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Abstract

Phase change materials (PCMs) can improve indoor thermal comfort and reduce energy
consumption, while bio-based concrete is an environment-friendly material that enables indoor
humidity regulation and heat insulation. However, only a few studies have explored the integrated
application of the two materials and comprehensively analyzed the energy and hygrothermal
performance. In this study, a passive envelope solution that integrates PCM and hemp concrete is

proposed to improve buildings’ energy, thermal, and hygric performances simultaneously. Four
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integrated scenarios were considered and compared with a baseline scenario (hemp concrete only).
The performance of the integrated envelope was studied numerically based on the impact of the PCM’s
properties and its location in the envelope. The results highlight the indispensable role moisture
transfer plays in determining the indoor hygric environment and heat load, as well as the valuable
effect of the integrated envelope on improving both energy and hygrothermal performance. Scenario
4/5 (with PCM closest to the interior) in the summer showed the greatest performance improvement
compared to the baseline scenario, with reductions of 8.2%, 46.3%, and 43.7% for heat load,
temperature fluctuation, and partial water vapor pressure fluctuation, respectively. The impact of the
PCM properties in scenario 4/5 illustrate that the optimization of the integrated envelope can be
achieved by increasing the thickness and latent heat of the PCM and identifying its appropriate phase
transition range. From a year-round perspective, scenario 4/5 is also notable, as it shows great potential
for saving energy and adapting to climate humidity variation while guaranteeing moisture equilibrium
within the hemp concrete. The three-year assessment confirmed a lack of condensation and no risk of
mold growth for such an integrated envelope, as the relative humidity in key locations remains below

75%.

Keywords

Phase change material (PCM); Bio-based concrete; Passive building envelope; Heat and moisture

transfer; Hygrothermal performance; Energy savings

Nomenclature




Py

pv,sat

Pc

specific heat capacity (J/(kg'K))

effective heat capacity of PCM (J/(kg'K))
radiation view factor from sky to the envelope
convective heat transfer coefficient (W/(m?'K))
convective mass transfer coefficient (kg/(m?'s'Pa))
solar radiation on exterior surface (W/m?)
total moisture flux (kg/(m?2.s))

liquid moisture flux (kg/(m?'s))

vapor moisture flux (kg/(m?'s))

moisture load (kg/m?)

liquid water permeability (kg/(Pa'm's))
latent heat of evaporation (J/kg)

Lewis number

molar mass of water (kg/mol)

partial water vapor pressure (Pa)

saturation vapor pressure (Pa)

capillary pressure (Pa)

heat flux (W/m?)

heat load (W'h/m?)

universal gas constant ( J/(kg'K))
temperature (°C)

volumetric moisture content (kg/m?)




Greek symbols

A*

Subscripts
a
amp

crit

hc

pcm
peak

sky

solar absorptivity on exterior surface

water vapor permeability (kg/(Pa'm's))

infrared emittance of the exterior wall surface
relative error

sorption capacity

density (kg/m3)

Stefan-Boltzmann constant (W/(m?'K*))

thermal conductivity (W/(m'K))

effective thermal conductivity of PCM (W/(m'K))

relative humidity (%)

air

amplitude
critical
exterior

hemp concrete
interior

PCM

peak value
sky

moisture vapor
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valley valley value

w water
x=0 exterior surface of envelope
x =1 interior surface of envelope

1. Introduction

Energy consumption and CO2 emissions from the building industry account for 35% and 38% of
total energy consumption and emissions, respectively [1]. Building envelopes, as an important part of
buildings, are responsible for more than half (51%) of total building energy consumption [2]. In
addition, envelopes are the medium for indoor—outdoor environmental transmission, playing an
important role in regulating indoor temperature and relative humidity. Therefore, innovation in
building envelopes plays a crucial role in saving energy, reducing emissions, and regulating the indoor
environment.

Phase change material (PCM) has been extensively applied to building envelopes because of its
considerable heat storage capacity (thermal inertia) [3]. PCMs have been widely studied in different
cities and climates [4] as part of building construction (e.g., envelopes [5], floors [6], ceilings [7], and
windows [8]) in order to improve thermal comfort and save building energy [9]. However, the thermal
performance of PCM varies with different properties and location in the building structure. Lee [10]
found that the thermal performance of PCM was different at the same location in the south and west
walls of the building being investigated. Li [11] reported that the heat transfer reduction was different

when the PCM was placed on the exterior and interior sides. Yu [12] studied the performance of PCMs
5
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with different phase transition ranges in five climate regions, and the results indicated that the optimal

phase transition temperature was low in the mild region and high in the hot summer and cold winter

region. Moreover, according to the study [13], the heat flux fluctuation decreases with increasing PCM

thickness and latent heat.

Bio-based concrete has also attracted attention in recent years, as its raw material comes from

nature, thus lowering the cost of application [14] and reducing carbon emissions [15]. Furthermore,

bio-based concrete is a lightweight thermal insulation material that contributes to indoor thermal

comfort and energy efficiency [16]. Moreover, it is an excellent hygroscopic material, with a high

moisture buffer capacity (moisture inertia) resulting from its capacity to absorb and desorb moisture

from the surrounding environment. Chennouf [17] and Rahim [18] measured and proved the “excellent”

moisture buffer capacity of date palm cement, flax, straw, and hemp lime concrete samples; they found

the moisture buffer capacity of these materials to be greater than that of conventional materials. The

hygroscopic behavior has been proven to be highly related to the temperature characteristic. Poyet [19]

theoretically explained the relationship between vapor sorption properties and temperature. Chennouf

[20], Wu [21], and Colinart [22] experimentally and numerically studied the relationship between

temperature and hygric properties and suggested that there is a high coupling between heat and

moisture transfer and that the hygric properties are more susceptible to temperature.

Consequently, it is valuable to integrate the thermal inertia of PCMs with the moisture inertia of

hygroscopic materials, making it possible to improve the energy, thermal, and hygric performance of

the envelope simultaneously. However, when it comes to the integration of these two types of materials,

most studies have focused only on their thermal and energy performance while neglecting their hygric
6
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performance. Therefore, to date, only a few studies have focused on both the thermal and hygric
performances of integrated materials, and these studies generally fall into two categories. The first
category deals with the mixed sample integration and preparation of PCMs and hygroscopic materials
(zeolite [23], sepiolite [24], gypsum [25], metal-organic frameworks[26], diatomite [27], etc.) as well
as the measurement and analysis of the properties (morphological, thermal, hygroscopic, chemical,
etc.) of the integrated samples. The second category focuses on the application of the integrated
materials. Fraine [28] found that a phase change humidity control material that incorporates
microencapsulated PCM and diatomite can reduce fluctuations in temperature and relative humidity
on the interior surface. Similar results were also found in [29], which integrated macro-encapsulated
PCM and concrete walls. By assessing their water content, Park [30] and Chang [31] proved that a
PCM-gypsum composite and a PCM—-wood composite improved hygrothermal performance. Wu [32]
assessed the hygrothermal and energy performance of a building that used PCM and diatomite as
envelopes, and the results demonstrated the ability to regulate temperature and humidity.

