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Abstract. The lightweight building industry develops fast, but it has competitively worse
thermal comfort than traditional buildings because of less thermal mass. The use of phase change
material (PCM) can help to solve the problem and boost the energy efficiency. In this paper, the
effect of applying PCM-boards in air-conditioned lightweight buildings in Shanghai has been
evaluated. A parametric study is performed considering different PCM-boards configurations,
using an EnergyPlus single-zone model. The daily and annual situation have been simulated in
this study, and the predictions show that the energy saving depends on the phase change
temperature of PCM and seasonal temperature. The application of PCM can save up to 20.88%
of energy for air conditioning system in buildings. The daily assessment reveals that the passive
PCM technology inside the wall saves more energy under heating conditions than the cooling
condition because of the overheating.
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1. Introduction

Recent years, lightweight exterior wall panels are widely used in the construction industry [1]. However,
they have low thermal mass, which increase the energy consumption of air conditioning. Meanwhile,
these consumption generally takes up over one-third of energy consumption in buildings [2]. Use phase
change material (PCM) to improve heat comfort is considered as a promising technology to solve the
problem and reduce the power demand of air conditioning system [3]. The PCM can provide relatively
high heat storage capability but with small mass and volume of material. Moreover, the temperature of
the PCM remains almost constant during the phase change [4]. These features made it could be used to
improve the thermal performance of building walls, reduce heating and cooling loads at the peak time,
shift loads to low tariff hours and improve the indoor environment [5, 6]. In recent years, the PCM-
enhanced building envelopes have been studied by increasingly researchers [7, 8]. The thermal
performance of PCM wall is affected by many factors such as outdoor environment, the wall materials
and the indoor environment [9, 10]. In this paper, a model with an innovative PCM enthalpy-temperature
function has been built up to simulate a single PCM-boards enhanced room. The daily and annual energy
saving have been predicted with the result of numerical simulation under weather situation in Shanghai.

2. Methodology

2.1. Numerical model

A standard 3-D building model was selected to simulate different conditions which is specified as
ASHRAE-140 case-600. It is an air-conditioned single-zone model with the interior dimensions are
8mx6mx2.7m=129.6 m* as shown in Figure 1. All surfaces are external walls. This model assumed to
have their windows on two sides to reflect current residential construction practices in Shanghai. On the
south side, there are two windows while on the north side there is one window in the middle with the
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same size and shown in Figure 1. Moreover, the model is not obstructed by neighbouring buildings and

the ground reflectance is equal to 0.2. The external walls properties and structure are shown in Table.1

and Figure.2. In the PCM-enhanced room, only walls and ceiling were installed with PCM-boards.
Tablel. Properties of construction materials

Conductivity Density Specific Heat Thickness

W/m-k) (kg/m®) (/kg-K) (m)

EPS 0.039 20 1380 0.05
Gypsum Board 0.31 1100 1160 0.012

OSsB 1.21 650 2000 0.02

Lightweight Concrete 0.52 1300 920 0.05
Roof Membrane 0.16 1121.29 1460 0.0095
Wood 0.15 608 1630 0.0254

PCM 0.6 1500 2000

Figure 1. The building structure of
the simulation model

Regarding internal heat gains, the building model was occupied by a maximum of 1 people per 1m? in
sedentary activity with a constant metabolic rate of about 126W-person. A maximum design lighting
level of 10Wm was considered for the equipment thermal gain. The air conditioner system in this study
was ideal loads air system model in the EnergyPlus simulations. Regarding actual air temperature
control, the thermostat was set with a cooling set point temperature of 26°C, and the heating set point
temperature is 18°C. The air ventilation was set as one time per hour in this study.
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Figure 2. The envelope of the construction model (a)  Figure 3. The temperature variation of Shanghai
PCM-enhanced room (b)reference room

2.2. Weather data

This parametric study is carried out in EnergyPlus 8.9.0. The CSWD Shanghai weather data file [11] is
used to simulate the climate of Shanghai. The annual outdoor dry bulb temperature is shown in Figure
3. The climate zone of Shanghai is classified as hot-summer and cold-winter zone according to the Code
for design of civil buildings [12]. The climate of Shanghai shows four distinct seasons. The warmest
week, on average, is in the July with an average temperature of 27.49°C. The maximum temperature
during the summer can reach 37°C. The most cooling mouth on average is January, with an average
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temperature of about 4.51°C, the minimum temperature can reach -4.3°C. More statistics information
about the climate of Shanghai can be found in the weather data file [11].

2.3. Mathematical model

The annual cooling and heating energy demands are calculated in the lightweight reference model
without PCM and compared with the PCM-enhanced lightweight model. The one-dimensional
conduction finite-difference (ConFD) solution algorithm was adopted in this study which was validated
against multiple test suites [13] in simulate the phase change process. In this study, according to Tabares
et al [14], 1-minute time step was used in the simulation for assessing the annual and daily energy
demand. Moreover, for the accuracy of hourly analysis, the space discretization was set to 0.4 for the
CondFD model. This model read the inputs of the enthalpy-temperature information which was shown
in the Figure 4.

