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Abstract: Straw composites, owing to their low carbon footprint and favorable hygrothermal
properties, are becoming a promising alternative insulation material for buildings in order to
promote energy saving and occupants’ comfort. However, the heat and moisture
characteristics of straw composites at the material scale and under steady-state condition are
insufficient for a thorough assessment of their performance as a building component in actual
service conditions. This study focused on the hygrothermal performance of a novel bio-based
wall made with a rice straw—alginate composite material. The temperature and relative
humidity profiles within the wall were monitored under various boundary conditions. The
inverse analysis method was proposed to determine liquid water permeability. In in a
dynamic test, compared with the model of coupled heat-and-moisture transfer (CHM), the
transient heat transfer model predicted temperature profiles with higher errors and
underestimated total heat flux by up to 30.6%. Also, under the dynamic condition, the CHM
model with liquid water transport showed decreased mean absolute errors by 61%, 57% and
8% at depths of 28 mm, 36 mm and 64 mm, respectively, compared with those predicted by
the CHM model without liquid water transport. Both vapor transport and liquid transport
seemed to be essential when modeling thermal transfer and moisture transfer through the
wall.

Keywords: straw composite; hygroscopic material; liquid water permeability; coupled heat
and moisture transfer; inverse parameter estimation

1. Introduction

The building sector is responsible for 30%—40% of total energy consumption
and global greenhouse gas emissions [1], a substantial portion of which is directly
associated with fulfilling the heating and cooling demands for ensuring occupants’
thermal comfort. To mitigate such consumption, the use of insulation materials in
building envelopes is widely recognized as an effective strategy to enhance a
building’s thermal inertia and improve its overall energy efficiency [2]. Traditional
thermal insulation materials, such as mineral wool and polystyrene, are
predominantly derived from non-renewable resources and contribute to considerable
waste after disposal, resulting in a substantial environmental impact. In response to
these challenges, bio-sourced materials (e.g., straw, wood and wool) are currently
becoming popular in the construction industry due to their low carbon footprint and
reduced environmental impact during their entire life cycle. Bio-sourced materials
also offer favorable characteristics, including low density, low thermal conductivity
[3,4] and good moisture-buffering capacity [5,6]. Their high porosity enables them to
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absorb and store moisture within their pores and then release the moisture depending
on prevailing climatic conditions. Incorporating bio-sourced materials into envelopes
can achieve low-carbon buildings and contribute to the development of a smart built
environment by regulating indoor microclimate.

Agricultural straw, e.g., wheat, rice and barley, is globally produced in billions
of tons [7]. The management of straw presents a contentious issue due to prevalent
practices of incineration and landfill. Straw bale constructions have been in practice
for a long time due to the material’s low density and low thermal conductivity. Straw
composites, wherein straw fibers are bonded by alternative binders, including
polyester fibers, synthetic resins, inorganic cementing materials and natural
adhesives, are currently attracting considerable research efforts [8—11].

Many studies have investigated and assessed the thermal and hygric properties
of straw composites. Ismail et al. [12] characterized the hygroscopic properties of
wheat straw composites using standard tests and found the composites had high
water vapor permeability due to their high open porosity. Javaid et al. [13] developed
and characterized the thermal conductivity of rice straw composites using the
guarded hot plate method, finding a low value of 0.023 W/(m-K), which was lower
than that of traditional polystyrene. However, evaluations are commonly conducted
at the material scale and under the steady-state condition, which is deemed
insufficient to thoroughly assess the hygrothermal performance of straw composites
as a building component because they are subjected to dynamic hygrothermal
boundary conditions in actual service conditions [14,15]. Also, excessive moisture
levels accumulating in the material due to prolonged exposure to dynamic
environmental conditions can lead to issues of material and performance
degradation.

To ensure the stability of indoor microclimate and promote energy saving, it is
imperative to accurately examine the mechanisms of heat and moisture phenomenon
and the hygrothermal performance of bio-sourced materials, such as straw
composites, under more realistic conditions at large scales, such as the wall scale.
Climate chambers provide a controlled boundary condition with less background
noise than those in real-life scenarios. Slimani et al. [16] studied the hygrothermal
behavior of a wood fiber insulation panel under a controlled environmental
condition. Temperature and relative humidity measurements within the panel showed
that the water vapor sorption was concomitant with the redistribution of liquid water.
Latif et al. [17] compared the hygrothermal performance of three panels, i.c., a
mineral wool panel, a wood fiber panel and a biond panel made of wood fiber and
hemp-lime, by using a large climate chamber. The results showed that the wood fiber
and biond panels, which were made of bio-sourced materials, had a higher thermal
and hygric inertia than those of the mineral wool panel. Experimental analyses of the
hygrothermal behavior of hemp concrete [18], date palm concrete [19] and straw
concrete [20] at the wall scale under static and dynamic boundary conditions had
been conducted. The results indicated that bio-sourced materials contribute to the
mitigation of temperature and relative humidity variations and emphasized the
substantial coupling effects between heat transfer and moisture transfer. However,
the hygrothermal behavior of straw composites with natural binders that exhibit high
insulating properties remains understudied. Due to straw composites’ unique



Clean Energy Science and Technology 2025, 3(1), 249.

microstructure and pore size distribution, the characteristics of heat transfer and
moisture transfer of this material may differ significantly from those of other bio-
based materials and straw concrete.

