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EXPERIMENTAL RESEARCH ON PARAFFIN-BASED
COMPOSITE PHASE CHANGE ENERGY STORAGE AND
THERMAL INSULATION GYPSUM BOARDS

Ying ZHOUY", Jian GUAN?, Rulong ZHOU?, Kai CUI4, Xuemin ZHANG®

Using paraffin as phase change material (PCM) and expanded graphite as
carrier material, paraffin/expanded graphite composite shaped phase change
material (cs-PCM) was fabricated by melt blending technigque. Phase change
gypsum board (PC-GB) was prepared from cs-PCM, building gypsum, fiber, water
reducing agent, waterproof agent and retarder according to the calculated mixing
ratio at phase change temperature 25.2 °C and latent heat 25.1 J/g, which was
suitable for internal temperature adjustment in buildings. Thermal performance test
results of PC-GB showed that the heat preservation and insulation effects of PC-GB
were 60% and 92.3%, respectively, which were higher than those of ordinary
gypsum board (GB) and indoor comfortable temperature range from 25°C to 16°C
after using PC-GB remained 275% longer than that for GB. The thermal insulation
as well as heat storage and release effects of PC-GB were remarkable.

Keywords: Paraffin; Expanded graphite; Phase change gypsum board; Thermal
insulation; Heat storage and release

1. Introduction

Phase change energy storage refers to PCM phase changes occurring at
different ambient temperatures by absorbing or releasing heat to store or release
energy for ambient temperature adjustment [1,2]. Phase change energy storage
building materials made by combining PCM with building materials are suitable
for building envelopes [3], which can improve the heat preservation, heat
insulation, heat storage and heat release capacity of building envelopes and better
reduce indoor temperature fluctuation, improving living space comfort as well as
energy saving and consumption. The selection principles of PCM for building
envelopes mainly include: appropriate phase change temperature, large latent heat,
good thermal conductivity, good phase change reversibility, low volume change,
high thermal stability, no toxicity, no corrosion, etc. [4]. Cabeza et al. [5] showed
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that PCMs with phase change temperatures in the range of 22-28°C could be used
for heat storage in buildings to adjust the comfort in buildings. Quanying et al. [6]
found that paraffin was a solid-liquid phase change material suitable for building
envelopes. Huan et al. [7] prepared paraffin/expanded graphite composite shaped
phase change material (cs-PCM) with high thermal conductivity for solar
collectors using paraffin as the phase change material and expanded graphite as
the support material. Ying et al. [8] applied expanded perlite to adsorb paraffin
and fabricated paraffin/expanded perlite phase change insulation mortar with good
thermal insulation and temperature adjustment effects. Zhao et al [9] employed
lauric acid and paraffin as PCMs and shale ceramsite as adsorption material to
prepare shale ceramsite composite shaped phase change aggregate. Jun et al. [10]
applied ceramsite to adsorb paraffin for the fabrication of paraffin/ceramsite cs-
PCMs and applied them as coarse aggregates to prepare composite phase change
concrete with high heat storage capacity. Building gypsum has the advantages of
extensive sources, simple preparation, low energy consumption, sound insulation
and fire resistance and is widely applied in new wall materials [11]. Phase change
gypsum board (PC-GB) is a type of energy storage building wallboard with
gypsum board (GB) as matrix and mixed with PCM. It could be employed as
interior wall insulation material to reduce the fluctuation range of indoor
temperature and maintain indoor comfort [12]. Shengxiao et al. [13] absorbed
paraffin onto light ceramsite, synthesized paraffin/ceramsite shaped heat storage
material, and mixed it with gypsum to fabricate composite phase change heat
storage GBs with high heat storage capacity. Becker [14] pasted PC-GB onto the
inner surface of outer wall. His experimental results showed that the application of
PC-GB provided favorable effects and energy saving rate could reach 57%.
Weiwei et al. [15] manufactured a simple experimental device with phase change
energy storage GB. Fan et al. [16] used phase change gypsum board to build a
lightweight prefabricated building, and the test results show that the use of phase
change gypsum board can improve indoor thermal comfort and reduce the energy
consumption of air conditioning throughout the year. Experimental results
revealed that phase change gypsum wallboard had high heat storage and release
capacity. However, GB is prone to mildew when exposed to water, which affects
its appearance and application [17] and decreases its strength. Also, this decreases
its safety performance which restricts its development as building wall materials
[18]. Developing waterproof GB is of practical significance. Based on the above
discussion, we introduced paraffin as a phase change energy storage material into
building gypsum, a traditional building material, and added some additives such
as fiber and waterproof agent to prepare a waterproof PC-GB to achieve high
thermal insulation as well as heat storage and release capacities.
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2. Materials and methods
2.1 Raw materials