These two categories are of great interest from the perspective of sample characterization and
basic hygrothermal behavior assessment. However, an overall analysis of energy performance (total,
sensible, and latent heat load) and the quantification of hygric performance are also important.
Moreover, because of the coupling between heat and moisture transfer, it is necessary to study the
thermal, hygric, and energy performances comprehensively. First, the principle that PCMs affect the
hygric performance of the envelope by influencing its thermal performance needs to be investigated.
Further, the effect of hygroscopic materials on hygric and energy performance is also worth studying.

In addition, considering that the location and properties of the PCM affect the temperature distribution
7
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in the envelope, it is meaningful to explore the optimization strategy by studying the impact of PCM
parameters on the performance of the integrated envelope. However, among similar studies (in the
second category mentioned above), few focus on performance optimization. Although some studies
[28, 29] have analyzed the impact of PCM location, they focused only on temperature and relative
humidity behavior and did not investigate energy performance.

In this paper, a multilayered passive building envelope is proposed by integrating PCM and bio-
based concrete, namely hemp concrete (HC). Four scenarios in which PCM was placed in different
locations were considered in comparison to a baseline scenario (HC only). Rome, with its
Mediterranean climate, was chosen as a climatic environment where PCM is easily activated and
utilized [33]. The objectives of this study are to prove the importance of moisture transfer, to identify
the impact of PCM location and properties (thickness, latent heat, and phase transition range) on the
energy and hygrothermal performance of the integrated envelope, and to assess performance and
application risk. The main contributions are as follows: (1) establishing and validating a multilayer
envelope model that couples heat and moisture transfer; (2) analyzing the relationship between energy,
thermal, and hygric performance, proving the importance of moisture transfer; (3) investigating the
impact of PCM, its location, and its properties on performance; (4) assessing annual energy and hygric

performance; and (5) assessing the risk of condensation and mold growth over a three-year period.



117 2. Multilayer envelope description and mathematical model

118 2.1 Multilayer envelope description

119 Fig. 1 shows five envelope scenarios, including one baseline scenario with HC only and four
120  integrated scenarios with PCM at different locations. For the integrated scenarios, the HC layer was
121  assumed to be divided into four uniform parts by three gaps along the thickness direction, and PCMs
122 were inserted into the gaps; the resulting scenarios were named scenario 2/5, 3/5, and 4/5, respectively.
123 The scenario with PCM on the outermost layer was named scenario 1/5. The thickness of the baseline
124 scenario was 25 cm. The integrated scenarios comprised a 24-cm HC layer and a 1-cm PCM layer. The
125  distance between the PCM and the interior surface in scenario 4/5 was 6 cm, which was thicker than

126  the penetration depth of the HC [34].

127
(b) »
H H
S S 2 3
s . : q) . i
o L - Q
% g 5 =
[aa) e 82 —
— X
x=0 x=1 x=0 x=1
128 1/5 2/53/5 4/5
129 Fig. 1. Two-dimensional layout of envelope: (a) baseline scenario and (b) integrated scenario
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The HC is composed of hemp shives (64%), water (24%), and a lime-based binder (12%). The

PCM is a finished hydrocarbon-based PCM [35] comprised of an ethylene-based polymer (40%) and

paraffin wax (60%), with a 0.1 mm aluminum sheet laminated on both sides. Their physical properties

are shown in Table 1. To study the effect of PCM properties on performance, three additional phase

transition ranges (1620, 20-24, and 28-32 °C), three additional latent heats (62.9, 117.8, and 145.3

kJ/(kg'K)), and two additional thicknesses (0.02 and 0.03 m) were considered. The specific heat

capacities and thermal conductivities of these PCMs are presented in Fig. 2 (a) and (b).

HC? PCM
Density (kg/m3) 478 810
Specific heat capacity (k]/(kg'K)) 1.08 + 8.8 x 1073w Fig. 2 (a)
Thermal conductivity (W/(m'K)) 0.125 + 3.36 x 10~ *w Fig. 2 (b)
Latent heat (k]J/kg) — 90.4
Phase transition range (°C) — 24-28

Water vapor permeability (kg/(Pa'm's))  1.26 x 107! X exp(2.26¢) —

@
—0.08¢2 + 0.06¢ + 0.03

Volumetric moisture content (kg/m3) — (0.4 —-0.260)(T—23) —

 In the expression of the physical properties of HC, w, ¢, and T are the volumetric moisture content, relative humidity

(expressed in decimal form), and temperature, respectively.

Table 1 Physical properties of HC [36] and PCM

10
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Q \ \ < 1
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B 1416 18 20 22 24 26 28 30 32 M s 14 16 18 20 22 24 26 28 30 32 34
&.4
« Temperature (°C) Temperature (°C)
-=--16-20°C - - -20-24°C ——24-28°C - --28-32°C
——62.9 ki/kg 90.4 ki/kg 117.8 ki/kg 145.3 kl/kg

Fig. 2. Thermal properties of PCMs with different phase transition ranges and latent heats: (a) specific heat

capacity; (b) thermal conductivity

2.2 Coupled heat and moisture transfer model of HC

Before presenting the mathematical model, the following assumptions are considered:
1) Every element and layer of the envelope is non-deformable, homogeneous, and isotropic.
2) Thermal resistance on the interface between the layers is neglected.
3) Radiative heat transfer between the interior and the envelope is neglected.
4) The air in the pores of the porous structure of the HC is considered an ideal gas.
5) No heat or moisture sources exist in the envelope.

6) Alocal thermodynamic equilibrium exists between heat and moisture in the envelope.

2.2.1 Moisture transfer
In the model presented, relative humidity (¢) and temperature (T) are chosen as driving potentials

of moisture and heat transfer, respectively. The total moisture transfer in porous materials includes
1
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vapor diffusion and liquid transport, which follow Fick’s law [37] and Darcy’s law [38], respectively.
The total moisture flux and mass conservation equation [39] can be written as

J=Jv+iv=—=6,Vpy — KwVpc (1)

="V (2)

where j, j,,and j; are the total, vapor, and liquid moisture fluxes, respectively; &, is the water

vapor permeability; p,, is the partial water vapor pressure; K, is the liquid water permeability; p.
is the capillary pressure; w is the volumetric moisture content.