The DuPont™ PCM product was considered as the reference PCM. As proposed by Tabares and Soares
[14, 15], based on the nonlinear enthalpy-temperature function of reference material, a new linear
function can be plotted for a hypothetical PCM-boards to facilitate the parametric analysis. Seven PCM
with the same latent heat but different melting peak temperature were considered in this study. The
detailed enthalpy-temperature is showing in Figure 4, which is an ideal value referenced from Nelson et
al [16] (pcml8 for the PCM with peak melting temperature of 18°C, and so on in a similar fashion ).
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3. Results and discussion

3.1. Annual assessment for PCM-enhanced room and reference room without PCM

Compared with the reference room in which the air-condition cooling load is Ecoolrer=137.45 kWh m™
year?, and heating load is Eneatref=59.96 kWh m2year?, the PCM enhanced room reduced the cooling
load(Figure 5 (a)) and heating load(Figure 5 (b)), which can be found in Figure 5 ordered with different
thickness and melting temperature. The Figure 5 (a) reveals that the best PCM for the cooling season is
the pcm26 and pcm28. Maximum 10.67% annual cooling energy saving can be achieved by using pcm28
and thickness is 50mm. Figure 5 (b) shows the prediction in the heating season, the pcm?20 is the best.
Up to 56.75% energy saving can achieve in the thickness of 50mm. Moreover, simulations show that
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the energy load decreased with the increase of PCM thickness. It may be a good compromise to adopt
30mm instead of 50mm thick as the energy savings achieved with 30mm are close to those obtained
with 50mm. This could be particularly important when taking into account the cost of the price of PCM-
boards.

It is shown in Figure.6 that the annual air-condition energy consumption with different thickness of
PCM. The pcm20 is the best for annual energy saving. The 20.88% energy saving is achieved in the
thickness of 30mm. In addition, it is clear to see that the cooling energy saving has more influence on
the annual energy saving, it will be discussed in the next section.
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3.2. Daily assessment basis for the effect of different melting temperature of PCM

To study the effect of different PCM on cooling and heating load of air conditioning system, three
continuous days were picked up both in summer and winter. The pcm20 and pcm26 were employed as
PCM. Figure 7 shows the case of summer from June 24" to 26", and Figure 8 shows the prediction of
winter from January 6" to 8. The outdoor temperature have a big variation during these days. The area
is used to indicate the cooling power consumption (Figure 7) in summer and heating power consumption
(Figure 8) in winter time (read on left axis). The outdoor temperature, the temperature at the inside
surface of PCM and the temperature of gypsum board at the same position in the reference room (read
on right axis) are also plotted in lines.

In summer, due to the ideal loads air system model, the room temperature is maintained at the set point
of 26°C. Figure 7(a) shows the case of the pcm20, because outdoor temperature and room temperature
are always above 20°C so that PCM was in melting state. Therefore, PCM can be regarded as a layer of
insulating material only. It can be seen that during the high outdoor temperature around noon, the energy
consumption is reduced, but in the night, the cooling load of the PCM-enhanced room is higher than
that of the reference room. However, the cooling load of PCM room during three days is similar to the
reference room, but about 12.7% cooling load has been shifted from peak hour (8:00-21:00) to off-peak
hour (22:00-6:00).
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Figure 7. Hourly cooling load profiles and evolution of the estimated temperatures for the summer
days (June 24™ to 26™) for both the reference and the PCM-enhanced models (a) pcm20 (b) pcm26
In Figure 7(b), the temperature of the pcm26 is stabilized at melting temperature of 26°C in the first two
days, when the PCM is absorbing heat. However, around the noon on the third day (65h), the temperature
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of the PCM exceeded 26°C, indicating that the PCM began to overheat. In the next night (70h), it can
be seen that the temperature of PCM is higher than melting temperature and cooling load in PCM-
enhanced room is higher than that of the reference room. This negative effect happened because PCM
boards release heat at night.

In winter, the room temperature is maintained at 18°C. Figure 8(a) shows the prediction for room with
pcm?20. The temperature of PCM is maintained at about 20°C. Unlike in summer, energy savings mainly
happened at night. Moreover, the temperature of the wall keeps steady around 20°C, which is good for
room comfort and energy saving. Figure 8(b) shows the effect of the pcm26 during the winter. At this
case, the outdoor temperature is lower than 26°C, PCM remains solidified. Although the PCM increases
the heat capacity and thermal resistance of the wall, it can be seen from the figure that the outdoor
temperature fluctuation still affects the indoor wall temperature in this case.
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Figure 8. Hourly heating load profiles and evolution of the estimated temperatures for the winter days
(January 6™ to 8™) for both the reference and the PCM-enhanced models (a) pcm20 (b) pcm26

Combined with the summer and winter simulation, the following conclusions can be drawn: Firstly,
when the outdoor temperature fluctuates around the melting temperature, the PCM has a weakening
effect on the thermal fluctuation. Secondly, in summer, the most energy saving of the PCM happens
around noon, and in the winter, it mainly happens at night. So the PCM can be chosen depending on the
different service time of the room. Thirdly, Figure 9 shows the factors affecting the PCM melting and
solidification in two seasons. The main difference is the solar radiation. In summer, the PCM is easily
overheat under continuous high temperature because the sun keeps heating PCM, and it will have a
negative impact on the power consumption for cooling when the PCM fails. Therefore, for summer,
active PCM system may be a better choice. However, in winter PCM works stable because the sun can
melt the PCM during daytime and the melted PCM is good for the night heat preservation.
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Figure 9. The different charging and discharging factors in summer and winter

4. Conclusion

This extensive EnergyPlus based parametric simulation study found that PCM-boards in lightweight
construction in Shanghai helps to create annual savings of energy for cooling, heating up to 20%. The
universal PCM-boards system with a thickness of 30mm and the melting temperature of the PCM at
20°C is recommended for the annual energy saving. It is also found that the passive PCM-boards does
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not appropriate for Shanghai in summer. It may have a negative impact when the PCM is fully melted.
The active PCM system might be a better choice for summer energy saving. However, in winter the
passive PCM have a good effect.
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