24# paraffin (phase change temperature 23.3°C and phase change enthalpy
203.3 kJ/kg) was purchased from Fushun Tongtai Chemical Co. Ltd. Expanded
graphite (EG) expanded 300 times with purity 99% and particle size 80 mesh was
obtained from Qingdao Tengshengda Carbon Machinery Co. Ltd. Gypsum
desulfurization was obtained from Jinan zhongxinda chemical Co., Ltd.; high-
performance polycarboxylate superplasticizer 540P was purchased from Shanghai
Qichen Chemical Technology Co., Ltd.; Gypsum retarder was obtained from CQ-
SHJ09, Shanghai Qichen Chemical Technology Co., Ltd.; Waterproof agent was
obtained from HY-SG1, Beijing Haiyan Xingye Concrete Admixture Sales Co.,
Ltd.; and Polypropylene fiber was purchased from PP-6 mm, Shanghai Yingjia
Industrial Development Co., Ltd. Also, tap water was applied throughout the
experiments.

2.2 Main instruments and equipment

Differential scanning calorimeter (Q20, TA Instruments, USA), scanning
electron microscope (Apreo, Thermo Fisher Scientific Searle Technology, USA),
all-in-one bending and compression machine (YAW-300C, Beijing Luda
Xingwang Construction Machinery Instrument Co. Ltd.), multi-channel
temperature tester (JK808, Changzhou Jinailian Electronic Technology Co. Ltd.),
thermal conductivity tester (DRE-III, transient plane heat source method,
Xiangtan Xiangyi Instrument Co. Ltd.), constant temperature drying oven (DHG-
9073BS-III, Jintan Guowang Experimental Instrument Factory), moving stirrer
(JJ-6A, Jintan Guowang Experimental Instrument Factory), electric constant-
temperature water bath pot (HH-2, Jiangsu Scientific Analysis Instrument Co.
Ltd.), precision electronic balance (JA2003, Shanghai Puchun Measuring
Instrument Co. Ltd.), precision electronic balance (YP3002A, Shanghai Puchun
Measuring Instrument Co. Ltd.), and beaker (foam box) were applied in this
research.

2.3 Preparation of paraffin/EG cs-PCM

EG and paraffin were poured into a beaker, melted, blended and stirred in
a water bath at about 60°C. After adsorption for 1 hour, the product was taken out
and cooled to room temperature to obtain paraffin/EG cs-PCMs with different
mass ratios. Table 1 summarizes the proportions of different components in
different samples.
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Table 1
The proportions of cs-PCMs
S1 S2 S3 S4 S5 S6
EG 5% 10% 15% 20% 25% 30%
Paraffin 95% 90% 85% 80% 75% 70%

2.4 Preparation of PC-GB

After the addition of cs-PCM, polypropylene fiber and waterproof agent
into desulfurized gypsum, mixing and stirring, the mixed solution of water, water
reducer and retarder (Table 2) was added to prepare slurry which was then
injected into mold. After demolding, the as-prepared PC-GB with the dimensions
of 300 mmx250 mmx15 mm was obtained. Ordinary GB was prepared without
adding phase change material and waterproof agent; the experimental proportions
are shown in Table 3.