The sorption moisture retention curve is dependent on both relative humidity and temperature

[40]:
o= sl a0 = e e H TG )

where ¢ is the sorption capacity.

The partial water vapor pressure can be expressed in terms of relative humidity and saturation

pressure (py sq¢) [411]:

Pv = PPy sat (4)
17.269T
Pv,sat = 610-Sexp(237.3+7~) (5)
Py = V(@Pusac) = OVPusat + Prsac7P = @ ZEEVT + pyy o Voo (6)

The capillary pressure is calculated using the Kelvin equation [42]:

PWRT

—In (®) (7)

Vp. = ln(<p) VT + PwRT

l7(p (8)
where p,, is the density of water; R is the universal gas constant; M,, is the molar mass of

water.
12
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Therefore, the mass conservation equation can be obtained by combining Egs. (1) — (3).

PwRT dpy,sat pwR In(p)
) Vo + (Spp st + K, LT )

f(p + ‘ET at =V ((6ppvsat + Kw
Eq. (9) can be simplified as

f(,, +& 2 = =V(Dy,Ve + DrVT)

PwRT
D, = + K,
© pPv,sat w om,,

dp Rin(ep)
DT — 6p v,sat Kw Pw 4
dT My,

The liquid water permeability can be written as [43]:

Sp(Pwav,sat

K. =
w RTpy,

2.2.2 Heat transfer

9)

(10)

(11)

(12)

(13)

Heat transfer in the HC can be described as a change in enthalpy caused by a change in

Thus, the energy conservation equation [39] can be expressed by

oT .
PhcCne P = V(AthT) - L,Vj,

temperature, and it consists of two parts. First, the heat flux gradient is directly proportional to the
temperature gradient and the conductivity as defined by Fourier's law. Second, the heat flux gradient

can also be transported by the moisture flux, defined as a source term in the general heat equation [44].

(14)

where pp. is the density of HC; Cj. is the specific heat capacity of HC; A, is the thermal

conductivity of HC; L, is the latent heat of evaporation.

According to Egs. (1) and (6), Eq. (14) can be expressed as
phCChC ot V(AhCVT) + L V(6ppv satV(P + Sp(p pvsat VT)

Eq. (15) can be simplified as
13

(15)
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oT
PrcCre 5, = V(nVT) + LyV(Dy Ve + D, VT) (16)

D(p,v = 5ppv,sat (17)
d v,sa
D,y = 8, 2t (18)

Here, the latent heat of evaporation is a function of temperature [45]:

L, = (2500 — 2.4T) x 103 (19)

2.3 Heat transfer model of PCM
The effective heat capacity model [46] was chosen to describe the heat transfer of the PCM. This
model deals with heat capacity and thermal conductivity as a function of temperature; their curves are
shown in Fig. 2 (a) and (b) in Section 2.1, while their functions are described by Eqgs. (A.1) and (A.2)
in Appendix A. The heat transfer equation of the PCM can be expressed by
« 0T *
ppcmC Y V(A'VT) (20)
where ppem is the density of PCM; C* is the effective heat capacity of PCM; A" is the effective

thermal conductivity of PCM.

2.4 Boundary conditions

Since the outermost layer comprised the PCM in scenario 1/5 and HC in the remaining scenarios,
the boundary conditions were different on the exterior surface.

When HC is the outermost layer, the moisture and heat transfer boundary conditions on the

exterior surface are

14
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~(DyVe + DrVT)|__ = hine(Pre = Pox=0) (21)
~ (VT + Lo (DroVT + Dy V0))| = hee(Te = Tumo) + Lyl (Pre = Pux=o) + @hyaa +
£0(1 = Foy)(Te = Tzo) + Fiey (Teky — Ti=o)] (22)
When PCM is the outermost layer, no moisture transfer happens on the exterior surface and the
boundary conditions are expressed as
Jlx=0=0 (23)
—(A'VD)x=0 = hee(Te = Temo) + @lraa + £0[(1 = Foiy ) (T = Tio) + Foiey (Tehy
Ti%)] (24)
For the interior surface, the moisture and heat transfer boundary conditions remain coincident for
all scenarios:
~(DyV + DrVT)| __, = hni(@yx=1 = Pvi) (25)
~ (VT + Ly (Dru VT + Dy V9) )| _ = hei(Tmy = T + Lyhyn(Prmt -
Pu,i) (26)
where h., and h;; are the convective heat transfer coefficients on the exterior and interior
surfaces, assumed to be constant with values of 23.26 and 8.72 W/(m?K) [47], respectively; hp, .
and h,,; are the convective mass transfer coefficients on the exterior and interior surfaces; p, . and
Py, are the partial water vapor pressures on the exterior and interior surfaces; p,,-o and p, ,-; are
the partial water vapor pressures on the exterior and interior surfaces; T, and T; are the temperatures
of exterior and interior; T,—, and T,_; are the temperatures on the exterior and interior surfaces; a

is the solar absorptivity, assumed to be 0.8; ¢ is the infrared emittance, assumed to be 0.8; I.,4 is

the solar radiation; o is the Stefan-Boltzmann constant; Fg, is the radiation view factor from the
15
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sky to the envelope, from [48]: Fg, = [0.5(1 + cosy)]. Here, y = 90° for the vertical envelope;

B =+/0.5(1 + cosy); Tsky is the sky temperature, given by [49], T, = 0.0552T}>.
The mass transfer coefficient is related to the heat transfer coefficient using the Lewis relationship

[50]:

hy = —2 (27)

- pPaCqle

where p, is the density of air; C, is the specific heat capacity of air; Le is the Lewis number.

3. Methodology

3.1 Climate and interior conditions

Fig. 3 (a) depicts the studied climate in Rome, Italy, which is characterized as a Mediterranean
climate (according to the Koppen-Geiger climate classification system [51]: Csa). It is mild but humid
in winter, and hot with temperate humidity in summer. The interior temperature was determined
according to International Standard ISO 13788-2012 [52], which proposes a simplified approach to
determining interior conditions based on climate temperature. Fig. 3 (b) shows the seasonally
dependent interior temperature, which was set to 25 and 20 °C in summer and winter, respectively, and
to vary linearly between 20 and 25 °C in spring and autumn. The interior relative humidity was taken
as 50% throughout the year.