Hygrothermal models describing heat transfer and moisture transfer in porous
media are commonly developed to simulate the thermal and hygric behaviors of bio-
based walls under climatic conditions [21,22]. The main difference among various
hygrothermal models is the driving potential of moisture migration, including
relative humidity, moisture content, vapor pressure and capillary pressure. Kaoutari
and Louahlia [23] developed a model of coupled heat-and-moisture transfer to
describe the hygrothermal behavior in a dual-layered wall with a structural material
and an insulating cob material. It was found that the insulating material, due to its
higher absorption capacity, exhibited a more gradual change in moisture flux than the
structural material. Mendes et al. [24] studied the moisture effects on conduction
loads and found that neglecting the moisture transfer in the model led to an
underestimation of annual heat flux by up to 59%, resulting in the underestimation of
total energy consumption. Both vapor transport and liquid transport play a role in
hygrothermal models to ensure accurate moisture behavior predictions through bio-
based walls. However, in various studies, the models were often simplified to single-
phase models by neglecting liquid transport [25,26]. Alioua, Agoudjil, Boudenne, et
al. [27] compared numerical relative humidity (RH) profiles by using a Kunzel
model with and without liquid transfer for date palm concrete subjected to step
changes in relative humidity. The models exhibited deviations in RH values during
the adsorption phase, with variations reaching 3.8%, 4% and 2.3% at depths of 3 cm,
7.5 cm and 12.5 cm, respectively. The liquid water transfer properties necessary for
the models were estimated using the standard experimental characterization method
of partial impregnation (ASTM C1794-15). However, standard measurements have
certain limitations, such as susceptibility to human error and discontinuous testing.
Moreover, liquid transport under dynamic conditions is difficult to accurately
simulate, especially for highly hygroscopic materials, hence leading to notable
discrepancies when compared with experimental data obtained from transient
measurements. Therefore, dynamic and continuous measurement methods have been
used to characterize the liquid water transfer coefficient.

The above literature highlights the high coupling between heat transfer and
moisture transfer and the necessity of considering liquid water transfer for accurately
modeling the hygrothermal behavior of bio-based materials at the wall scale.
However, the hygrothermal behavior of straw composites with low density, low
thermal conductivity and high moisture-buffering capacity remains underexplored. In
addition, standard methods for characterizing liquid water transfer are limited in their
ability to capture dynamic liquid transport, particularly for highly hygroscopic
materials. To fill the gaps, the present study explored the hygrothermal behavior of a
novel bio-based insulating wall made of a rice straw—alginate composite material.
The hygrothermal performance of the novel straw composite wall was
experimentally evaluated under various boundary conditions, which were isothermal,
non-isothermal and dynamic conditions. An inverse analysis method was proposed to
identify the liquid water transfer coefficient based on experimental measurements
under the dynamic condition. Moreover, comparisons of the performances of the
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transient heat transfer (TH) model, the coupled heat-and-moisture transfer (CHM)

model and the coupled heat-and-moisture transfer with liquid water transport
(CHMWL) model were conducted to provide insights into the coupling effects and

the impacts of liquid transport on the hygrothermal behavior of the rice straw—

alginate composite material.

2. Materials and methods

The overall framework of the study is depicted in Figure 1.

Hygrothermal behavior of a novel single-layer rice straw wall
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2.1. Experimental method
2.1.1. Test wall and instrumentation

This study focused on a single-layer wall made entirely from a bio-sourced
composite material, i.e., rice straw bonded using sodium alginate. This bio-based
construction material has demonstrated excellent hydric and thermal performances,
along with being a renewable and low-carbon material, making it suitable for
sustainable development. A formulation of the rice straw with 8 wt% sodium
alginate, developed using an external calcium crosslinking method, was selected due
to its superior physical, thermal and hygric properties, which were previously
determined in [28]. The test wall had a dimension of 50 x 50 x 8 cm and was
insulated from lateral surfaces using wood fiber insulation, vapor-resistance silicon
and PVC films in order to guarantee a unidirectional heat transfer and moisture
transfer through the thickness of the wall (see Figure 2).

e

Figure 2. (a) Hole network and (b) test wall.

The hygrothermal properties of the composite material have been characterized
and summarized in Table 1. Specifically, the thermal conductivity of the material
was measured in the dry state using the hot wire method. The thermal conductivity of
the material is linearly dependent on its moisture content and the coefficient was set
to 0.56 [29]. The sorption isotherm function was a Guggenheim-Anderson-de Boer
fit of the mean values of adsorption and desorption isotherms. Water vapor
permeability was assumed to be linearly related to relative humidity based on the
results of dry cup and wet cup measurements.

Table 1. Hygrothermal properties of rice straw—alginate composite material.

Variable Value/formula Unit

Dry density pm =124 kg/m?

Mass specific heat capacity Cpm=1353 J/kg/K

Thermal conductivity A=0.042 + 0.56% W/m/K

Sorption isotherm u= 029789 kg/kg
(1 -0.9560p)(1 —0.9560 ¢ + 4.6027 @)

Water vapor permeability v = (6.69¢ + 1.44) x 10711 s
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The wall was instrumented with five SHT75 sensors (Sensirion, Switzerland) to
record temperature and relative humidity variations on both internal and external
surfaces and at three different depths across the thickness of the test wall. The
SHT75 sensor had a small size of 3.1 x 5.1 x 19.5 mm, which was suitable for non-
intrusive placement within the wall, thereby minimizing disruption to the
surrounding environment. The accuracy values of temperature and relative humidity
measurements were +0.5 °C and £2%, respectively. To facilitate sensor placement
without compromising the wall’s integrity, boreholes were carefully prepared and the
resulting openings were sealed using silicone sealant (Figure 2). To reduce the
disturbance of measurements, the sensors were inclined at 45° to the vertical plane.

