floating range does not
exceed 2 °C. By comparing the average value of the measurement
points 1, 2 and 3 with the simulated value as shown in Fig. 8(b),
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the average value is about 1 °C lower, and the temperature at the
end of the phase change process is 1 °C higher than the simulated
value. However, an error zone appears at the end of the phase
change process. The experimental value is about 2 °C lower than
the simulated value. This is mainly attributed to the PCM has
a longer delay time in the simulated results. In the case of the
experiment, due to the limitation of the experimental conditions,
the building model could not be completely insulated, resulting in
the measured temperature being lower than the simulated value.
Fig. 8(c) shows the temperature changes of the outer wall points
4,5 and 6 during the melting process. Compared with the above
three measurement points, the melting process is similar. The
difference is that the temperatures at points 4, 5 and 6 at the
beginning of the phase change process are basically the same, and
a temperature difference will occur during and at the end of the
phase change process. This difference is also due to the different
liquid phase ratios of the PCMs at different positions during
the phase change process and the different heating conditions.
Fig. 8(d) is the changes of average and simulated values of the
three measurement points. The trends are still similar to the
above figure, and as the building model cannot be completely
insulated, the experimental values are lower than the simulated
values.

Fig. 9(a) and (b) show the temperature changes at points 7, 8
and 9 during the melting process of the outer wall PCM. These
three measuring points are basically consistent before and after
the phase transition process. Before the start of the phase change
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Fig. 6. DSC test curve of paraffin with melting point of (a) 31-33 °C, (b) 24-26 °C, (c) 18-20 °C, and (d) 29-31 °C.

process, the temperature difference of the three points does not
exceed 0.5 °C. In the phase transition process, the heating process
curves of the three points are almost the same. The temperature
changes during the three phase transitions are slightly different,
but the overall trend is the same. It is still found that the ex-
perimental value is lower than the simulated value at the end
of the phase transition. Fig. 9(c) and (d) show the temperature
changes at points 10, 11 and 12 during the melting process of
the outer wall PCM. The trend is the same as the previous curve,
and the temperatures at the three measurement points show a
little difference during the phase transition period. The difference
between the average and simulated values is the same as the
above figure.

Fig. 10(a) and (b) show the temperature change curves of
the measuring points 1, 2 and 3 in the inner wall during the
melting process. The average value A is the average temperature
of the measuring points 1, 2 and 3. It can be seen from the figure
that in the measurement process, the data of the measurement
points 1, 2 and 3 are slightly different, and the initial heating
process is basically the same. At this time, when the paraffin/EG
composite PCM was encapsulated, both were in a solid state, and
the paraffin and EG are sufficiently mixed together. The selected
measuring points 1, 2 and 3 are heated, and the temperature
changes at these three positions are not much different. After
the phase change process was completed, the paraffin wax was

9029

completely melted and almost entirely in the liquid state. The
difference between the average curve of the three measurement
points and the simulation curve is mainly due to the heat loss
during the experiment. Fig. 10(c) and (d) show the temperature
changes at points 4, 5 and 6 in the inner wall during the melting
process. Compared with measuring points 1, 2 and 3, the melting
process is roughly similar. The difference is that the temperature
at the beginning of the phase change process at points 4, 5 and
6 is different, and the temperature curves are also inconsistent.
This may be caused by the incomplete mixture of paraffin and
EG at these three measurement points. Adsorption causes un-
even mixing of materials at points 4, 5 and 6. As the thermal
conductivity of paraffin and EG is extremely different, but the
temperature difference between the three points does not exceed
0.5 °C, thereby it is still in an acceptable range.

Fig. 11(a) and (b) show the temperature changes at points 7,
8 and 9 in the inner wall during the melting process. Compared
with measuring points 4, 5 and 6, the melting process is similar.
The difference is that the temperature difference at the beginning
of the phase change process at points 7, 8 and 9 is small and
the temperature curves almost coincide. This might be due to the
more uniform mixing of paraffin and EG at these three measure-
ment points. In the phase transition process, paraffin wax melted
by the heating process, and then it was gradually mixed with
the EG. Fig. 11(c) and (d) show the temperature changes at the
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measuring points 10, 11 and 12 during the melting process of the
PCM in the inner wall. During the heating process before melting,
the temperature of the three measurement points is almost the
same, and the difference during the phase transition is relatively
large. The temperature difference between the three can reach
a maximum of 1 °C. A lower temperature indicates that more
PCMs absorb the heat and melt in a liquid state during this time
period. The simulated values present a constant phase change
temperature in comparison with the experimental values during
the phase change process.