Fig. 3 (c) and (d) show the representative climate variation during one week in summer (August
1 to 7) and in winter (January 10 to 17), respectively, in terms of climate temperature, relative humidity,
and sol-air temperature (Tsq;_zir). The sol-air temperature reflects the superposition effect of ambient

16
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temperature and radiation on the exterior envelope surface [53]:
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(28)

Fig. 3. Climate and interior conditions: (a) annual climate in Rome; (b) annual interior temperature and relative

humidity; representative climate during one week in (c) summer and (d) winter

3.2 Numerical solution

The simulations were conducted with the commercial software COMSOL Multiphysics 5.3a,

17
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which uses finite element analysis to solve mathematical equations. The General Form PDE interface
in COMSOL was used, which allows the user to define and edit the required equations. The general
form PDE model in COMSOL is presented as
ea%+da%+\7-1“=f (29)
The terms e,, d,, I', and f are user-defined coefficients, which are defined by referring to the
models in Section 2. The term u is the dependent variable, i.e., relative humidity or temperature.
The meshes of the envelope were generated by COMSOL with an element number of 3972. The
finite element equations were solved using the implicit backward differentiation formula solver for

time stepping. The relative tolerance was set at 0.001 to guarantee calculation accuracy during the

solution process. The calculation was carried out for a three-year period with a time step of 15 min.

3.3 Metric parameters

The metric parameters used in this study comprise three aspects of the interior envelope surface:
energy, hygric, and thermal performance.

Energy performance refers to the cumulative heat load (Qgqin/10ss) OVer a time duration of 7, —

t=
anin/loss = ftz.:lz Qgain/loss dt (30)

The heat gain/loss flux (qgqin/i0ss) cOmprises total, sensible, and latent heat flux:

Qtotal = Gsensible T Qiatent (31)

Qsensible — ht,i(szl - Ti) (32)
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Qiatent = Lvhm,i(pv,x=l - pv,i) (33)
The hygric and thermal performances comprise moisture loads (Jgqin/i0ss) OVer a time duration of

T, — T, partial water vapor pressure amplitude (pvamp), and temperature amplitude (Tgmyp):

t= .
]gain/loss = ftz.:: Jgain/ioss dt (34)
Pvamp = (p”peak - p”valley)/z (35)
Tamp = (Tpeak - Tvalley)/2 (36)

The moisture gain/loss flux (jgain/i0ss) between the envelope and the interior is driven by the
concentration difference in partial water vapor pressure, which can be expressed by
J = hini(Pyx=1 = Pv,i) (37)
Condensation risk assessment was based on ASHRAE Standard 160-2009 [54], which includes
the following three criteria:
1. The 30-day running average surface relative humidity is less than 80% when the 30-day
running average surface temperature is between 5 and 40 °C;
2. The 7-day running average surface relative humidity is less than 98% when the 7-day
running average surface temperature is between 5 and 40 °C;
3. The 24-hour running average surface relative humidity is less than 100% when the 24-hour
running average surface temperature is between 5 and 40 °C.
It has been noted that these criteria should be guaranteed at the interior surface and the interfaces
between the layers. This logic does not apply to the exterior surface due to its direct exposure to the
exterior environment.

Mold growth risk assessment is based on an empirical VTT model developed by Hukka and
19
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Viitanen [55], by which a critical relative humidity (¢.;z) can be found, defined as the minimum
relative humidity at which mold growth will occur if the material is exposed for a long enough period

of time.

—0.00267 X T* +0.160 x T? =3.13 X T + 100, T < 20 °C

Perie = { 80, T > 20 °C (38)

4. Model validation

4.1 Experimental set-up

Fig. 4 (a) shows the experimental set-up to validate the model. The studied envelopes were placed
between a climate chamber and the laboratory environment. The climate chamber provided variable
temperature and relative humidity automatically. The laboratory is a small room located in a large
building, so there are two building envelopes between the laboratory environment and the exterior
environment, ensuring a relatively stable temperature and relative humidity in the laboratory during
the experiment. In addition, due to natural convection in the laboratory, the convective heat/mass
transfer coefficient between the envelope and the laboratory environment is small, ensuring little heat
and moisture transfer between the two. Under these circumstances, the temperature and relative
humidity variations within the envelopes were dominated by the climate chamber. Two envelope
scenarios were considered, as shown in Fig. 4 (b). The baseline scenario consisted of two HC layers,
with an overall dimension of 50 x 50 x 14 cm®. For the integrated scenario, a PCM layer with a
thickness of 2.12 cm was placed between the two HC layers, and the overall dimension was 50 x 50 x
16.12 cm®. The physical properties of the HC were the same as those shown in Table 1, and the physical
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properties of the commercial PCM used for the experiment are presented in Table 2 [35].

Fig. 4 (c¢) and (d) depict the boundary conditions for the two scenarios. In the climate chamber,
temperature and relative humidity evolved according to a sinusoidal function with time (day) as the
variable: T = 27.5+ 12.5 X sin(nwt/12) and ¢ = 60% — 35% X sin(nt/12). The temperature
and relative humidity in the laboratory environment were relatively stable with fluctuations of less
than = 0.2 °C and + 1.6%, respectively. For the baseline scenario, the measurement point was at the
interface of the two HCs, while for the integrated scenario, the measurement points were the middle
of PCM and the second HC.

Several HMP-110 sensors were arranged in the climate chamber, the laboratory environment, and
the HC to measure temperature and relative humidity. These sensors have a measurement range of —
40 to 80 °C for temperature and 0 to 100% for relative humidity, with accuracies of 0.2 °C (0—40 °C)
and £1.5% (0-90%), respectively. Thermocouples (type K) were used to measure the temperature in
the middle of the PCM; these have a temperature measurement range of —70 to 200°C and an accuracy
of +0.1°C. All sensors were connected to a Keithley 2700 data acquisition system, which has an
accuracy of 0.002%. In turn, the Keithley 2700 was connected to a computer to record the experimental
data. The experiment was carried out for 48 h with a time step of 120 s for recording the experimental
data.