2.1.2. Experimental facility

An experimental facility located at the CETHIL-INSA Lyon laboratory was
designed for investigating the hygrothermal behavior of the building envelope
component subjected to controlled boundary conditions [16,30]. The facility consists
of two compartments, between which the test component was clamped.
Compartment 1 was composed of an external stainless-steel compartment, a 60mm
layer of polystyrene insulation, four heat exchangers connected to a cryothermostat
and an internal stainless-steel compartment with a volume of 0.5 m3, hence offering
an exchange surface of 1 m? from the external surface to the internal surface.
Compartment 2 was composed of a 240mm multi-layer thin insulation, two 40mm
layers of hemp wool insulation, an external stain-less compartment linked to a
climate chamber with glass-wool-insulated ducts and an internal stain-less
compartment with a volume of 0.5 m® from external to internal surfaces. The
cryothermostat allowed for internal and external regulations based on the
temperature measured by a PT100 sensor installed inside the cryothermostat and
inside the compartment. This study utilized internal regulation to control the
temperature in Compartment 1. Compartment 2 was connected to a climate chamber
with a Clima Temperature System (CTS), which allowed for the generation of the
desired temperature and relative humidity. The chamber contained a capacitive probe
for measuring relative humidity and a PT100 probe for temperature measurement. In
this experimental study, the relative humidity controller was not used in the CTS,
and the desired relative humidity in Compartment 1 and Compartment 2 was
achieved using a salt solution and a desiccant, respectively. Fans were installed at a
height of 20 cm from the top of plastic boxes to homogenize the air conditions in
compartments. A schematic diagram of the experimental setup is given in Figure 3.
Thermo-hygro sensors were installed in the two compartments to continuously
measure the hygrothermal loading applied to the test wall.
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Figure 3. (a) Schematic diagram and (b) view of experimental setup at CETHIL-
INSA Lyon laboratory.

2.1.3. Hygrothermal test conditions

Three tests, i.e., isothermal, non-isothermal and dynamic tests, were conducted
in this study. Before each test, the test wall was preconditioned in room conditions
until stabilization. For all the tests, the temperature in Compartment 1 was set to
25 °C and the relative humidity in Compartment 1 and Compartment 2 were
regulated using a saturated salt solution, i.e., potassium chloride (KCI), and a
desiccant, i.e., calcium chloride (CaCly), respectively. According to the ISO 12571
standard [31], the relative humidity values maintained by the saturated KCI solution
and the CaCl, desiccant were approximately 85%RH and 40%RH. Water vapor was
either absorbed or released until equilibrium was reached, stabilizing relative
humidity. Furthermore, equilibrium relative humidity is largely independent of
temperature fluctuations, making it an effective method for maintaining consistent
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humidity [31].

For the isothermal test, Compartment 2 was maintained at a constant
temperature of 25 °C for four days to eliminate temperature gradients. This test
allowed for the investigation of the impact of moisture transfer and sorption on the
thermal behavior of the test wall. For the non-isothermal test, Compartment 2 was
kept at a constant temperature of 5 °C for two days. The temperature, relative
humidity and vapor pressure gradient were in the same direction from the internal
side to the external side. This test was performed to examine the influence of
temperature gradient on the moisture transport of the test wall. The dynamic test
involved temperature variations within Compartment 2 for four days. For a cycle of
24 h, the temperature was fluctuated between 5 °C and 15 °C with an amplitude of
10 °C. This test was conducted to investigate the hygrothermal behavior of the test
wall under more realistic conditions.

Due to the uncertainty due to the boreholes, the actual depths of the sensors
within the wall were measured by destroying the test wall after finishing all tests.
The actual depths were 2.8 cm, 3.6 cm and 6.4 cm from the internal side to the
external side of the wall.

2.2. CHM model

Heat transfer and moisture transfer models are developed based on mass and
energy conservation. The bio-sourced materials are typically treated as porous media,
consisting of air and water in both vapor and liquid forms. The key assumptions are
as follows: (1) air transfer is not considered; (2) the solid phase is considered
macroscopically homogeneous, isotropic and non-reactive; (3) local heat and
moisture equilibrium are assumed within a material; (4) hysteresis phenomena
between adsorption and desorption is neglected; (5) the moisture sorption capacity is
assumed to be independent of temperature and (6) heat transfer and moisture transfer
are treated as one-dimensional.

2.2.1. Mass transfer equilibrium equation

In porous materials, moisture transport is considered in two phases, which are
water vapor and liquid water. According to the law of mass conservation, the
moisture transport equation is given as [32]:

pm(;_‘l; = =V(g» + 9 (1)
where p, is the dry density, # (in kg/kg) is the mass moisture content, g, (in
kg/(m?-s-Pa) is the water vapor transmission rate and g; (in kg/(m?+s-Pa) is the liquid
water transmission rate.

