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Abstract

Bio-based materials have strong hygrothermal behavior and phase change materials (PCMs) have
high thermal inertia, but they have usually been studied separately in most research. In this paper, the
hygrothermal behavior of a multilayer building envelope integrating hemp lime concrete (HLC) and
PCM was investigated at experimental level. The envelope was flanked by a climate chamber and the
laboratory ambient to imitate the outdoor and indoor environments, respectively. Four envelope
configurations comprising a reference (without PCM) and three configurations with PCM (PCM

placed on the outdoor and indoor side, in the middle of the envelope) were considered in order to
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study the effect of PCM and its position on the hygrothermal behavior of the envelope. The results
showed that the PCM had a significant effect on the hygrothermal behavior of HLC, based on the
high coupling between temperature and relative humidity. The characteristic time was considered to
quantitatively evaluate temperature and relative humidity trends, and their value was increased with
the participation of PCM. Moreover, PCM increased the heat store/release capacity linearly with its
position. The closer the PCM was to the outdoor, the higher the heat store/release capacity and the
lower the heating/cooling load from the envelope to the indoor environment. These phenomena were
closely related to the PCM’s temperature distribution and its corresponding specific heat capacity.
Therefore, due to the envelope’s thermal and hygric inertia on the indoor environment and the
building’s energy saving potential, it was recommended that the PCM be placed close to the outdoor

side.

Keywords

Phase change material (PCM); Hemp lime concrete (HLC); Heat/moisture transfer; Hygrothermal

behavior; Characteristic time; Heat store/release capacity.

1. Introduction
In the context of increasingly depleted non-renewable energy sources and high CO> emissions,
the global energy system is set to be doubly challenged in the future: by the demand for more energy
and less carbon [1]. However, as places where humans live, work, and play, buildings account for

about 58% of energy consumption and 28% of CO» emission [2]. Moreover, people’s requirements
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as regards indoor comfort are increasing as society develops. Therefore, several technologies and
solutions have been used to improve indoor comfort while saving energy and reducing CO2
emissions. The building envelope represents the boundary between interior and exterior, ensuring
watertightness, insulation, air, and light circulation. With growing environmental concerns, building
envelopes are called upon to participate in energy consumption regulation. However, building
envelopes are responsible for 51% of total energy consumption [3]; therefore, huge energy saving
potential can be achieved by optimizing them.

Temperature and relative humidity are two important parameters that affect indoor air quality and
consequently occupants’ heat and moisture comfort [4, 5]. It has been proved that inappropriate
temperature and humidity leads to mold growth [6, 7], thereby affecting occupants’ health and
furniture’s lifespan. Building envelope materials with excellent thermal and hygroscopic behavior
are the solution to regulation of temperature and relative humidity. Bio-based materials and PCMs
(phase change materials) seemed to be the answer to this question in the literature. Porous bio-based
materials have moisture hygroscopic properties, while PCMs have thermal inertia properties. Also,
CO, emissions are minimal during production and utilization of such materials [8-10].

Hemp concrete, as a bio-based material, can be used as a building envelope material. It has been
recognized by many researchers due to its sustainability and interesting hygrothermal characteristics
[11-13]. Compared with conventional building materials such as aerated concrete, it has low density
and high porosity. Therefore, it has been extensively studied as a thermal insulating [14-16] and
hygroscopic material [17-19] of building, which is beneficial for building energy saving [20-22].

Previous studies [23, 24] have proved the strong coupling between temperature and relative humidity
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within HLC, and both of them affect the relative humidity change within the material. Besides, the

hygric property is more sensitive to temperature change than relative humidity [25, 26]. Therefore,

some researchers have studied the effect of temperature on hygroscopic behavior. Poyet et al. [27]

presented the theoretical model based on the Clausius-Clapeyron equation and isosteric heat of

sorption. Later, Colinart et al. [28, 29] verified it by hemp concrete experiments, and the results

highlighted the temperature dependence on the adsorption curve. Rahim et al. [30] simulated the

temperature dependency of the sorption curves of the hemp concrete envelope and found that the

relative humidity behavior could be predicted accurately by taking into account the influence of

temperature. Chennouf et al. [31] explored the effect of temperature on hygroscopic behavior by

experiment and confirmed that the sorption-desorption process and moisture buffer value were

highly affected by temperature. The researches above indicate the excellent hygrothermal behavior of

hemp concrete and the importance of temperature.