To compare the experimental and simulation results and to ensure validation accuracy, the relative
error (0), root mean square error (RMSE), and coefficient of variation of the root mean square error

(CV(rmMsE)) were calculated:
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353 9 =2 % 100% (39)

Re

2
Y, (Re;—Rsy)

354 RMSE = (40)
RMSE
355 CV(RMSE) = X 100% (41)
e
356 where R, and Rg are the experimental and simulation results, respectively; n is the number of
357  datapoints; R, is the average value of the experimental result, Re = (X-; Re,)/n.
358
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361 Fig. 4. Experiment for model validation: (a) experimental set-up [21], (b) two envelope scenarios; boundary
362 conditions of (c) baseline scenario and (d) integrated scenario
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PCM
Density (kg/m?) 810
Thermal conductivity (W/(m'K)) Solid: 0.18; liquid: 0.14
Specific heat capacity (k]/(kg'K)) Solid: 4.0; liquid: 3.8
Latent heat (k]J/kg) 136.2
Phase transition range (°C) 10-28

Table 2 Physical properties of the PCM for the experiment [35]

4.2 Comparison between experiment and simulation

Fig. 5 (a) and (b) show the simulation and experimental results and their relative errors (right axis).
It can be seen that the simulation results are in good agreement with the experimental results in both
scenarios. Table 3 summarizes the average, maximum, and minimum relative errors, RMSE, and
CVrumsp). The relative humidity of the baseline scenario reaches the maximum relative error, but this
is only 7.5%, while the relative errors for the remaining parameters are less than 3.4%. Moreover, the
RMSEs of temperature and relative humidity are less than 0.6 °C and 2.2%, respectively, and all
CVrmsp)s are less than 4%. These data suggest that the model exhibits high accuracy in relation to the

experiment; thus, it can be considered validated and used to support further simulation studies.
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378 Fig. 5. Comparison between the simulation and experimental results of (a) baseline scenario and (b) integrated
379 scenario
380
Baseline scenario Integrated scenario
Thc Phe Thc Phc Tpcm
Average 6 1.6% 1.9% —0.7% —0.6% —0.8%
Max 6 3. 4% 7.5% 0.3% 1.2% 2.4%
Min 6 -0.7% -3.9% -2.3% —2.4% -3.2%
RMSE 0.5°C 2.1% 0.2°C 0.6% 0.4 °C
CVrumsp) 1.9% 3.9% 1.0% 1.2% 1.7%
381 Table 3 Summary of relative error, RMSE, and CV rmsp) for baseline and integrated scenarios
382
383 5. Results and discussion
384 In Section 5.1, the impact of moisture transfer on the envelope is analyzed with respect to the
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baseline scenario. Sections 5.2 and 5.3 consider the impact of the PCM’s properties and location in the
envelope. In these two sections, the results of the calculations for the third year are used. The heat and
moisture loads for seven representative days in summer and winter (see Fig. 3 (c) and (d)) are presented.
When the figures express the evolution of the parameters over time (as in Fig. 6 (a), Fig. 7, Fig. 8 (b),
etc.), the two-day evolution from a single week is presented for better observation.

In Section 5.4, energy and hygric performance are assessed based on the calculations for the entire
third year. Section 5.5 considers the risk of condensation and mold growth based on the three-year
simulation calculation.

5.1 Impact of moisture transfer on energy and hygrothermal performance

To study the impact of moisture transfer, the numerical results calculated using the heat and
moisture transfer (HMT) model and the heat transfer (HT) model were compared based on the baseline
scenario; moreover, the relationships among several main parameters of heat and moisture transfer
were analyzed. The HMT model considered the heat and moisture transfer in the HC and heat transfer
in the PCM. The HT model considered only heat transfer in the HC and the PCM, and the
thermophysical parameters of the HC were the constant terms shown in Table 1.

Fig. 6 (a) presents the heat fluxes of the HMT and HT models in summer and winter, and their
corresponding loads are plotted in Fig. 6 (b). By focusing on sensible heat in the HMT model and total
heat in the HT model, it can be seen that their variations and values are similar. The slight difference
between these is caused by the thermophysical parameters of HC: The thermal conductivity and heat

capacity of HC are higher in the HMT model due to the consideration of moisture. In addition, these
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values are both lower than the total heat flux in the HMT model. The latent heat flux in the HMT model
is small and fluctuates around the x-axis (0 W/m?). As for the heat loads, the total heat load in the HT
model is less than that in the HMT model for both seasons, indicating that the total heat load was
underestimated without considering moisture transfer. Further, since the sensible heat in the HMT
model is close to the total heat in the HT model, and the total heat is the superposition of the sensible
and latent heats in the HMT model, it can be inferred that the latent heat load is the main reason for
the total heat load difference between the two models. Based on the calculations, the latent heats are
10.4% and 3.1% of the total heat load in summer and winter, respectively, showing that the impact of

latent heat on the total heat is greater in summer.
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Fig. 6. Comparison between HMT and HT models: (a) heat fluxes; (b) heat loads

Fig. 7 illustrates the transformation between moisture transfer and latent heat transfer by analyzing
the relationship between partial water vapor pressure, moisture flux, and latent heat flux. The driving
force for moisture transfer between the envelope surface and the interior is the concentration difference
in partial water vapor pressure, and the partial water vapor pressure on the interior surface is jointly
affected by temperature and relative humidity, with temperature playing the dominant role. On the one
hand, the partial water vapor pressure variation is highly consistent with temperature variation,
indicating the dominant role of temperature. On the other hand, a slight time delay (1.6 and 1.7 h in
summer and winter, respectively) is observed between changes in partial water vapor pressure and
changes in temperature, suggesting a weak effect of relative humidity on partial water vapor pressure.

Concerning partial water vapor pressure, moisture flux, and latent heat flux, they show similar
variation trends. The conversion factors between the partial water vapor pressure gradient and moisture
flux and between the moisture flux gradient and latent heat flux are water vapor permeability (a
function of relative humidity) and latent heat of evaporation (a function of temperature), respectively.
In summer, the water vapor permeability fluctuates from 3.8 x 10! to 3.9 x 10! kg/(Pa'm's) and
the latent heat of evaporation fluctuates from 2.438 x 10° to 2.440 x 10° J/kg, while in winter, they
fluctuate even less. Since the orders of magnitude of water vapor permeability and latent heat of
evaporation are lower than those of the partial water vapor pressure gradient and the moisture flux
gradient, respectively, they can be regarded as constant, which explains the similar variation trends

between partial water vapor pressure, moisture flux, and latent heat flux. Thus, the moisture flux/load
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438  is highly correlated with the latent heat flux/load, and both are mainly dominated by temperature.
439 To sum up, moisture transfer is crucial since it correlates with the indoor moisture environment

440  and significantly affects the latent/total heat and, thus, the energy performance.
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446 5.2 Impact of PCM and its location on energy and hygrothermal performance

447 Fig. 8 (a) shows the cumulative heat load and moisture load in summer and winter for the five
448  scenarios. For the integrated scenarios, the total heat gain decreases with the movement of the PCM

449  toward the interior, and its values are mostly lower than that of the baseline scenario. Fig. 8 (c)
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summarizes the heat load reductions of the integrated scenarios compared to the baseline scenario. In
summer, the total heat gain is reduced for all integrated scenarios except scenario 1/5, since the PCM
placed on the outermost layer absorbs/releases more energy than does the HC. The heat load reductions
for scenarios 2/5, 3/5, and 4/5 are 3.6%, 6.6%, and 8.2%, respectively. In winter, the heat load is less
affected by the PCM, with a reduction of less than 1.5%. Notably, as illustrated in Fig. 8 (a), scenario
4/5 has the largest sensible heat load but the smallest total heat load in both seasons. Moreover, the
latent heat difference among the scenarios is higher than the sensible heat difference: The maximum
difference among the latent heat loads is about 3.6 and 1.3 times that for sensible heat loads in summer
and winter, respectively. This indicates that the latent heat loads play a crucial role in determining the
magnitude of the total heat loads in different scenarios; as the PCM moves toward the interior, the
latent heat and its percentage (ratio of latent heat load to total heat load; right axis) decrease. The latent
heat percentages for scenario 4/5 (2.3% in summer and 0.4% in winter) are much smaller than those
for scenario 1/5 (13.5% in summer and 3.3% in winter).