In this model, water vapor transfer was described using Fick’s law and the
liquid water transfer was described using Darcy’s law:

dp,

v = _51}5 (2)
JP,

__ 9% 3

g1 K E 3)

where J, (in kg/(m*s-Pa) is the water vapor permeability, K; (in kg/(m*s-Pa) is the
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liquid water permeability, P, (in Pa) is the partial vapor pressure and P. (in Pa) is the
capillary pressure.

For convenience of calculations, this model adopted relative humidity as the
driving factor for moisture transport. Therefore, the vapor pressure gradient can be
deduced as:

an _ a((ppv,sat) _ dPV,sat aT a‘ﬂ
ox  ox 74T ox ' %% ox

4

where P, is the saturated water vapor pressure at the experimental temperature (in
Pa) and ¢ is the relative humidity.
The temperature-dependent saturated water vapor pressure is described as [33]:

17.269T

P, sat(T) = 610.5exp (m

)

Based on the Kelvin equation, the capillary pressure gradient can be deduced as
[34]:

dP. ( orT T (’)(p) ()

ox Pl 1n(<ﬂ)—x 2 ox

where p;(in kg/m?) is the liquid water density, R, (in J/(kg-K)) is the water vapor gas
constant and 7 (in K) is the thermodynamic temperature.

Therefore, substituting Eqs. (4) and (6) into Eq. (1), the moisture transfer
equation is as follows:

a‘ﬂ a desat T a(p
pmfa = a 6p(p + KlR In((p) (6 vaat + Klle ) (7)

daT ox

where ¢ = Ou/Op represents the slope of sorption isotherm, while u = f{p).
2.2.2. Heat transfer equilibrium equation

Considering that the latent heat of vaporization is much higher compared with
the sensible heat values of water vapor and liquid water, they were neglected in this
model. The heat conservation in the material can be expressed by:

d / T OP, 00 OT 30
(PmCom + WCP’) ot ox (’16 ) Lo | O (‘p ox ox T P"r“‘“%) ®)

where 4 (in W/(m-K)) is the thermal conductivity of the material, w (in kg/m?) is the
moisture content, C,,, (in J/(kg:K) is the mass specific heat capacity of the material,

C,, (in J/(kg'K) is the mass specific heat capacity of water and L, (in J/kg) is the
latent heat of evaporation.

2.2.3. Boundary conditions

Before employing the CHM model for the test wall, it was verified on the
HAMSTAD Benchmark Case 2. The boundary conditions of the internal and external
sides are given as:

gi = .Bi ((pipsat,i - (psurfipsat,surfi) (9)

Ge = Be (wepsat,e - (psurfepsat,surfe) (10)
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qi = h(T; = T) + L,g; (11)

ge = he(T, = T) + L9, (12)

where g (in kg/(m?+s)) is the vapor flux at the boundaries, ¢ (in W/m?) is the heat flux
at the boundaries, B (in kg/(m?-s-Pa)) is the vapor transfer coefficient at the
boundaries and % (in W/(m?-K)) is heat transfer coefficient at boundaries, ignoring
radiation.

Considering that the convective heat and mass exchange coefficients were
unknown, the surface temperature and relative humidity of the test wall in this study
were measured and used as the boundary conditions, written as follows:

p(x =0,t) = ¢;(t) (13)
Px =L, t) = @ (t) (14)
T(x=0,t) =T;(t) (15)
T(x=1L,t) =T,(t) (16)

where L is the thickness of the test wall and ¢ is the time step, while i and e indicate
the internal and external surfaces of the test wall, respectively.

2.2.4. Solving methods

In this study, heat transfer and moisture transfer equations were modeled using
the COMSOL Multiphysics software, a simulating environment that utilizes the
finite element method. The COMSOL modeling tool has been extensively employed
in hygrothermal studies [21,22,35]. The surface of the partial differential equation
(PDE) module in COMSOL allows the incorporation of heat transfer and moisture
transfer equations and establishes their coupling between them. In the module, the
PDE is expressed in its general form as follows:

0%u ou
17
eagz tdag, + VI = (17)

where ¢, is the mass coefficient, d, is the damping coefficient, /" is the conservative
flux and f'is the source term.

The dependent variable u is the temperature and relative humidity. According to
the previous definition, the CHM model can be given as a matrix form:

oT de,sat de sat
pmCom +WCpy O ] o A+ LS =0 Op [ ]
()

0 3 =V
Pm +KR,In(p) & vaat+Klle —

6<P 5 ® de,sat (18)

ot PYdT

2.2.5. Model validation

The HAMSTAD Benchmark Case 2 with a 200mm single-insulation layer wall
was used to validate the numerical model. The temperature was always 20 °C in the
hypothetical case. After initialized at a high relative humidity of 95%, the wall was
exposed to boundary conditions at lower relative humidity. The internal and external
relative humidity values were 65% and 45%, respectively. Additionally, the
coefficients of the heat transfer and moisture transfer were assumed as 25 W/(m?-K)

10
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and 1.0x1073 s/m, respectively. Table 2 presents the material properties. Due to the
zero gradient of temperature, the moisture content profiles in the wall can be solved
analytically, providing exact solutions without the mneed for numerical
approximations. The simulation lasted 1000 h and the obtained results were moisture
profiles at 100 h, 300 h and 1000 h.

Table 2. Hygrothermal properties of material in HAMSTAD Benchmark Case 2.