Table 2
The experimental proportions of PC-GB
Mass fraction
Gypsum 56%
Phase change material 11.2%
Water 28%
Water reducer 0.1%
Retarder 0.3%
Waterproof agent 2.8%
Polypropylene fiber 1.6%
Table 3
The experimental proportions of GB
Mass fraction
Gypsum 65%
Water 32.5%
Water reducer 0.15%
Retarder 0.35%
Polypropylene fiber 2%

3. Results and analysis
3.1 Thermal stability of cs-PCM

Six types of cs-PCM were weighed and adopted as mo. They were heated
in a constant-temperature drying oven at 50 °C for 1 hour, and then, taken out to
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weigh. Their weight was recorded as m: and the mass loss of cs-PCM was
calculated as exudation rate according to the following equation:
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Fig. 1. The exudation of cs-PCM
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Fig. 2. The exudation rate of cs-PCM

The seepage of S1-S6 cs-PCM after heating is shown in Fig. 1 and seepage
rate is shown in Fig. 2. As can be seen from Figs. 1 and 2, the mass loss of S1 was
the largest, reaching 38.32%, which indicated that its thermal stability was poor,
and paraffin had larger seepage. With the increase of the content of EG and
decrease of the amount of paraffin, seepage and seepage rate were decreased.
When the content of EG was increased to 10% and 15%, the seepage rates of S2
and S3 were 3.56% and 1.18%, respectively. When the content of EG was
increased to more than 20%, the mass loss of cs-PCM was less than 1% and
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tended to be stable. The seepage rates of S4, S5 and S6 were 0.82%, 0.67% and
0.64%, respectively, which indicated that S4, S5 and S6 had high thermal stability
and could be used to prepare PC-GB.

3.2 Phase change temperature and enthalpy of cs-PCM

Differential scanning calorimeter (DSC) was applied to measure the phase
change temperature and enthalpy of S4, S5 and S6 under nitrogen atmosphere,
temperature range of -10-60°C, and heating rate of 5°C/min. DSC results are
shown in Table 4.

Table 4
The phase change temperature and enthalpy of paraffin and cs-PCM
Paraffin S4 S5 S6
Phase chan%e 23.3 25.1 25.2 25.2
temperature/°C
Phase change 203.3 161.5 152.8 1304

enthalpy / J-g*

As was seen from Table 4, phase change temperatures of S4, S5 and S6
were 25.1, 25.2 and 25.2°C, respectively, which were higher than that of pure
paraffin at 23.3°C, but were still in accordance with solid-liquid phase change
principle of paraffin. Phase change temperatures of S4, S5 and S6 were slightly
different, indicating that when the amount of EG reached a certain level, further
increase of EG had little effect on phase transition temperature. Phase change
enthalpies of S4, S5 and S6 were 161.5, 152.8 and 130.4 J/g, respectively, which
were slightly lower than the phase change enthalpy of paraffin 203.5 J/g. With the
decrease of the amount of paraffin wax, phase change enthalpies showed a
decreasing trend. This was because latent heat was mainly provided by paraffin
wax and the added EG did not undergo phase change. Generally, higher latent
heats resulted in better energy storage effects. Considering phase change
temperature and enthalpy, 20% EG and 80% paraffin was adopted as the ideal cs-
PCM to prepare PC-GB.

3.3 Morphology analysis of cs-PCM

The microscopic morphologies of EG and S4 were observed by scanning
electron microscope, as shown in Fig. 3.
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Fig. 3. SEM images of EG and cs-PCM

As was seen from Fig. 3(a), EG was worm-like with honeycomb structure
on the surface, giving it high adsorption capacity. Fig. 3(b) showed that
honeycomb pore structure in EG was disappeared and completely filled with
paraffin, which proved that EG had good adsorption effect on 80% paraffin.