The moisture loads are highly consistent with the latent heat loads. For the integrated scenarios,
the closer the PCM is to the interior, the lower the moisture gain in summer and the lower the moisture
loss in winter. Further, the difference between the moisture gain and moisture loss decreases as the
PCM moves closer to the interior, which is favorable in terms of the moisture equilibrium within the

HC.
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Fig. 8. Impact of PCM presence and location: (a) cumulative heat load and moisture load; (b) variation of
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temperature and partial water vapor pressure; (c) reduction of heat load, temperature fluctuation, and partial water vapor

pressure fluctuation compared to baseline scenario

Fig. 8 (b) shows the variations of temperature and partial water vapor pressure and explains the
different moisture and latent heat loads among the scenarios. First, the temperature and partial water
vapor pressure amplitudes decrease with the presence of the PCM, except in scenario 1/5; these also
decrease as the PCM moves closer to the interior, especially in summer. Fig. 8 (c) shows the
temperature and partial water vapor pressure amplitude reductions compared to the baseline scenario.
In summer, the temperature fluctuations in scenarios 2/5, 3/5, and 4/5 are reduced by 15.2%, 18.5%,
and 46.3%, respectively, and the partial water vapor pressure fluctuations are reduced by 15.1%, 20.2%,
and 43.7%, respectively. In winter, the corresponding reductions in scenarios 2/5, 3/5, and 4/5 are small
and similar, with a mean reduction of 9.3%. Hence, scenarios 2/5, 3/5, and 4/5 can reduce indoor
temperature and relative humidity fluctuations to improve thermal and hygric comfort, especially in
summer.

Furthermore, the partial water vapor pressure moves gradually toward the reference line (interior)
from scenario 1/5 to scenario 4/5, meaning that their values gradually decrease in summer and increase
in winter. In particular, the curves for scenarios 3/5 and 4/5 move to such a situation that they fluctuate
repeatedly around the reference line, especially for scenario 4/5. As explained previously, the moisture
flux and latent heat flux between the envelope and the interior environment are affected by partial
water vapor pressure. Therefore, with the movement of the PCM closer to the interior, the moisture

and latent heat loads’ gains in summer and losses in winter gradually decrease.
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In sum, among the scenarios, scenario 4/5 shows the greatest advantage in terms of improving

indoor hygrothermal comfort and saving energy.

5.3 Impact of PCM properties on energy and hygrothermal performance

In this section, the impact of PCM thickness, latent heat, and phase transition range on energy and
hygrothermal performance is investigated based on scenario 4/5. The physical properties of the base
PCM are a thickness of 0.01m, a latent heat of 90.4 kJ/(kg'K), and a phase transition range of 24—
28 °C. When the impact of one of these parameters is studied, the remaining two parameters remain
unchanged. The main metric parameters concerned are the total heat load, temperature, and partial
water vapor pressure fluctuations, as well as their reductions compared to the baseline scenario.

5.3.1 Impact of PCM thickness

Fig. 9 (a) shows the heat and moisture loads for different PCM thicknesses (0.01, 0.02, and 0.03
m). Fig. 9 (b) shows the variations of temperature and partial water vapor pressure. With the increase
in PCM thickness, the total heat/moisture load, temperature fluctuation, and partial water vapor
pressure fluctuations all decrease, especially in summer. This is because the increase in PCM thickness
enhances the heat storage capacity and thermal resistance of the envelope, and the thermal storage
capacity enhancement is greater in summer.

Fig. 9 (c) shows the percentage reduction in heat load and partial water vapor pressure/temperature
fluctuations for PCM thicknesses of 0.01, 0.02, and 0.03 m, compared to the baseline scenario. It can
be observed that a thicker PCM is more conducive to improving energy and hygrothermal performance,

especially in summer. In summer, the heat loads of 0.01, 0.02, and 0.03 m are reduced by 7.8%, 10.5%,
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and 13.9%, respectively, and the partial water vapor pressure/temperature fluctuations are reduced by
more than 43.6%, 64.2%, and 76.5%, respectively. In winter, the reductions are 1.2%, 2.4%, and 5.0%
for heat load and approximately 8.6%, 25.8%, and 38.8% for the partial water vapor
pressure/temperature fluctuations. Although the reductions are smaller in winter than in summer, they
still contribute to energy savings and the stability of indoor temperature and relative humidity. Hence,

the energy and hygrothermal performance of the integrated envelope can be optimized by increasing

PCM thickness, especially in summer.
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Fig. 9. Impact of PCM thickness: (a) cumulative heat load and moisture load; (b) variation of temperature and
partial water vapor pressure; (c) reduction of heat load, temperature fluctuation, and partial water vapor pressure

fluctuation compared to baseline scenario

5.3.2 Impact of PCM latent heat

The impact of PCM latent heat (62.9, 90.4, 117.8, and 145.3 kJ/kg) on heat and moisture load is
shown in Fig. 10 (a). In summer, both the heat and moisture loads decrease with the increase in latent
heat. As presented in Fig. 10 (c), the heat load reductions for 62.9, 90.4, 117.8, and 145.3 kJ/kg are

7.1%,7.5%,7.7%, and 8.0%, respectively, compared to the baseline. However, in winter, the heat loads
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are less affected by the PCM latent heat load, with almost identical reductions of less than 1.5%. This

is because the PCM with a phase transition range of 24-28 °C is in a solid state and thus not activated

in winter.