Material property Value/formula Unit
Density, pm (kg/m?) pm =525 kg/m?
Thermal conductivity, 4 (W/(m*K)) A=0.15 W/(m-K)
Specific heat capacity, Cp.m (J/(kg:K)) Cpm =800 J/(kg'K)
116
w=

Sorption isotherm, w (kg/m?)

1 0.869 kg/m3
(1-ora8ine)

Water vapor permeability, dy (kg/(m-s-Pa)) 6r=1x10"1 kg/(m-s-Pa)

Moisture diffusivity, Dy (m?/s)

Dy =6 % 10710 mz/s

It can be observed from Figure 4 that the simulated results produced by the
CHM model show a good agreement with analytical solutions [36]. The maximum
relative errors between the results of the CHM model and analytical solutions were
5.4%, 4.3% and 2.9% at 100 h, 300 h and 1000 h, respectively. These results
demonstrated the effectiveness of the CHM.

~1 (o]
(=} (=]
T T

—as— Analytical (100 h)
—— Analytical (300 h)
—e— Analytical (1000 h)

Moisture content (kg/m?)

30 —s—Model (100 h)
—— Model (300 h)
20 —e—Model (1000 h)
10 1 I 1
0 50 100 150 200

x (mm)

Figure 4. Moisture content profiles for HAMSTAD Benchmark Case 2.

2.3. Liquid water permeability determination

The standard method of measuring liquid water transfer coefficients has certain
limitations, including susceptibility to human error and discontinuous testing. Also, it
is difficult to accurately simulate liquid transport under a dynamic condition,
especially for highly hygroscopic materials, hence leading to notable discrepancies
when compared with experimental data obtained from transient measurements.
Therefore, in this study, an inverse parameter estimation method was proposed to
identify liquid water permeability based on the dynamic test at the wall scale.

11
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2.3.1. Inverse analysis

In this study, liquid water permeability, K;, was regarded as an unknown
property to be identified from temperature and relative humidity measurements at the
three depths within the wall under the dynamic condition. The framework of the
inverse identification of K is illustrated in Figure 5.

Input:
Measured T & RH in internal and external surfaces
Material parameters: p. A. u. ¢
Initial liquid water permeability: K*;

4Y—/

CHM modeling (COMSOL): Measured T & RH
ar—» T & RH at different depths at different depths
8 within the wall within the wall
5Z | |
Al
=SS v
LT
.'5 ) Objective function: AK;)
)
EE
5g '
% Optimization algorithms: Fmincon, PSO, GA

min{AK))}

;

Ouput:
Estimated K

Figure 5. Parameter estimation workflow.

Note that K; has a very wide range. According to [37], the K; of a medium-
density fiberboard ranges from 0 to 1.17 x 107!, For simplicity, K; was assumed as a
linear function of moisture content, which is as follows:

K, =(axw)x10"Y (19)

where w (in kg/m?) represents the moisture content in the material and a represents
the dimensionless parameter to be estimated, with the range from 0 to 100.

For evaluating different solutions, this study defined a multi-objective function
as the sum of the squared error between the results of the measurements (including
temperature and relative humidity) and the simulations by the CHM model:

=Y 3 (a2 20)

n

where y, represents / data points for each measured variable n (temperature and
relative humidity), while y.(a) represents the variable calculated from the direct
CHM model inputting the estimated K.

Therefore, the expected parameter for K; can be obtained by minimizing the
objective function as follows:

12
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min f(a) = Z:=1 Zj:l (}’nz—a—};nz(@)z (21)

2.3.2. Optimization algorithms

Fmincon is a kind of sequential quadratic programming algorithm in the
MATLAB optimization toolbox for solving the quadratic programming subproblem
at each iteration. It is a popular local search method, which finds the constrained
minimum of a scalar nonlinear function. This is in contrast to the commonly used
Levenberg-Marquart algorithm, which minimizes a sum of squares. Thus, Fmincon
was selected instead of the Levenberg-Marquart algorithm because of its ability to
include boundary constraints. In this study, the interior point algorithm was selected
in Fmincon, using adjoint sensitivities for evaluating the gradient of the target
function. In this study, the maximum iteration was set to 10.

The Particle Swarm Optimization (PSO) algorithm is a stochastic search
method inspired by the unique social behavior of some natural creatures, such as the
collective movement of bird flocks and fish schools [38]. In this algorithm, particles
are described by their positions and velocities. The movement of the particles can be
affected by their memory, as well as the best particles found by all the particles. In
this way, all the particles can share the knowledge of reasonable solutions.

The PSO algorithm has few hyperparameters and fast convergence. The
velocity vector and the position vector of each particle 7 in the PSO algorithm are
denoted by V; = [vis, vi2, ..., vin] and X; = [ Xis, Xz, ..., Xin], respectively. Particle i will
update its velocity and position from the influence of the previous best position of
particle i, i.e., pbest; = [pi1, pis, ..., pi3], and the best one in the whole population, i.e.,
gbest = [g1, g2, ..., gn]. Vectors V; and X; are firstly stochastically initialized and are
updated according to equations as follows:

Vit = w- V¥ + ¢, -rand, - (pbest; — XF) + ¢, - rand, - (gbest — X[) (22)

X = X+ vkt (23)

where o is the inertia factor, ¢; is the personal learning coefficient and c; is the
global learning coefficient, where ¢; and c; are set equal generally in this study to
balance the effect of random factors, while rand; and rand, are random numbers
between 0 and 1. In this study, the particle size and generation size were set to 10.