PCM is also an envelope technology to maintain or provide thermal comfort in new buildings

[32], and it provides enough thermal inertia to utilize the cold energy at night during the hottest time

of the day [33-35]. A great deal of thermal energy is stored or released during the phase change

process [36, 37]. In other applications of PCM, it behaves different when placed in different

positions [38, 39]. Similarly, as part of the building envelope, its thermal behavior is different when

placed in different positions [40]. The thermal performance of the building envelope when PCM was

placed in different positions was studied by Jin et al. [41-44], who found that the state, heat flux,

amplitude, and time delay were different according to the PCM’s position. Besides, the optimal

position of PCM changes with different influence factors such as thickness, heat fusion, and the
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melting temperature of PCM. Lee et al. [45] studied the thermal behavior of PCM when placing it in

the south and west walls at different positions in the envelope, and the results indicated that the

optimal position of PCM in the south wall was closer to the outdoor environment compared to the

west wall. Lagou et al. [46] analyzed the melting temperature and optimal positions of PCM in

different European continent climatic conditions and found that all the optimal positions were

located on the interior side but varied with the melting temperature. Fateh et al. [47, 48] concluded

that the PCM was more active when it was placed in the middle position, which caused a 15% peak

heat load reduction and obvious time delay. Similarly, the optimum position of PCM was also found

to be located in the range between the middle and the external in some researches [49, 50]. Therefore,

the different position of PCM in the envelope produces different thermal feedback and the

determination of optimal position is significant.

According to the aforementioned literature, hemp concrete has excellent hygric inertia as an

envelope to dampen ambient relative humidity changes. However, it has low thermal inertia because

of its light weight. Also, temperature has a significant influence on relative humidity changes within

hemp concrete. On the other hand, the high PCM thermal inertia can change the temperature field

and dampen the temperature amplitude. Besides, the feedback benefit in terms of heat behavior from

the PCM-based envelope depends on the PCM’s position.

This research focuses on the hygrothermal behavior of the new building envelope integrating

HLC (hemp lime concrete, one of the bio-based materials) and PCM at experimental level. This new

envelope has both high thermal inertia and high hygric inertia. First, the hygrothermal properties of

PCM and HLC were presented. Then, the experimental protocol was proposed. It was carried out by
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connecting one side of the envelope to dynamic temperature and relative humidity changes provided
by a climate chamber, which was used to imitate the outdoor environment. The other side was
exposed to the laboratory ambient with relatively stable hygrothermal environment to imitate the
indoor environment. Four combinations of temperature and relative humidity changes were set as
boundary conditions in the climate chamber, including two identical and two opposite trends. Later,
the hygrothermal behavior of the envelope using HLLC only was analyzed and compared with three
integrated envelopes combining HLC and PCM, which were distinguished by the different positions
of PCM. The value, fluctuations, and differences between various points within the HLC were
studied, temperature and relative humidity curves were quantitatively evaluated, and the impact of
PCM and its position were analyzed. Finally, heat flux behavior was presented, the envelope’s
heating/cooling load and heat store/release capacity were calculated. The PCM’s temperature

distribution and specific heat capacity was investigated.

2. Materials and methods

2.1. Materials

The materials considered in this paper are HLC and PCM (Fig.1). The HLC sample was produced
from lime binder, water, and hemp particles using the molding method. The finished HLC sample
has high porosity, resulting in interesting thermal conductivity (0.12 W/(m'K)) and high water vapor
permeability (2.23 x 107 !! kg/(m's'Pa)) [30]. Therefore, it helps to weaken thermal transfer and

regulate relative humidity as a building envelope material.
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Fig. 1. Hemp lime concrete and phase change material

The PCM used in this paper is the finished panel called hydrocarbon-based PCM [52] (Dupont™
Energain®). It is comprised of ethylene-based polymer (40%) and paraffin wax (60%) laminated on
both sides with a 0.1 mm aluminum sheet that ensures the paraffin’s mechanical stability. The
relation curve between the PCM’s specific heat capacity and temperature is plotted in Fig.2.
Distribution of the data follows a bell-shaped curve and maximum value is achieved at around 22 °C.
The melting process takes place between 10 and 28 °C with a sudden variation between 18 and 24 °C,
and latent heat is around 136.2 kJ/kg. Once the indoor temperature increases, it starts melting and
absorbs thermal energy. Conversely, when the temperature drops, it solidifies and releases the

absorbed energy.
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Fig. 2. Specific heat capacity of PCM [52]

Dimensions of each HCL and PCM were 50 cm x 50 cm x 7 cm and 50 cm x 50 cm % 2.12 cm

respectively. Their basic physical parameters are summarized in Table 1.