Fig. 10 (b) presents the variations of temperature and partial water vapor pressure. In summer, a

clear difference can be observed: The temperature and partial water vapor pressure amplitudes decrease

with the increase in PCM latent heat. Compared to the baseline scenario, the temperature amplitudes

of 62.9, 90.4, 117.8, and 145.3 kJ/kg are reduced by 40.3%, 46.3%, 51.2%, and 57.2%, respectively,

and the partial water vapor pressure amplitudes are reduced by 38.3%, 43.7%, 48.4%, and 55.2%,

respectively (see Fig. 10 (¢)). However, in winter, the temperature and partial water vapor pressure

curves for the different PCM latent heats almost overlap and the reductions are similar, reflecting the

negligible effect of latent heat on hygrothermal performance. Hence, increasing PCM latent heat to

optimize envelope performance is more likely to be suggested in summer.
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Fig. 10. Impact of PCM latent heat: (a) cumulative heat load and moisture load; (b) variation of temperature and
partial water vapor pressure; (c) reduction of heat load, temperature fluctuation, and partial water vapor pressure

fluctuation compared to baseline scenario

5.3.3 Impact of PCM phase transition range

In this subsection, the impact of the PCM phase transition range is studied; the different ranges
are 16-20, 20-24, 24-28, and 28-32 °C. Fig. 11 shows the middle temperature of PCM for these phase
transition ranges. The PCM temperatures for the phase transition ranges of 24-28 °C in summer and
16-20 °C in winter differ significantly from the temperatures for the remaining phase transition ranges,
which are characterized by fewer temperature fluctuations since their PCMs are undergoing a phase
change process. In contrast, the PCMs in the remaining phase transition ranges are mostly in the solid

or liquid state, which does not take full advantage of the PCM.
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Fig. 11. Middle temperature of PCMs for different PCM phase transition ranges
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Fig. 12 (a) depicts the heat and moisture loads. In summer, the smallest total heat gain occurs in
the 24-28 °C phase transition range. Inversely, the largest heat loss corresponds to the 16—20 °C phase
transition range in winter, as the innermost PCM layer easily absorbs energy from the high temperature
side (interior). Fig. 12 (c) summarizes the total heat load reduction compared to the baseline scenario.
The reductions for 16-20, 20-24, 24-28, and 28-32 °C are 7.5%, 7.6%, 7.7%, and 7.1%, respectively,
in summer and 0.6%, 1.3%, 1.3%, and 1.3%, respectively, in winter. Thus, the 24-28 °C phase
transition range in summer contributes to energy savings. As for the improvement of hygrothermal
performance, the phase transition ranges of 24-28 °C in summer and 16-20 °C in winter both make
contributions. In Fig. 12 (b), the corresponding temperature and partial water vapor pressure
fluctuations are reduced in both seasons. Compared to the baseline scenario, the temperature and
partial water vapor pressure amplitude reductions are 46.2% and 43.7% for the 24-28 °C phase
transition range in summer, almost three times the reductions for the remaining phase transition ranges.
Similarly, the temperature and partial water vapor pressure amplitude reductions are as high as 55.8%
and 55.9% for the 16-20 °C phase transition range in winter (see Fig. 12 (c)). Therefore, when the
phase transition range ensures that the PCM undergoes a phase change, indoor hygrothermal comfort

can be improved in both seasons and energy savings can be achieved in summer.
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Fig. 12. Impact of PCM phase transition range: (a) cumulative heat load and moisture load; (b) variation of
temperature and partial water vapor pressure; (c) reduction of heat load, temperature fluctuation, and partial water vapor

pressure fluctuation compared to baseline scenario

Several prior studies have reported similar results in terms of PCM location [10, 56, 57], thickness
[11], latent heat [12, 13], and phase transition range [58, 59]. However, these studies focused only on
the heat transfer and thermal performance (sensible heat load) of the envelope. In this study, due to the
presence of hygroscopic HC, the latent heat load caused by moisture transfer increases the complexity
of the total heat load. This phenomenon is more pronounced when studying the impact of PCM location.
If only the sensible heat load is considered, the scenarios with the smallest heat gain in summer and
the smallest heat loss in winter are 2/5 and 3/5, respectively, either of which would undoubtedly be the
wrong choice. When considering the effect of latent heat load, the optimal PCM location moves to the
interior in both seasons because of the decreasing latent heat percentage. The effect of latent heat load
discussed in Section 5.3 is smaller because the study is based on scenario 4/5, in which the latent heat
load accounts for only 2.3% and 0.4% of the total heat load in summer and winter, respectively. If the
studies are conducted based on scenarios with the PCM away from the interior, it can be inferred that
the latent heat load still plays an important role in the energy performance results. Therefore, when
evaluating the energy performance of an envelope that can transfer moisture with the interior
environment, the superposition effect of the sensible and latent heat loads, rather than just sensible heat

loads, needs to be considered.
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5.4 Assessment of energy and hygric performance

Fig. 13 shows the annual heat loads of the HMT and HT models. For the HMT model, the heat

loads for the integrated scenarios decrease as the PCM moves closer to the interior. Most of these are

lower than the heat loads for the baseline, and the reduction of heat gain is more obvious than the

reduction of heat loss. Scenario 4/5 has the smallest heat gain and loss, and the reduction of heat gain

is 13.3% compared to the baseline, which is much higher than the heat loss reduction of only 0.5%.

Hence, PCMs are more capable of reducing heat gain, and the closer the PCM to the interior, the more

the heat gain reduction.

Concerning the difference between the HMT and HT models, the heat gains and losses are always

higher in the HMT model than in the HT model due to moisture transfer. Thus, failing to consider

moisture transfer leads to an underestimation of the annual heat load, which is reflected by the heat

load reduction percentage in the HT model (right axis) compared to the HMT model. The heat gain

underestimation for the baseline scenario is as high as 12.1%. For the integrated scenarios, the

underestimation decreases as the PCM moves toward the interior, with the lowest underestimation

being 2.6% for scenario 4/5. For heat loss, the underestimations are all below 5%.
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Fig. 13. Annual heat gain and loss for HMT and HT models

Fig. 14 (a) and (b) present the annual heat and moisture loads expressed in a seasonal format. For
the heat load, scenario 4/5 is noteworthy in almost every season. In summer, this scenario has the
smallest heat gain and the largest energy savings (11.5%) compared to the baseline scenario. Similarly,
it also reduces heat loss in winter, but the reduction is less pronounced than in summer, with less than
a 1% energy savings compared to the baseline scenario. In spring and autumn when heat loss is
predominant, scenario 4/5 also slightly reduces heat loss.