The Genetic Algorithm (GA) is a stochastic global search approach activated by
the evolution mechanism [39]. Compared with the other two algorithms, the GA
scarcely falls into the local optima despite of discontinuity, irregularity and noise of
the defined objective function. The GA first initializes a population, i.c., a set of
individuals, which is randomly generated. For each generation, the individuals are
sorted and selected by evaluating the objective function. Then, new individuals are
generated based on the selection, crossover and mutation. In this study, the
population size and generation size were set to 10.

2.3.3. Performance assessment metrics

For evaluating the modeling performance using the estimated K; found by
different optimization algorithms, this study employed two metrics, which were the
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mean absolute error (MAE) and the root mean squared error (RMSE) [40]:

N 15 —
MAE = M (24)
N
RMSE = thvz1(}7t —y)? (25)

N

where y; is the measured temperature or relative humidity at different depths, y; is
the simulated temperature or relative humidity at different depths, ¢ is the timestep
and N is the maximum timestep.

3. Results and discussion

3.1. Experimental analysis

Figure 6 shows the temperature, relative humidity and calculated partial vapor
pressure under the isothermal condition. As can be seen, the internal air relative
humidity stabilized at 81% and the external air relative humidity firstly decreased
rapidly and then increased to a nearly constant value of 39%. The partial vapor
pressure gradient from the internal side to the external side as determined by
Equation (26) was about 13.6 hPa.
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Figure 6. Evolution in time at depths of 2.8 cm, 3.6 cm and 6.4 cm on internal side under isothermal condition: (a)

temperature, (b) relative humidity and (¢) partial vapor pressure.
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Upon the sudden increase in internal air relative humidity and decrease in
external air relative humidity, temperature variations were obvious at specific depths
within the test wall. Notably, at x = 2.8 cm and x = 3.6 cm, increases in temperature
of approximately 1.4 °C and 0.7 °C occurred, respectively. Conversely, a sharp
decrease of about 3.2 °C was observed at x = 6.4 cm. The exothermic phenomenon
was a consequence of the increase in internal partial vapor pressure, leading to more
moisture absorbed by the material. Conversely, the endothermic phenomenon was
from the decrease in external partial vapor pressure, prompting the evaporation of
liquid water accompanied by heat absorption, leading to the cooling effect on the
material. Furthermore, the temperature values at x = 2.8 cm and x = 3.6 cm slightly
exceeded both the internal ambient air temperature and external ambient air
temperature instead of maintaining between them. This was attributed to water vapor
condensation occurring within the wall. These results demonstrated the significant
influence of moisture transfer on heat transfer dynamics within the test wall.

Figure 7 shows the temperature, relative humidity and calculated partial vapor
pressure under the non-isothermal condition. The internal air relative humidity
stabilized at 75% and the external air relative humidity firstly decreased rapidly and
then gradually increased to a nearly constant value of 53%. The temperature
stabilized more quickly than the relative humidity in both compartments. The
internal and external air temperature values were 24 °C and 7 °C, respectively,
resulting in a temperature gradient of 17 °C. The vapor pressure gradient was 17 hPa.
The direction of heat flow and vapor flow was from the internal side to the external
side.
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Figure 7. Evolution in time at depths of 2.8 cm, 3.6 cm and 6.4 cm on internal side under non-isothermal condition:
(a) temperature, (b) relative humidity and (c¢) partial vapor pressure.
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The relative humidity values at x = 2.8 cm and x = 3.6 cm exhibited remarkable
similarity due to the higher saturation vapor pressure at x = 2.8 cm offsetting the
effect of partial water vapor pressure. The partial vapor pressure distributions within
the test wall under the isothermal and non-isothermal conditions were compared, as
shown in Figure 8. It can be seen that the non-isothermal test yielded a significantly
larger partial vapor pressure difference between the internal surface and x = 2.8 cm
compared with that of the isothermal test. A possible explanation for this is that the
enhanced moisture sorption resulting from the lower temperature under the non-
isothermal condition led to increased water vapor condensation and the subsequent
reduced partial vapor pressure. These results demonstrated the high coupling effects
of heat transfer and moisture transfer processes and that the same direction of heat
flow and moisture flow facilitated moisture redistribution within the test wall. It
should be noted that the relative humidity gradient was smaller due to the influence
of temperature.

—oe— Non-isothermal
2500 4 TTTTTmme—eae .. --©--Isothermal

X (cm)
Figure 8. Partial vapor pressure distributions under isothermal and non-isothermal
conditions after stabilization.

Figure 9 shows the temperature, relative humidity and calculated partial vapor
pressure evolution under the dynamic condition. The temperature variation at the
internal surface closely followed that of the external surface but with a thermal phase
shift. A thermal phase shift is a commonly used parameter to assess the effectiveness
of a material in providing indoor thermal comfort. It is defined as the time required
for the propagation of external temperature oscillations from the exterior surface to
the interior surface of the material [41]. A material with a high thermal phase shift
contributes to a comfortable indoor environment.

The thermal phase shift provided by the 8cm rice straw—alginate wall panel with
a density of 124 kg/m?® was about 2.5 h, which was comparable to that of wood fiber
insulation, where the thermal phase shift is 1.75 h for a density of 160 kg/m* and a
thickness of 6 cm, and 3 h for a density of 150 kg/m?® and a thickness of 8 cm [42].
This result demonstrated that the material is effective in providing indoor thermal
comfort.

