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Abstract. In fact, the phase change materials (PCMs) integrated
in the building envelope structure can decrease the buildings’ energy
consumption by enhancing thermal energy storage capacity, which has
been acknowledged and appreciated by many engineers and architects.
To achieve a better practical application effect under the minimum cost
principle and provide a different design method based on indoor thermal
discomfort evaluation results for stakeholders, this paper numerically
test the application effect of composite envelope under Tianjin climate
through commercial computational fluid dynamic soft (Fluent). Further,
parameter sensitivity to thermal performance of the composite envelope
and indoor thermal discomfort are investigated in this paper, and two
different evaluation indicators are introduced and used here. The
numerical results obtained in this paper support the high potential of
using PCM in lightweight temporary buildings and highlight the further
optimization design work.
Keywords. Optimization design; Lightweight temporary building;
PCMs; CFD simulation.

1. Introduction
With the continuous development of the construction industry, traditional
heavyweight building envelope materials, such as brick, block and concrete,
cannot satisfy the diversified and personalized needs of modern society. As
such, the burgeoning lightweight building structure has been widely used in
various scenarios, especially in fields of industrial, civil and public building
with special demands (Pajek et al., 2017; Marin et al., 2016).In recent years,
lightweight buildings also have been used to solve the enormous demand of
temporary accommodation due to its desirable performance characteristics, such
as portability, relocatability and transportability, they have already given full
play in use (Félix et al., 2013; Abulnour, 2014). Such types of buildings are
prefabricated, mass-produced and standardized, and two main groups can be
identified: ready-made units (totally constructed in factory that just need to be
transported to the site where they will be placed) and kit supplies (made up of a
number of modules and assembled in local) (Kolo et al., 2014).
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It is known that adding insulation materials to building envelope is not the
only or the best method to realize reducing energy consumption in building sector.
In fact, the phase change materials (PCMs) integrated in the building envelope
structure can decrease the buildings’ energy consumption by enhancing thermal
energy storage capacity, which has been acknowledged and appreciated by many
engineers and architects. For building structures and components, the PCMs have
massive applications in wall (Memon, 2014), roof (Jayalath et al., 2016), floor
(Entrop et al., 2011) and window (Tyagi et al., 2011). For building materials,
PCMs can be integrated in gypsum board (Karaipekli et al., 2016), plaster (Bianco
et al., 2015), concrete (Faheem A et al., 2016), and brick (Vicente et al., 2014).
However, when it comes to the application of PCMs as a passive alternative in
building envelope, especially lightweight temporary buildings, some key design
parameters of the integrated PCM layer structure, such as the location, thickness
and orientation, on building’s thermal performance and corresponding indoor
thermal comfort have not been explored systematically. To achieve a better
practical application effect under the minimum cost principle and provides a
different design method for stakeholders, this paper builds a dynamic heat transfer
model for lightweight temporary buildings to numerically test the application
effect of composite envelope in North area of China under summer climate
condition through commercial CFD software (Computational Fluid Dynamics),
i.e. Fluent 15.0 (Li et al., 2015; Hichem et al., 2013).
2. Physical and mathematical models
2.1. PHYSICAL BUILDING MODEL

2.1.1. Building description

Figure 1. 3D lightweight temporary building model.

The 3D building model for the simulation and the detailed dimensions are shown
in Figure 1. The envelope structure of the studied lightweight temporary building
is made up of 0.10 m thick color steel sandwich panel, and the dimensions of the
modelling room are 2.40m in length, width and height. The length and width of
the PCM layer are both 2.20m.
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2.1.2. Simulation scheme description
To obtain an optimized location arrangement of PCM layer in single orientation,
three PCM composite placement scenarios with 5 mm constant thickness PCM
layer in each of the six orientations are investigated and compared respectively.
For each of the scenarios, the PCM layer location is labeled as Cases ‘n’ where
‘Case 1’ refers to the scenario whose PCM layer is placed to the inside of the
envelope structure, ‘Case 2’ represents the scenario whose PCM layer is inserted
in the middle position of the envelop structure and ‘Case 3’ denotes the scenario
whose PCM layer is installed at the outside. A more detailed visual configurations
for the four walls, roof and floor are illustrated in Figure 2(a) and 2(b).

Figure 2. Detailed simulation scheme for the lightweight temporary building.