3.4 DSC analysis of PC-GB

The cs-PCM obtained by mixing EG and paraffin with mass ratio of 1:4
was mixed with other experimental materials with certain test ratios to prepare
PC-GB, and ordinary GB was prepared without phase change material. As shown
in Fig. 4, the phase change latent heat and temperature of PC-GB were tested, and
DSC curve is shown in Fig. 5.

Fig. 4. GB and PC-GB
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Fig. 5. DSC curves of PC-GB

Fig. 5 showed that the phase change temperature of PC-GB was 25.2°C,
which was not much different from that of cs-PCM, indicating that the addition of
gypsum, fiber, additives and other materials had little influence on phase change
temperature. The phase change latent heat of PC-GB was 25.1 J/g, which was less
than that of cs-PCM, indicating that the addition of other materials affected the
heat storage of cs-PCM. Appropriate phase change temperature and large phase
change latent heat of PC-GB could meet temperature adjustment needs in
buildings. When PC-GB was applied for the internal insulation of building walls,
high heat storage and release capacities could be obtained.

3.5 Water absorption of PC-GB

At room temperature (25+£2)°C and relative humidity of 50+2%, dried PC-
GB and ordinary GB were weighed. After immersing in water for 2 hours, the
surface moisture of specimen was wiped off with a semi-wet towel and weighed.
Water absorption rate was calculated based on the difference of dry and wet
masses. The water absorption rate of ordinary GB was 21.6%, and that of PC-GB
was 14.3%, which was 33.8% lower than ordinary GB. This was because the
organic cs-PSM filled GB pores, which stopped water flow to a certain extent. In
addition, the water blocking effect of waterproof agent reduced the water
absorption rate of GB, indicating that PC-GB could be applied as waterproof GB
in humid environments.

3.6 Thermal performance of PC-GB

The thermal conductivities of PC-GB and ordinary GB were tested and the
obtained results are summarized in Table 5.
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Table 5
Thermal performance parameters of PC-GB and GB
Thermal Heat storage Specific heat
conductivity coefficient capacity
W-(m-K)* [/ W-(m?K)? 13-(g-°C)*
GB 0.45 452 0.61
PC-GB 0.61 6.12 0.7

The heat storage coefficient according to the following equation:

27 Ccp
S =
\ 36T (2)

where S is the heat storage coefficient (W-(m2K)?), A is the thermal
conductivity (W-(m-K)*), ¢ is the specific heat capacity (J-(g-K)™), p is the density
(kg-m3), T is the temperature fluctuation period (T=24h), and 7=3.14.

From Table 5, it was seen that the thermal conductivity of PC-GB was
0.61 W/(m-k), which was higher than that of ordinary GB with 0.45 W/(m-K).
The thermal conductivity of PC-GB was affected after the addition of PCM, but
was still small, which showed that it had good thermal insulation effect. The heat
storage coefficient and specific heat capacity of ordinary GB were 4.52 W/(m?-K)
and 0.61 J/(g-°C) and those of PC-GB were 6.12 W/(m?-K) and 0.7 J/(g-°C),
respectively, which were 35.4% and 14.8% higher than those of ordinary GB,
indicating that PC-GB had certain heat storage and temperature regulation effects.

3.7 Heat storage/release capacity of PC-GB

Thermocouples were placed on the surfaces of PC-GB and ordinary GB
and the two GBs were placed in an environment with constant temperature of
16°C. Then, the board to be tested was placed in a 38°C constant temperature box
to simulate and analyze the thermal insulation performance of GB. Temperature
was recorded every 10 seconds and the heating curve of GB is shown in Fig. 6.
After heating process was over, the two GB types were placed at a constant
temperature of 16°C to simulate thermal insulation performance. The cooling
curve of GBs is shown in Fig. 7.
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Fig. 7. Exothermic curves of PC-GB and GB