The partial vapor pressure within the wall was a reliable indicator of its water
content and was significantly influenced by the thermal cycle. It can be seen from
Figure 9 that the partial vapor pressure at all three depths closely followed the
corresponding temperature variations, i.e., an increase during heating phases and a
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decrease during cooling periods. However, at x = 2.8 cm and x = 3.6 cm, the relative
humidity remained relatively stable after initial increases. These results led to the
assumption that temperature strongly affects the hygric behavior of a porous
material, further indicating the effect of temperature on the moisture sorption
capacity curve. The stability of relative humidity at the two depths can be explained
by the combined effect of temperature-dependent saturation vapor pressure and the
moisture sorption capacity of the material. Specifically, with an increase in
temperature, the moisture sorption capacity of the material diminished, leading to an
increased water vapor evaporation rate and consequently a rise in relative humidity.
However, the increase in temperature also influenced the saturation vapor pressure,
which contributed to a reduction in relative humidity. The relationships between
temperature, moisture sorption capacity and water vapor saturation played an
important role in governing the stability of relative humidity within the wall.

0 20 40 60 80 100 0 20 40 60 80 100
Time (h) Time (h)

Internal air

— .- — Internal surface

------- 2.8 cm depth

—3.6 cm depth
6.4 cm depth

-------------- External surface

External air

0 T T T T T T T T T

0 20 40 60 80 100
Time (h)

Figure 9. Evolution in time at depths of 2.8 cm, 3.6 cm and 6.4 ¢cm on internal side under dynamic condition: (a)
temperature (b) relative humidity and (c) partial vapor pressure.

3.2. Numerical analysis

Figure 10 presents a comparison of the experimental results and the numerical
results obtained by the CHM model and TH model at the three depths within the test
wall under all three conditions. As can be seen, the temperature variations at the
three depths were more accurately predicted by the CHM model than by the TH
model under all three conditions, indicating that moisture transport should be
considered for modeling the thermal behavior of this material. For example, under
the dynamic condition, the TH model exhibited maximum errors of 3.5 °C, 3.0 °C
and 1.9 °C at depths of 2.8 cm, 3.6 cm and 6.4 cm, respectively, while the CHM
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model achieved errors of 2.9 °C, 1.4 °C and 1.4 °C, respectively. Figure 11 shows
the sensible heat flux, latent heat flux and total heat flux on the interior surface as
predicted by the CHM model, along with the sensible heat flux as predicted by the
TH model, under the dynamic condition. The sensible heat flux periodically
fluctuated with 7. From the inter-model comparison, the TH model overestimated the
sensible heat flux by 11.3% compared with that of the CHM model. Moreover, the
latent heat flux accounted for 37.7% of the total heat flux predicted by the CHM
model. Consequently, the TH model underestimated the total heat flux by 30.6% in
comparison with that of the CHM model. Such discrepancies can potentially lead to
an underestimation of a cooling load transmitted through a wall during building

energy simulations.
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Figure 10. Temperature evolution within wall predicted by CHM and TH models: (a) isothermal test (b) non-

isothermal test and (c¢) dynamic test.
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Figure 11. Heat fluxes through interior surface predicted by CHM and TH models.
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Despite achieving improved results compared with those of the TH model, the
CHM model still exhibited discrepancies in predicting partial vapor pressure and
temperature at x = 2.8 cm and x = 3.6 cm with slightly lower values and x = 6.4 cm
with slightly higher values than those of experimental measurements. This indicates
that the actual response of the wall was faster than the numerical results, which can
be attributed to several factors, including the heterogenization of the initial
conditions across the thickness of the wall and certain simplifications made in the
CHM model. One prominent factor contributing to the discrepancies is the ignoring
of liquid water transport and the hysteresis effect of moisture sorption in the CHM
model, which added the difficulty in capturing the hygrothermal behavior of
particularly of a bio-sourced material characterized by its high moisture buffering
capacity. Further studies in modeling moisture transport and sorption phenomena are
needed to enhance the fidelity of numerical simulations and better understand the
hygrothermal performance of bio-sourced materials under varying environmental
conditions.

3.3. Comparison of models with and without liquid transfer

Table 3 shows liquid water permeability (K;) as determined by the different
optimization algorithms, i.e., Fmincon, PSO and GA. As can be seen, similar values
of K; were obtained by the three optimization algorithms. To assess the effectiveness
of the estimated K, the simulation results using these K;values were compared with
the results of the CHM model, ignoring liquid transfer.

Table 3. Liquid water permeability determined by different optimization algorithms.

Optimization algorithm Liquid water permeability, K; (kg/(m-s-Pa)
Fmincon 3.4441 x 10716
PSO 3.4071 x 10716
GA 3.7176 x 10716