Following the above numerical research, the study is extended here to
assess the thickness and orientation effect of the PCM layer on indoor thermal
environment. Hence, the estimated thicknesses explored are centered on the value
of 5mm with a step of 2.5mm. Therefore, the thickness range is 2.5-7.5mm.
Then the simulation for the modeling room with optimized PCM layer location
are carried out to further optimize the PCM composite wall, roof and floor at all
orientations.
In view of the single orientation installation may not satisfy the users very well,
multi-orientation layout scheme is proposed to further increase the homogeneous
characters of heat mass in building envelope structure under the optimized
thickness and location. To this end, the multi-orientation layout scheme are
obtained as per the optimized sequence of orientation, which will be elaborated
in the following sections in detail.
2.2. SIMULATION CONDITION SETTINGS AND MODEL VALIDATION

The modelling room is located in Tianjin city of China, whose longitude and
latitude are 117.10° and 39.10° respectively. The remarkable day and night
temperature fluctuation make it very suitable for the application of PCMs, and
taking the advantage of passive technique at the same time like night natural
ventilation cooling. The average value of meteorological parameters for summer
in Tianjin generated by Typical Meteorological Year data is selected as the exterior
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surface boundary conditions, and user defined function (UDF) is used to load the
unsteady profiles to the simulation. The convective heat transfer coefficients is
assumed to be constant (23W m−2 °C −1 ). The total hourly heat flux of external
surfaces caused by solar radiation and heat connection between ambient and
envelope, as mentioned above, is substituted by the hourly outdoor colligate
temperature. In addition, the thermophysical properties of the buidling material
including PCMs (RT27) used in the simulated building are shown in Table 1.
Table 1. Material thermophysical properties.

In this paper, the numerical simulation was done by prevailing commercial
Fluent 15.0. Validation code is not given herein due to the fact that its applicability
in solving similar problems have been well verified in large amounts of literatures
(Kong et al., 2014; Faheem A et al., 2016; Hichem et al., 2013), and their
simulation results are in extremely good agreement with experiments. Therefore,
this method has received popular recognition and expected to be more widely used
in this field (Izquierdo et al., 2012).
3. Indoor thermal discomfort indicators
To evaluate the improvement and promotion effect of indoor thermal comfort
after incorporating PCM layer into the envelope structure of lightweight temporary
building, two different types of indoor thermal comfort indicators, namely summer
overheating discomfort (Isum ) and cumulative discomfort duration (tsum ), are
applied. Formulas are as follows:
∫ 24
Isum =
(Tin − TH ) dt , Tin > TH
(1)
∫ 024
tsum =
dt , Tin > TH
(2)
0

Where TH is the indoor design calculation parameter for comfort air conditioning
room (°C). Where Isum is the time integral value of temperature difference
between indoor temperature and maximum indoor design calculation temperature
(°C hour). Where tsum is the time integral value of indoor thermal discomfort time
(minute). Tin is the real-time variations of indoor temperature (°C). Obviously, a
smaller value of Isum or tsum represents a better improvement for indoor thermal
comfort. With respect to TH , Chinese design code for heating ventilation and air
conditioning of civil buildings (GB50736-2012) (CABR, 2016) recommends in
3.0.3 section that the indoor thermal comfort temperature in summer should be
controlled in the range of 24°C to 28°C.
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4. Results and discussions
4.1. DESIGN PARAMETERS INFLUENCE AND OPTIMIZATION LAYOUT
SCHEME DETERMINATION

As mentioned above, the key design parameters of PCM layer integrated in the
composite envelope structure includes location, thickness and orientation. Their
impact on the thermal performance and indoor thermal environment of lightweight
temporary buildings are discussed in this section in turn.
Firstly, location effect of PCM layer was studied. During the simulation, the
PCM layer thickness was assumed to 5mm. The location effect on indoor thermal
behavior of different scenarios, i.e. Case 1- Case 3, at all six orientations were
shown in Figure 3 and Figure 4. In detail, the maximum indoor temperature of
the reference room reached to an unbearable value of 38.41°C. Specifically, the
maximum temperature decline of Case 1 was 7.81°C in roof and the corresponding
maximum indoor temperature was 30.60°C. At the same time, the minimum
temperature decline of Case 1 was 1.30°C in floor and the corresponding maximum
indoor temperature was 37.11°C. Besides, an obvious time lag phenomenon could
be observed in most orientations. As summarized in Figure 3(b), the Isum and
tsum value, which were the two parallel indoor thermal discomfort indicators, of
Case 1 were 785°C·min and 470mins, respectively. And the two indicator values
were both the smallest among the three cases within the same orientation. This
also indicated that the modelling room with PCM layer being composited near the
inner surface had a better indoor thermal lifting effect throughout the whole day.
Secondly, thickness effect of PCM layer was studied. The thickness of PCM
layer would directly affect the thermal storage capacity and the heat charge and
discharge characteristics of PCM composite envelope, also includes economic
performance of the building. The results of indoor thermal behavior indicators
in Figure 5 showed that the modelling room which incorporated with a PCM
layer in its roof had the lowest maximum indoor temperature, 30.60°C, and the
largest indoor temperature decline, 7.81°C, among all of the six orientations, which
reflecting that the roof integration scheme was better than other orientations. It
was worth noting that the modelling room with 5mm thickness PCM layer both
had the lowest maximum indoor temperature and maximum temperature decline
in all orientations except the floor. In addition, a similar conclusion could also
be obtained from the calculated values of Isum and tsum of each orientation in
Figure 6 In detail, it could be summarized that the minimum value of Isum and
tsum value were 785°C·min and 470 mins, respectively, and the minimum values
were also generated under 5mm condition with the PCM layer being placed in
the roof. However, what made a difference was that the modelling room with
5mm thickness PCM layer had a better indoor thermal comfort lifting effect at all
orientations compared to 2.5mm and 7.5mm conditions according to the evaluation
of indoor thermal discomfort.
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Figure 3. Location effect of PCM layer on Max. indoor temperature and corresponding decline.