Material Density Thermal Specific heat Water vapor Porosity
[kg/m?] conductivity capacity permeability [%]
[W/(mK)] [J/(kg'K)] [kg/(m's-Pa)]
HLC [30] 478 0.12 1100 223 x 101 76.4
PCM [52] 810 Solid: 0.18 Solid: 4000 — —
Liquid: 0.14 Liquid: 3800

Table 1 Basic physical and hygrothermal properties of HLC and PCM

2.2. Experimental protocol and monitoring points

Fig. 3 shows a schematic side view (a) and the actual experimental setup (b). One side surface of
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the envelope was connected to the given environment provided by the climate chamber, while the
other side surface was connected directly to the laboratory ambient. In order to ensure unidirectional
transfer of heat and moisture through the envelope under study, the lateral surfaces were insulated

with polyethylene film and polystyrene foam.

Climate chambe; -
() (b) .

Climate
chamber

laboratory ambient

Door
(Connection area)

Integrated envelope

Fig. 3. (a) Sketch of the experimental setup; (b) Actual experimental setup

Two HLC layers and one PCM layer were used to test and compare the different configurations
of the envelope composition under study. Four envelope configurations were considered according to
the PCM'’s participation and its distance from the climate chamber. They are shown in Table 2 and

Fig. 4(a), the climate chamber and laboratory ambient are located on the left and right side

respectively.
Configurations Multilayer from climate Total thickness
(L: the thickness of HLC) chamber to ambient [cm]
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Without PCM
X=0 L (PCM on the climate chamber side)
X=0.5 L (PCM in the middle of HLCs)

X=1L (PCM on the laboratory ambient side)

HLC + HLC

PCM + HLC + HLC

HLC + PCM + HLC

HLC + HLC + PCM

14

16.12

16.12

16.12

Table 2 Different envelope configurations

2.12cm

7 ceni 7 cm

(a)

50 cm
50 cm

Without PCM

(b)

e T/RH sensors (HMP-110)

50 cm

: LAmb /

® Thermocouples

10

X=0.5L

50 cm

2.12¢cm
7cm 7cm

X=IL

Cli: climate chamber
P: middle of PCM
H1: middle of the first HLC

H12: middle of two HLCs

H2: middle of the second HLC

Amb: laboratory ambient

Heat flux sensors (HFS)



168

169
170

171

172

173

174

175

176

177

178

‘/\ HMP-110

< I

.
_ Ambient
=
o
[
w
e
A b
~ | /./’/, -
Climate % n > H12H2
chamber e H1

Fig. 4. (a) Four envelope configurations of integrating HLC and PCM; (b) Monitoring points for
temperature, relative humidity, and heat flux of configuration X=0 L; (c) 3D view of monitoring

points of configuration X=0 L; (d) Different monitoring sensors

Experimental monitoring was ensured by several temperature and relative humidity sensors
(HMP-110) that were placed inside the climate chamber, within the laboratory ambient air, and at
different positions within the integrated envelope. The HMP-110 sensor is 71 mm long and 12 mm in
diameter. They were inserted into each HLC’s geometrical center through drilled holes from the
lateral side (Fig. 4(c)). Meanwhile, the HMP-110 sensor’s cable was sealed by polyethylene film and

11
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polystyrene foam, and the hole was sealed by polyvinyl chloride tape, avoiding temperature and
humidity interference from cable heat and the ambient hygrothermal environment. In order to help
measure the PCM’s temperature, three thermocouples (K type with diameters of 0.25 mm) were
arranged in the middle and on both sides of the PCM. In addition, two heat flux sensors (HFS) were
affixed to the envelope’s internal and external surfaces. The HFS sensor is only 50 mm x 50 mm X
0.5 mm (width x length x thickness) in size, each side was sealed and affixed to the envelope’s
surface with polyvinyl chloride tape to avoid air infiltration that could affect measurement results.
The main monitoring points were named according to their position from inside climatic chamber to
outside ambient. For example, Fig. 4(b, ¢) shows the names of monitoring points of configuration
X=0 L. All sensors were connected (differential voltage) to a Keithley 2700 data acquisition system,
which has a resolution of 6.5-digit (22-bit). On the other side, the Keithley 2700 was connected to a
computer to record experimental data with a time step of 120 s. Table 3 details the type,

measurement range, and accuracy of apparatus and sensors.

Apparatus Type Range Accuracy
Climate chamber LabEvent L T: -40-180 °C T: £0.3-1 °C
C/64/40/3 RH: 10-95% RH: £1-3%
Thermocouple K type -70-200 °C +0.1 °C
Temperature/Humidity sensor ~ HMP-110 T: -40-80 °C T: £0.2 °C (0-40 °C); £0.4 °C (-40-0; 40-80 °C)
RH: 0-100% RH: £1.5% (0-90%); +2.5% (90-100%)
Heat flux sensor HFS -2000-2000 W/m? 2%
Data acquisition equipment Keithley 2700 0.1 uV-1000 V (Voltage)  0.002% (Voltage)

Table 3 Apparatus and sensors

12
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2.3. Boundary conditions

The experimental laboratory is a room located in a large building. During experimentation of the
four configurations, there were minor fluctuations in temperature and relative humidity. By
calculation, the temperature’s and relative humidity’s mean value and standard deviation (SD) of
each configuration and the overall experimental period are shown in Table 4. It can be seen that both
temperature and relative humidity have a small SD, indicating a relatively stable hygrothermal

environment in the laboratory ambient to imitate indoor conditions.