Fig. 12(a) shows the temperature change of the measuring
point 13 during the melting process of the PCM in the outer
wall. Since the measuring point 13 is located in the middle of
the temperature measurement area, its temperature change is
more representative and convincing in theory. By comparing the
temperature change of the measuring point 13 with the simulated
value, it is not difficult to find that the temperature change
trend before and during the phase change process is consistent.
Fig. 12(b) shows the temperature change of the measurement
point 13 during the melting process of the PCM in the inner wall.
By comparing the temperature change at the measurement point
13 with the simulated value, it is can be found that the simulated
value has risen from 12 °C to 18 °C before the start of the
phase transition process, and the experimental value is consistent
with the theoretical temperature change trend during the phase
transition process. Fig. 12(c) shows the comparison between the
average temperature of the measuring point 13 and the simu-
lated value in the outer wall. It can be concluded that the PCM
started to enter the phase change process at approximately 1000
s and completed at approximately 4000 s. In the initial stage,
the simulated value is basically consistent with the experimental
value. After entering the phase change process, the temperature
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changes of the PCM increased slowly. At this time, the PCM
melted and absorbed the heat, but the overall heat conduction
was still in progress. At the end of the phase transition process,
the experimental value was 2 °C lower than the simulated value,
it is mainly caused by the model cannot be completely insulated
during the experimental process. Fig. 12(d) shows the comparison
between the average temperature of the measuring point 13 and
the simulated value in the inner wall. The melting mechanism of
the internal and external PCMs are similar. The PCM started to
enter the phase change phase in approximately 1000 s, and the
phase change process was completed in approximately 4000 s.
At the beginning of the heating process, the simulated value is
basically consistent with the experimental value. After entering
the phase change process, the temperature changes of the PCM
slowly increased. As the heat conduction phenomenon in the PCM
continued to occur, the composition of liquid paraffin and the
temperature increased gradually. Compared with the image trend
in the first stage, the rate of temperature increased was slower. At
the end of the phase change process, the experimental value was
about 1.8 °C lower than the simulated value. This is mainly due
to the heat loss during the experimental process. In the context
of phase change materials inexistence, it compared the changes
of measured and simulated temperatures of the model in 6500 s.

5. Conclusion

In this paper, a double layer phase change composite wall
was applied to the roof, south wall of the cubic building model.
The inner and outer layers of composite walls used PCMs with
different melting points to regulate the indoor temperature in the
summer and winter, respectively. The following conclusions can
be drawn based on the experimental and numerical analysis:
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(1) EG can shorten the time required for the phase change
process. When the external temperature and the melting
point of the PCM are not much different, the PCM melts
slowly due to poor thermal conductivity. It cannot absorb
the heat and prevent heat being transferred to the room,
thereby it is necessary to improve the thermal conductivity
of PCM composites.

Double layer phase change wall significantly reduced en-
ergy consumption in the Shanghai area and maintained the
internal temperature for a longer time. The cooling load of
the model in the summer was reduced more than 2000 J. In
the winter, it reduced the heating load by 15%. The average
temperature in the model was dropped by 1.5 °C.

In the initial stage, the simulated values were consistent
with the experimental values. At the end of the phase
change process, the phase change process in the simulation
was longer than the experiment due to the heat loss in
the experiment, thereby the actual temperature was lower
than the simulated value. The three measuring points on
the same line have a temperature deviation. However, the
variation is small, and the maximum temperature variation
does not exceed 1 °C.

—

=

In summary, for rural areas in northern China, the application
of such phase change walls as thermal insulation materials in
newly built residences can improve the indoor thermal comfort
and reduce the building energy consumption. Therefore, the dou-
ble layer phase change composite wall proposed in this paper
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has great application prospects in energy saving for small and
medium-sized independent buildings in the middle and high
latitudes area.
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