Figure 4. Location effect of PCM layer on indoor thermal discomfort.

Figure 5. Thickness effect of PCM layer on Max. indoor temperature and corresponding
decline.

Thirdly, orientation effect of PCM layer was studied here and optimization
layout scheme was then put forwarded. Following the studies above, it should be
noted that though the 5mm PCM layer placed in each orientation could strengthen
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indoor thermal comfort and moderate the indoor temperature effectively, it still
remained larger space for further improvement. Given the insignificance of further
thickness increases of PCM layer in one orientation, an effective way to further
enhance indoor thermal comfort was to increase the homogeneous characters
of heat mass in building envelope structure, and therefore the feasibility and
detailed scheme of normal envelope substituted by PCM composite envelope in
growing number of orientations was discussed here. To this end, the optimization
scheme for further choice formulated here mainly based on the indoor thermal
discomfort, especially the summer overheating discomfort, which was listed in
Figure 7. Finally, this paper totally proposed five optimization schemes depend
on the number of normal envelopes which could be constituted by PCM composite
envelope.

Figure 6. Thickness effect of PCM layer on indoor thermal discomfort.

Figure 7. Indoor thermal discomfort of the modelling room with 5mm PCM layer.

According to the results summarized in Figure 5, the minimum and maximum
value of Isum was 785°C·min and 3719°C·min, and they were obtained in roof
and north, respectively. The other four orientations were sorted as per the
sequence of west (3247°C·min), south (3379°C·min), east (3369°C·min) and floor
(3522°C·min). For convenience, the best application case while PCM layer was
placed in one orientation mentioned above, i.e. roof, was marked as S1. Following
that, all of the five multi-orientation optimization layout schemes was labeled as
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S2-S6 in turn, which was listed in Table 2.
Table 2. Multi-orientation layout optimization scheme .

4.2. MULTI-ORIENTATION LAYOUT OPTIMIZATION

Based on the above conclusions, the multi-orientation layout optimization work
was done in this section. Figure 8 showed a sharp drop in maximum indoor
temperature after PCMs was adopted and further temperature falling was also
observed as more normal envelopes in different orientations were replaced. In
detail, the maximum indoor temperature fell to 26.42°C when S3 scheme was
applied, which was lower than the upper limits of indoor thermal comfort
temperature in summer quoted above, i.e. 28°C. However, as the numbers of
PCM composite envelope further increased, namely from S4 to S6, the maximum
temperature decline was 13. 83°C when all of the six orientations were substituted
with PCM composite envelope, which only had a 1.84°C growth in total. Figure
9 also illustrated the expected improvement from the aspect of indoor thermal
discomfort evaluation. Clearly, the indoor thermal discomfort and cumulative
discomfort duration value of the modelling room, were both reduced to zero
when PCM composite envelope numbers exceeded three, which meant that the
modeling room could maintain comfortable status throughout the whole day by
selecting a suitable multi-orientation layout scheme. Therefore, the proposed
multi-orientation layout scheme could ensure the indoor thermal comfort without
extra mechanical cooling inputs by incorporating PCM composite envelope in at
least three orientations, or further control indoor temperature below 25°C by S4
scheme.
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Figure 8. Max. indoor temperature and corresponding decline under different multi-orientation
layout scheme.

Figure 9. Indoor thermal discomfort under different multi-orientation layout scheme.

5. Conclusions
In this paper, we implemented the parametric study on some key design parameter
of PCM composite envelope applied in lightweight temporary buildings. The
application of CFD dynamic thermal performance simulation soft could facilitate
the study and optimization of building design for engineers and architects. In
addition, optimization layout schemes were put forwarded in this paper based
on the parameter influence study. At last, multi-orientation layout optimization
was investigated and determined by different indoor thermal discomfort indicators.
The proposed multi-orientation layout scheme could ensure the indoor thermal
comfort without extra mechanical cooling measures by incorporating PCM layer
in at least three orientations, or further control the indoor temperature below 25°C
by S4 scheme. The present work in this paper can provide engineers and architects
with some beneficial reference in their further researches.
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