Configurations Temperature Relative humidity
[°C] [%]

Without PCM 244+04 424+ 1.7

X=0L 260+04 383+3.8

X=0.5L 27.1+£0.8 384+32

X=1L 26.3+0.8 41.1+£39

Overall 25915 40.1 £3.7

Table 4 Temperature and relative humidity in the laboratory ambient

Therefore, it was essential to ensure appropriate boundary conditions in the climate chamber. Fig.
5(a) shows the temperature and relative humidity changes in the climate chamber in order to imitate
outdoor conditions. Before starting, the temperature and relative humidity were set as 15 °C and 85%
for two days to ensure heat and moisture stabilization in the envelope. Four combinations of

temperature and relative humidity changes were then made, including two identical and two opposite

13
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trends, with each combination being kept for one day. The wide temperature and relative humidity
range (Fig. 5(b)) provided the dynamic change of boundary conditions and guaranteed clear
hygrothermal feedback within the envelope. With this boundary condition, it is possible to analyze
measurement results and link the integrated envelope’s hygrothermal behavior to the obvious

changes in temperature-humidity coupling.

10 400C 130 135 140 145 ki/kg(d.a) 40
(@3S0 SUeC (®) 125 £ »
o Two days for 3
L .y .
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£ 3
5 X3i
S0 b »
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27 ®
= 2% 3
10 . s x x ; =3
0 1 2 3 4 23
% Time (day) . %é 3
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Time (day) Dry Bulb Temperature, °C. Pressure = 101325 Pa

Fig. 5. (a) Boundary temperature and relative humidity condition provided by the climate

chamber; (b) Boundary temperature and relative humidity in the psychrometric chart

3. Results and discussion

In this section, the hygrothermal behavior within the HLC envelope of the configuration without
PCM (HLC only) is presented first as a reference. Then it is compared to the configurations with
PCM. The changes in the overall trend, value, amplitude, and hygrothermal behavior differences

between different positions are discussed.

14
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3.1. Hygrothermal behavior of configuration without PCM

Fig. 6 presents the temperature and relative humidity behavior at different monitoring points (see
Fig. 4). It can be seen from figure that the temperature remained relatively stable during the 12 hours
before the start (0 day) of the experiment. By calculation, the mean value and SD of temperature at
points H1, H12, and H2 was 19.25 £ 0.06, 20.60 = 0.07, and 22.01 £ 0.10 °C respectively. Similarly,
relative humidity values were 54.29 £ 0.12, 47.07 £ 0.10, and 43.54 £ 0.13%. The small SD indicates
that the experimental process started with a hygrothermal equilibrium state.

For temperature, the amplitude applied on the chamber side decreases towards the constant
ambient condition over successive layers. The temperature amplitude obtained at points H1, H12,
and H2 varied, with values of 8.3, 6.2, and 4.1 °C respectively. As regards relative humidity values,
there were noticeable differences between the three points. They changed in descending order from
the climate chamber to the ambient, i.e., H1 has the highest relative humidity while H2 has the
lowest. The amplitude was 6.5, 6.5, and 4% at H1, H12, and H2 respectively. In the following
discussion we will keep in mind that moisture transfer is continuous from the climate chamber
toward the ambient, whereas the heat transfer changes direction depending on heating and cooling

period.
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Fig. 6. Temperature and relative humidity behavior of configuration without PCM

As regards the relative humidity trend within the HLC, it underwent two successive decreases
followed by two successive increases. It showed the climate chamber’s ability to adjust relative
humidity quickly and the ambient relative humidity’s relative stabilization. The relative humidity
change within the HLC was highly consistent with temperature at all times. For example, even
though the boundary temperature and relative humidity changed in opposite directions (one increased
and the other decreased) on the first and fourth days, the relative humidity trend was still consistent
with the temperature. Hence, the relative humidity change was dominated by temperature change.
The psychrometric chart (Fig. 5(b)) summarizes this phenomenon: a positive relative humidity
difference plus a temperature difference may be equivalent to negative partial pressure. It shows that
vapor transfer is the consequence of water vapor pressure, and so a consequence of both temperature
and relative humidity differences.