Moisture performance is assessed from two aspects. First, the climate relative humidity is
moderate in summer (average relative humidity of 63.9%) and high in spring, autumn, and winter
(average relative humidities of 77.9%, 78.9%, and 81.5%, respectively). Hence, an ideal situation for
the interior would involve less moisture gain in summer and more moisture loss in spring, autumn, and
winter. From this point of view, scenario 4/5 is the optimum scenario. Second, the moisture content

within the HC in contact with the interior needs to be well equilibrated, which requires a slight
42



640

641

642

643

644

645

646
647

648

649

650

651

652

difference between moisture gain and loss. The baseline scenario and scenarios 1/5 and 2/5 have almost
no moisture loss in summer and almost no moisture gain in winter. Similarly, scenarios 2/5 and 3/5
have almost no moisture gain in autumn. In contrast, scenario 4/5 better meets this requirement in all
seasons as it has both moisture gain and loss, and the difference between moisture gain and loss is

smaller than in the other scenarios.
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Fig. 14. Annual comparison for different scenarios of (a) heat load and (b) moisture load

5.5 Assessment of condensation and mold growth risk
PCM is a moisture impermeable material and seems to cause high relative humidity in localized
locations of the integrated scenarios. This section covers the three-year simulation conducted to assess

the relative humidity and temperature behaviors at different locations for the different scenarios to
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assess the risk of condensation and mold growth.

Fig. 15 (a) shows the relative humidity variation during the three years. Generally, the relative
humidity at each location under different scenarios shows periodic variation with a one-year cycle,
fixing the relative humidity within a certain range year after year. Taking location Py in scenario 4/5 as
an example, its relative humidity increases starting in autumn and reaches its highest values in winter,
and then it decreases in spring and drops to its lowest values in summer, with an overall relative
humidity range of 44.0% to 60.9%. Concerning the locations of each scenario, location H; (interior
surface) in each scenario has the most stable relative humidity throughout the year. Conversely, the
locations close to the exterior (such as location Hs in the baseline scenario, location P; in scenario 1/5,
etc.) are more likely to experience a large relative humidity fluctuation both yearly and daily. Because
the relative humidity variation within the HC is highly affected by temperature, an increase/decrease
in temperature leads to the evaporation/condensation of moisture within the HC, which
increases/decreases the relative humidity. Thus, the locations with high temperature fluctuations
always have high relative humidity fluctuations, both daily and annually. For these scenarios, the
maximal relative humidity is always below 75% at each location. Therefore, criteria a, b, and ¢ in
ASHRAE Standard 160-2009 are confirmed.

Fig. 15 (b) presents the point group of temperature and relative humidity on a three-year scale to
assess the risk of mold growth. A visually expansive range of temperatures and relative humidities can
also be observed at locations close to the exterior of each scenario, especially scenario 1/5. Location
P> in scenario 2/5 has the highest mold growth risk with a relative humidity slightly below the @.;.

Scenario 4/5 remains particularly far from the ¢..;; with the smallest temperature and relative
44



674  humidity variations, indicating the smallest risk of mold growth. Thus, the integrated scenarios ensure
675  that the relative humidity is always below @ p;¢.
676 Consequently, considering the periodic variations, a low risk of condensation and mold growth

677  can be guaranteed for a long time.
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Fig. 15. Assessment of condensation and mold growth risk at various locations for different scenarios: (a) relative

humidity variation; (b) temperature and relative humidity variations

6. Conclusion

In this study, PCM and bio-based concrete (i.e., HC) were integrated into a passive multilayer
envelope. Four scenarios of the integrated envelope were proposed and compared to the baseline
scenario. A simulation approach was used to study the energy and hygrothermal performance of the
integrated envelope in Rome, Italy. The key findings and conclusions of the study are presented below.

The high coupling between moisture and heat transfer in the HC affects the energy and
hygrothermal performance of the integrated envelope. On the one hand, temperature dominates the
partial water vapor pressure and affects the variation of moisture flux/load, which affects the indoor

thermal and hygric environment. On the other hand, moisture transfer is important for energy
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performance since the moisture load affects the latent heat load and thus the total heat load. Neglecting
moisture transfer leads to an underestimation of annual heat load by 2.6% to 12.1% and of annual heat
loss by 1.9% to 4.6%.

The energy and hygrothermal performance of the envelope can be optimized by changing the PCM
location and properties. As the PCM moves toward the interior, the energy and hygrothermal
performance improve. Thus, it is recommended to place the PCM close to the interior as the total heat
load, temperature amplitude, and partial water vapor pressure amplitude are reduced by 8.2%, 46.3%,
and 43.7%, respectively, in summer and 1.3%, 9.1%, and 8.2%, respectively, in winter, compared to
the baseline scenario. Based on scenario 4/5, the reduction of heat load and of fluctuations in
temperature and partial water vapor pressure are facilitated by increasing the thickness and latent heat
as well as identifying the appropriate phase transition range (24-28 °C in summer and 16-20 °C in
winter).

From a year-round perspective, the PCM reduces the heat gain in most scenarios compared to the
baseline scenario, especially scenario 4/5, which showed the biggest annual heat gain reduction, 13.3%.
In contrast, the PCM hardly affects annual heat loss. Moreover, scenario 4/5 is noteworthy in every
season, as it saves energy and demonstrates adaptability in dealing with climatic relative humidity
while guaranteeing moisture equilibrium within the HC.

The integrated envelope is free from the risk of condensation and mold growth. During the three-
year assessment, the relative humidity at each location in each scenario showed a periodic variation
with a one-year cycle and never exceeded 75%.

Overall, this work confirms the ability of the integrated envelope to improve the energy and
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hygrothermal performance of buildings and provides optimization strategies. The current work is a
start, and future research aims to explore the economic feasibility of the integrated envelope by

conducting an economic analysis.
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Appendix A

The equations of effective specific heat capacity and effective thermal conductivity as a function

of temperature are as follows:

CS 2 T < Tini
C* = %+ﬁ><exp(—1.67x(T—T“”:¢) ) Tini KT LTpi
C, T > Tfin
(A.1)
As
A= {Al +0.01 x (Tyip —
A
T < Tipni
T) Tini LK T<K Tfin
T > Tsin
(A.2)

where Tjn; and Ty, are the initial and final temperatures of the phase transition range, with their
values listed in Table A.1; f is the coefficient that determines latent heat, with the relationship
between [ and latent heat shown in Table A.2; Cs and C; are the specific heat capacities of solid
and liquid PCM, Cs = C; =2 KJ/(kg'’K); As and A; are the thermal conductivities of solid and

liquid PCM, A¢ = 0.18 W/(m'K) and A, = 0.14 W/(m’K).
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Phase transition range 16-20 °C 20-24 °C 24-28 °C 28-32 °C

Tini (°C) 16 20 24 28

Trin (°C) 20 24 28 32

Table A.1 Initial and final temperature of different phase transition ranges

Latent heat of PCM (k] /kg) 62.9 90.4 117.8 145.3

B 40 60 80 100

Table A.2 Relationship between (3 and latent heat of PCM
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