As it was seen from Fig. 6, when the temperatures of the two GB types
were lower than 26°C, heating rate was the same. When temperature reached
26°C-28°C, the temperature curve of PC-GB was relatively gentle with an
obvious temperature lag phenomenon compared with the curve of ordinary GB.
At this time, cs-PCM underwent solid-liquid phase change in PC-GB, absorbing a
great amount of heat and delaying the heating rate of PC-GB surface. After phase
change process was finished, the temperature of the two GB types was balanced
with ambient temperature. Then, it takes about 13 minutes for ordinary GB and
about 25 minutes for PC-GB to increase temperature from 16°C to 38°C, which
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showed that the thermal insulation effect of PC-GB was 92.3% higher than that of
ordinary GB. It was seen from the cooling curve of Fig. 7 that when the
temperatures of GBs were higher than 28°C, their cooling rates were basically the
same. The temperature of ordinary GB started to decrease at 28°C, while the
cooling curve of PC-GB was relatively gentle. At this time, cs-PCM underwent
phase change, giving off a great amount of heat. It takes about 30 minutes for the
ordinary GB and about 48 minutes for the PC-GB to cool down to 16°C, which
showed that the thermal insulation effect of PC-GB was 60% higher than that of
ordinary GB. Temperature rise and drop of PC-GB were slower than those of
ordinary GB, which was due to the addition of paraffin/EG cs-PCM. This additive
made PC-GB undergo solid-liquid phase change near phase change temperature to
absorb or release heat, thus delaying heating and cooling of PC-GB surface.

3.8 Experimental model analysis of PC-GB

According to Weigao [19], an incubator with lengthx widthx heightx
thickness of 340 mmx220 mmx180 mmx30mm was made. Ordinary GB and PC-
GB were placed at box cover and the joint of GB and thermal insulation box cover
was sealed with adhesive tape to obtain phase change model box to simulate phase
change building and test thermal insulation, heat storage and release effects of
GB. The thermocouples of temperature inspection instrument were placed outside
and inside the box. The thermocouples inside the box were hung at the center of
model box. The experimental model was put in a 60°C oven. When the
temperature of the inner space of the experimental model reached 38°C, the model
was taken out and placed in ambient temperature to monitor temperature changes
in box. The cooling curve is shown in Fig. 8.
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Fig. 8. Temperature change in the experimental model box
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The application of PC-GB in building walls has a certain energy-saving
effect. The relationship between comfort temperature duration and energy saving
in energy-saving systems could be analyzed with standard temperature damping
ratio y [20].

y= @ x100% (3)

1

Where y is standard temperature damping rate, T: is the time required for
temperature in ordinary GB experimental model box to decrease from 25 to 16°C
(minutes), and T2 is the time required for temperature in the experimental model
box of PC-GB to decrease from 25 to 16°C (minutes).

From Fig. 8, it was seen that temperature decrease from 25 to 16°C took
10 minutes for ordinary GB experimental model box and 37.5 minutes for PC-GB
experimental model box. According to Eg. (1), standard temperature damping rate
was y = (375-10)/10x 100% = 275%, which meant that the duration of indoor
comfortable temperature was increased by 275% after using PC-GB. The board
could reduce the opening time of heating equipment and save electric energy in
winter.

4. Conclusion

(1) At the mass ratio of EG to paraffin of 1:4, the cs-PCM obtained by
melt blending had good thermal stability, suitable phase change temperature of
25.1°C and large latent heat of 161.2 J/g. Therefore, it could be applied to prepare
PC-GB.

(2) The PC-GB prepared according to test proportion had phase change
temperature of 25.2°C, phase change latent heat of 25.1 J/g, thermal conductivity
of 0.61 W/(m-K), thermal storage coefficient of 6.12 W/(m?-K) and specific heat
capacity of 0.7 J/(g-°C). Its thermal insulation and thermal preservation effects
were 92.3% and 60% higher than that of ordinary GB, respectively. Also, its other
properties were suitable for thermal insulation of building wall.

(3) Experimental model box simulated phase change building. Application
of PC-GB increased the duration of indoor comfortable temperature by 275%
compared to that of ordinary GB. In winter, it could decrease the opening times of
heating equipment, save electric energy and achieve energy conservation and
emission reduction.
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