As for the relative humidity on different days and in different positions, it generally obeyed some

principles even if there were small differences between them. For example, in most days at H1 and

16
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H12, relative humidity increased/decreased sharply at the beginning of each step because
temperature feedback was faster than relative humidity. Therefore, after the sudden temperature
change in the climate chamber, the temperature at H1 and H12 also changed sharply. It induced the
vapor phase change within HLC because the temperature change induce the
evaporation/condensation phenomenon, which led to the increased/decreased relative humidity [24,
25, 53]. As for point H2 away from the climate chamber, feedback to the temperature in the climate
chamber was relatively weak and less vapor phase change phenomenon occurred. On the other hand,
the relative humidity in the climate chamber also affected the relative humidity within HLC, and the
effect was stronger if the position was closer to the climate chamber. For example, at H1, the relative
humidity on the second and fourth day suffered from the decrease in temperature. However, after the
sharp decrease caused by temperature, it kept decreasing on the second day while started to increase
on the fourth day. Because the decrease in relative humidity in the climate chamber on the second
day led to evacuation of vapor from the HLC and a decrease in relative humidity within the HLC.
Conversely, the increased relative humidity in the climate chamber on the fourth day caused
moisture diffusion from the climate chamber to the envelope and increased the relative humidity
within the HLC. This phenomenon was not observed at H12, which was farther from the climate
chamber than H1 and was less affected. Therefore, the coupling effect between temperature and
relative humidity within the HLC was highlighted according to the relative humidity change at HI,
and temperature played a dominant role.

To evaluate how quickly temperature and relative humidity change, the characteristic time (t)

was referred to in our study. Characteristic times have been widely used in many fields, including

17
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electrical pollutants, thermal physics, and neuroscience. General time (t) evolution versus
characteristic time is expressed as [54]:
Cs(t) = C50 + AC- exp(—t/7)

Where C; is the parameter under study; Cg, is the initial value of parameter under study; and
AC is the applied difference.

In this study, characteristic time changes from one stable state to the other can quantify the
dynamic thermal response under the sudden change in boundary conditions and characterize the
material’s thermal/hygric inertia. Therefore, the curve fitting of temperature and relative humidity
was first conducted according to the formula above, and then the characteristic time was obtained
from the fitting result. To simplify the analysis, only the temperature and relative humidity curves at
H1, H12, and H2 on the first day were taken into consideration.

By calculation, temperature characteristic times were 7.7 x 10%, 8.5 x 10°, and 9.9 x 10° s at
positions H1, H12, and H2 respectively. The change in value was expected, as was the linear change
from the climate chamber to the ambient based on the consecutive thermal resistances of the
envelope as it changed the initial value and applied difference. As with relative humidity,
characteristic times at H1, H12, and H2 were 1.0 x 10*, 1.2 x10% and 1.6 x 10* s respectively, all
higher than the corresponding temperature points. This phenomenon indicated quantitatively that the
relative humidity within the HLC requires more time to stabilize than temperature, along with a
smoother curve, which was due to the dominant effect of temperature and the HLC’s low moisture

diffusion.
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3.2. Hygrothermal behavior of configurations with PCM
In order to complete the previous section, the effect of combining PCM in three different

positions of the envelope was analyzed.

3.2.1. PCM placed on the climate chamber side

The hygrothermal behavior of configuration PCM placed on the climate side (configuration X=0
L) is shown in Fig. 7. Likewise, the SD 12 hours before the start of the experiment was small: 0.07,
0.09, 0.15 °C for temperature and 0.23, 0.31, 0.41% for relative humidity at H1, H12, and H2,
indicating that the experimental process of this configuration also started with an equilibrium state. It
was noted that the PCM was moisture impermeable and there was only heat transfer on the climate
chamber side. While for the ambient side, heat and moisture transfer can occur simultaneously.

Unlike the configuration without PCM, the temperature did not reach a stable state at the end of
each day. Temperature amplitudes at H1, H12, and H2 were 6.5, 4.4, and 2.6 °C respectively, a
significant decrease compared to the configuration without PCM. Meanwhile, the temperature
difference between the three points was significantly reduced. These phenomena were caused by the
existence of PCM, as high PCM thermal inertia was available to prevent the temperature from
rising/dropping during the heating/cooling period, i.e., it damped the temperature change and

fluctuation.
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Fig. 7. Temperature and relative humidity behavior of the configuration X=0 L

Focusing on the relative humidity comparison to the configuration without PCM, the overall
value (around 40%) of the three positions within HLC was lower, and the three curves almost
overlapped, leading to the smaller difference between them. The PCM is impermeable and blocks the
moisture transfer between the chamber and the other layers. Such decoupling in moisture will mostly
keep the effect of temperature change on the relative humidity. Relative humidity amplitude was
then reduced by 50% due to the influence of PCM. Specifically, the PCM thermal inertia weakened
the temperature change and affected the characteristic time. The characteristic times at H1, H12, and
H2 were 1.5 x 10%,2.0 x 10%, and 2.6 x 10* s respectively, which was higher than the configuration
without PCM. As discussed previously, the characteristic time of relative humidity was higher than
for temperature. So, the characteristic time of relative humidity (1.6 x 10% 2.5 x 10% 4.3 x 10* s for
H1, H12, and H2) was high enough to evolve the relative humidity smoothly. Looking at the three
points’ initial relative humidity, they were also similar due to the PCM’s blocking effect. On the

other hand, the moisture transfer between ambient and HLC was very slow and small, making the
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initial relative humidity within the HLC almost the same as the ambient. Consequently, the relative
humidity evolved almost based on the initial value and then fluctuated smoothly with small
amplitude.

It is worth noting that the overall trend of relative humidity was slightly downward, mainly due to
the moisture release. On the one hand, the PCM hampered moisture gain from climate chamber to
HLC. On the other hand, only a small amount of moisture was released from HLC to the ambient
because it was an intercoupling and separated from the chamber change by the impermeable PCM.
Therefore, the PCM placed on the climate chamber (outdoor) side damped the temperature and

humidity changes, ensuring the effect of thermal and hygric inertia on the indoor environment.

3.2.2. PCM placed on the laboratory ambient side

Fig. 8 indicates hygrothermal behavior when the PCM was placed on the laboratory ambient side
(configuration X=1 L). As with configuration X=0 L, the temperature evolution did not reach a
steady state at the end of each day, and the difference between the three positions was significantly
reduced. Compared with the configuration without PCM, the amplitudes were significantly increased
with values of 9.2, 7.5, and 5.4 °C at H1, H12, and H2 respectively. These phenomena were related
to the PCM, which damped the heat loss/gain between HLC and ambient. Meanwhile, the continuous
heat transfer between HLC and the climate chamber also increased the temperature amplitude.
Therefore, the PCM’s barrier effect on heat and humidity fluxes weakened the difference between
three points, which can be proven by the higher characteristic time (1.0 x 10* 1.0 x 10% and 1.7 x

10*s at H1, H12, and H2, respectively) compared to the configuration without PCM.
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Fig. 8. Temperature and relative humidity behavior of configuration X=1 L

For relative humidity, the curve was relatively smooth and accompanied by small fluctuations as
with configuration X=0 L. Nevertheless, the coupling (the change) was more pronounced as the HLC
was coupled with the climate chamber and decoupled from the ambient due to the impermeable
behavior of PCM on moisture. Compared with the configuration without PCM, the characteristic
time for relative humidity was higher (2.6 x 10* 2.2 x 10% and 7.8 x 10* s at H1, H12, and H2
respectively), so lesser differences between each position and smaller amplitude of the curves were
observed. It should be noted that although the initial relative humidity between the three positions
was closer than with the configuration without PCM, it was a little more incompact compared to
configuration X=0 L. Moreover, the initial value at H12 and H2 was close and slightly lower than HI.
Since no moisture transferred between HLC and ambient, the initial value at H12 and H2 was mainly
affected by the envelope’s original relative humidity (around 40%, like X=0 L) and hardly affected
by the climate chamber over a short time. In contrast, the initial value at H1 was mainly affected by
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the climate chamber and consequently higher than the other two points (unidirectional diffusion with
impermeable on right side).

Likewise, due to the PCM’s blocking effect, the moisture accumulation phenomenon occurred
within HLC, which made the relative humidity’s overall trend an upward trend in order to reach

equilibrium between the oscillation within HLC and the average value in the climate chamber.

3.2.3. PCM placed in the middle of two HL.Cs

The previous PCM integration only illustrated one-sided (between the ambient and the HLC or
between the climate chamber and the HLC) temperature-humidity coupling. The
temperature-humidity coupling between HLC and both sides is discussed in this section for
configuration X=0.5 L. The hygrothermal behavior at HI and H2 of PCM placed in the middle of
two HLCs is plotted in Fig. 9. This configuration’s main feature was that the temperature and relative
humidity difference between H1 and H2 were increased. Taking the end of the first day as an
example, the temperature and relative humidity difference between H1 and H2 were 5.9 °C and
35.3%, higher than the other configurations (temperature difference were 5.8, 4.5, 4.4 °C and relative
humidity difference were 14.8, 5, 2.7% for the configuration without PCM, X=1 L, and X=0 L
respectively). On the one hand, PCM at X=0.5 L damped heat and moisture transfer from one HLC
to another. On the other hand, the initial difference and evolution process were also worth noting.
The initial temperature and relative humidity differences were large due to the presence of PCM. In
addition, temperature and relative humidity evolved smoothly, as was deduced by the characteristic

times of temperature and relative humidity (1.2 and 2.4 x 10* s for temperature and 3.6 x 10* and 4.9
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x 10* s for relative humidity at H1 and H2).
The relative humidity’s slightly upward and downward trend can also be observed. Evolution at
H1 had a slight upward trend as with X=1 L while H2 trended downward like X=0 L, caused by

moisture accumulation and moisture loss at H1 and H2 respectively.
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Fig. 9. Temperature and relative humidity behavior of configuration X=0.5 L

3.3. Overall hygrothermal comparison

To better compare hygrothermal behavior between different configurations, temperature and
relative humidity at position H1 of all configurations are compared in Fig. 10(a) and Fig. 10(b)
respectively.

The temperature and relative humidity in the climate chamber were consistent between all the
configurations, which guarantees comparison at the same coordinate. Focusing on the temperature,
only the configuration without PCM reached a stable temperature at the end of each day; meanwhile,

the amplitude was different between different configurations. The PCM damped the heat transfer
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between the climate chamber and HLC (configuration X=0 L), the first HLC and ambient
(configuration X=0.5 L/X=1 L), making the amplitude of configuration without PCM (8.3 °C) higher
than X=0 L (6.5 °C) but lower than X=0.5/0 L (8.5/9.2 °C). Analyzing the characteristic time, the
value of configuration X=0, 0.5, 1 L, and without PCM were 1.5 x 10%, 1.2 x 10*, 1.0 x 10%, and 0.77
x 10* s respectively. This indicated the increase of characteristic time caused by the PCM’s

participation; the closer the PCM to the climate chamber, the higher the characteristic time.
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Fig. 10. (a) Temperature and (b) relative humidity behavior at position H1

Relative humidity evolved more smoothly and fluctuated less compared to temperature.
Configuration X=0.5 L was the highest and configuration X=0 L the lowest, the other two
configurations were in between. This was mainly caused by the initial relative humidity. As
mentioned previously, as regards complete moisture transfer block, the initial relative humidity of
configuration X=0 L almost equaled the initial relative humidity of the envelope with a low value,

whereas the relative humidity of X=0.5 L underwent the relative humidity change from the climate
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426  chamber side but can not transfer to another side, which led to the highest initial relative humidity.

427 Fig. 11 shows the temperature and relative humidity changes on the first day, which were
428  calculated by the difference between maximum and minimum values. The magnitude order of
429  temperature and relative humidity changes remains consistent, and their values were small when the
430  PCM was close to the climate chamber. The results indicated a high correlation between temperature
431  and relative humidity changes. Moreover, the relative humidity change was reduced with the
432 reduction of temperature change caused by the PCM thermal inertia, which was different depending

433 on the PCM’s different positions.

Br I Temperature change 1%
B Relative humidity change
20 18.6 - 20

Temperature change (°C)
Relative humidity change (%)

434 Without PCM X=11L X=0.5L X=0L
435 Fig. 11. Temperature and relative humidity change on the first day
436

437  3.4. Heat flux and heat store/release capacity

438 In order to imitate a real building, heat flux and heat store/release were analyzed and calculated.
439  Fig. 12(a) shows the heat flux on the ambient side surface of the envelope; it reflects the heat flux
440  from the ambient side surface (interior envelope surface) to the ambient (indoor environment) after

441  damping by the envelope. The heat flux of PCM configurations was lower than the configuration
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without PCM due to its damping effect. Configurations X=0 L and X=0.5 L had a small heat flux
fluctuation in the two cycles of heating and cooling period among all the configurations, especially
the latter, whose value was almost half of the configuration without PCM. For the heat flux
difference between each side of the imitation envelope (Fig. 12(b)). Configurations with PCM had a
higher heat flux difference than the configuration without PCM. For configurations with PCM, the
heat flux difference of X=0 L was the highest, followed by configurations X=0.5 L and X=1 L. The

closer the PCM to the climate chamber, the greater the transient heat flux difference.
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Fig. 12. (a) Heat flux on the ambient side surface of the envelope; (b) Heat flux difference
between each side of the envelope and the imposed temperature (right); (c) Heat store/release by

ambient side surface; (d) Heat store/release by the envelope and ratio value (right)
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Since the area between heat flux curves and x-axis (time) was the heat store/release, the integral
calculation of stored and released energy in the second cycle of thermal charging and discharging

(days 3 and 4) was implemented in accordance with the following formula,

t2
Q= q Adt

t;

Where Q is the stored/released heat, J; t;,t, are the start and end time of calculation, s; q is
the heat flux, W/m?; A is the area of the envelope, m?%;, t is time, s.

Heat store/release at the ambient side is presented in Fig. 12(c); it imitates the thermal gain/loss
between indoor environment and envelope, which is directly proportional to the building’s cooling
and heating load. The lowest heating load (28 kJ) and cooling load (89 kJ) were produced by
configurations X=0 L and X=0.5 L respectively; their corresponding cooling and heating loads were
also the smallest among all configurations. Therefore, these two configurations can save energy
consumption in a real building.

Fig. 12(d) presents the heat store/release capacity of the whole envelope. The capacity of
configurations with PCM was stronger than the one without PCM. Configuration X=0 L showed
excellent thermal control capacity. It had the highest heat store/ release capacity, with a value nearly
1.6/1.7 times greater than the configuration without PCM. In contrast, the heat store/release capacity
of configuration X=1 L was the lowest, but still 1.1/1.2 times higher than the configuration without
PCM. Therefore, the configuration with less distance between PCM and climate chamber had a
higher heat store/release capacity. Moreover, the ordering relationship of heat store/release capacity
showed some regularity, which could be deduced from the ratio value (the sum of heat store and
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release of each configuration divided by the configuration without PCM) on the right axis. The ratio

maintained almost linear growth from left to right, indicating the linear relation between PCM’s

position and heat store/release capacity. From the analysis above, regardless of the heat store/release

from the ambient side or the heat store/release capacity of the envelope itself, configurations X=0 L

and X=0.5 L both need to be emphasized. In addition, another phenomenon worth mentioning is that

the thermal energy released during the cooling period was more than that stored during the heating

period.

Fig. 13(a) shows the temperature distribution on both sides of PCM, and the 22 °C of y-axis

corresponds to the starting point of the x-axis. Since 22 °C was the temperature at which maximum

specific heat capacity was reached, the position closer to the x-axis in the vertical direction had a

higher specific heat capacity. Due to the dynamic temperature change, the equivalent specific heat

capacity also changes instantaneously. In order to better observe the dynamic characteristics, the

transient specific heat capacity based on the middle temperature of PCM on days 3 and 4 is reflected

in Fig. 13(b), and is related to the phenomena observed in Fig. 12. At the beginning of the heating

period, the temperature gradient and specific heat capacity of X=0 L were the highest, contributing to

major heat storage even though it was low in the middle period. And in the last period, the specific

heat capacity and temperature gradients were almost the same. This characteristic was more evident

during the cooling period because most of the temperature was in the phase change range and had a

higher specific heat capacity than the heating period. For X=0 L in particular, the specific heat

capacity was much higher than for X=0.5 L and X=1 L most of the time. This explains the heat

store/release difference between different configurations and the higher released heat than stored
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Fig. 13. (a) Temperature in both side of PCM; (b) Dynamic specific heat capacity of PCM

4. Conclusion

In this paper, the hygrothermal behavior of a new multilayer building envelope integrating HLC
and PCM has been studied and analyzed at experimental level. The climate chamber and laboratory
ambient imitated outdoor and indoor environments respectively. Four envelope configurations were
considered to study the effect of the PCM layer and its positions on the envelope’s hygrothermal
behavior in terms of the thermal and hygric inertia.

The results highlighted the major effect that adding a PCM layer has on the hygrothermal
behavior of HLC, characterized by high coupling between temperature and relative humidity
variations within the envelope. With inclusion of PCM, characteristic times of temperature and
relative humidity both increased, indicating the envelope’s increased thermal inertia and hygric
inertia. These effects also depend on the PCM’s position, although the PCM acts as vapor barrier.

When the PCM was placed on the indoor side, the moisture transfer between envelope and
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indoors was blocked, so hygric inertia was eliminated. Moisture accumulation may occur inside the
envelope due to the outdoor environment’s high relative humidity. The PCM placed in the middle of
the envelope ensures that both sides of the envelope are subject to heat and moisture transfer with the
environment. The envelope’s hygric inertia was beneficial to the indoor side but the risk of
accumulation of humidity on the outdoor side was accentuated. The PCM placed on the outdoor side
protected against condensation and mold growth risk caused by the high relative humidity fluctuation.
It also ensures that the envelope’s hygric inertia has a major effect on the indoor environment.

As regards thermal energy behavior, heating and cooling loads were effectively decreased when
PCM was placed on the outdoor side and middle of the envelope. In additions, when PCM was
placed close to the outdoor side, its heat store/release capacity was enhanced, which was closely
related to the PCM’s temperature distribution and its corresponding specific heat capacity.

Consequently, the PCM placed on the outdoor side was recommended from the perspective of
energy savings and envelope hygric inertia. When there is low moisture accumulation risk, PCM in

the middle of envelope is also worth considering.
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