In Table 4, the errors of temperature and relative humidity predicted by the
CHM model and the CHMWL model are summarized. Consistent with the previous
results, there were negligible effects on K; as determined by the different
optimization algorithms on temperature and relative humidity predictions. Also,
compared with the CHM model, which ignored liquid water transfer, the CHMWL
model with the three algorithms, taking liquid transport into account, highly reduced
the errors in predicting relative humidity at all depths. According to the MAE metric,
the CHMWL model decreased the error by 61%, 57% and 8% at depths of 28 mm,
36 mm and 64 mm, respectively, compared with those predicted by the CHM model.
The minor improvement at the depth of 64 mm was attributed to low relative
humidity. At this depth, moisture transport was mainly driven by vapor pressure
accompanied by a very small capillary pressure. And thus, by applying the linear
function as moisture content, liquid water transfer could be overestimated, leading to
errors in the prediction of relative humidity. Among the models, the difference in
temperature error was actually not significant.
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Table 4. Performance comparison between numerical models with and without liquid water transfer under dynamic

condition.
x =28 mm x =36 mm X =64 mm
Parameter Model MAE RMSE MAE RMSE MAE RMSE
T (°C) CHM 0.79 1.03 1.07 1.31 0.46 0.58
CHMWL + Fmincon 0.83 1.08 0.99 1.22 0.51 0.66
CHMWL + PSO 0.83 1.08 0.99 1.22 0.51 0.66
CHMWL + GA 0.83 1.08 0.99 1.22 0.51 0.66
RH (%) CHM 5.6 5.8 49 5.1 5.9 6.7
CHMWL + Fmincon 2.3 24 2.1 24 54 5.8
CHMWL + PSO 22 24 2.1 2.3 5.4 5.8
CHMWL + GA 22 24 2.1 2.3 5.4 5.8

Note: CHMWL + Fmincon, CHMWL + PSO and CHMWL + GA denote models with liquid water
permeability determined using Fmincon, PSO and GA optimization algorithms, respectively.

For a more intuitive comparison, Figure 12 illustrates the relative humidity
variations at different depths predicted by the CHM model and the CHMWL + PSO
model, together with the measurements. As can be seen, compared with the CHM
model, the CHMWL + PSO model predicted a relative humidity curve that is closer
to the experimental curve for depths of 28 mm and 36 mm. Additionally, at the depth
of 64 mm, despite the higher relative humidity predicted by the CHMWL + PSO
model, this model could track the periodic fluctuations. Therefore, it can be
concluded that the inversely determined liquid water permeability contributed to
numerical calculations.
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Figure 12. Comparison of relative humidity predicted by CHM and CHMWL + PSO models under dynamic condition
at depths of (a) 28 mm, (b) 36 mm and (c¢) 64 mm.
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Figure 13 shows the sensible heat flux (gs) through the interior surface
predicted by the CHM and CHMWL + PSO models. A small discrepancy in the
sensible heat flux can be observed between these two models, which is consistent
with the result of the temperature simulation. Figure 14 shows the vapor flux, liquid
water flux and total moisture flux of the interior surface predicted by the CHMWL +
PSO model and the vapor flux predicted by the CHM model. It is seen that the
moisture flux predicted by the CHWL + PSO model was much higher than that
predicted by the CHM model.
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Figure 13. Sensible heat flux (g;) through interior surface predicted by CHM model
and CHMWL + PSO model.
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Figure 14. Moisture fluxes through interior surface predicted by CHM model and
CHMWL + PSO model.

The identified K; was further validated via another experiment, where the wall
was subjected to a non-isothermal condition in order to test the robustness of the K.
Table 5 and Figure 15 show the results of temperature and relative humidity
simulated by the CHM and CHMWL + PSO models. These results are consistent
with the previous results. From Figure 15, at depths of 28 mm and 36 mm, the
simulated curves of relative humidity by the CHMWL + PSO model were closer to
the experimental curves compared with those simulated by the CHM model,
especially in the transient state. This is useful information because an unsteady
process usually exists, as building envelopes are normally exposed to fluctuating
conditions in a real-world environment. Therefore, the K; determined under the
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dynamic condition can be used to reproduce the transport of liquid water in such a
wall when exposed to different boundary conditions. Nevertheless, the assumption of
K; as a linear function of moisture content makes it difficult to completely describe
the transport of liquid water across the thickness of the wall when exposed to
different boundary conditions. In future studies, appropriate functions for liquid
water permeability should be chosen to simulate the realistic moisture behavior of
the material.

Table 5. Performance comparison between numerical models with and without liquid water transfer under non-

isothermal condition.

X =28 mm X =36 mm X =64 mm
Parameter Model MAE RMSE MAE RMSE MAE RMSE
T (°C) CHM 1.69 1.97 1.03 1.38 0.50 0.62
CHMWL + PSO 1.99 2.21 1.13 1.43 0.52 0.65
RH (%) CHM 8.1 8.4 9.4 9.9 3.8 4.8
CHMWL + PSO 0.9 1.0 2.4 2.5 6.6 6.8
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Figure 15. Comparison of relative humidity predicted by CHM and CHMWL + PSO transfer models under non-
isothermal condition at depths of (a) 28 mm, (b) 36 mm and (¢) 64 mm.

4. Conclusions and future works

This study focused on the analysis of the hygrothermal behavior of a novel bio-
based material made from rice straw and sodium alginate. Both experimental and
numerical investigations were conducted on the rice straw—alginate wall under

various conditions, which were isothermal, non-isothermal, and dynamic
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environments. The performance of the CHM model was compared with that of the

TH model. Liquid water permeability was estimated using the inverse method, and

the effects of liquid water transport on the hygrothermal behavior were examined.

The main conclusions are as follows:

(1) A high coupling effect of heat transfer and moisture transfer processes and the
same direction of heat flow and moisture flow facilitated moisture redistribution
within the test wall. The thermal phase shift provided by the material was about
2.5 h, which was comparable to that of wood fiber insulation.

(2) A pure conduction model was insufficient to simulate and predict temperature
variations and thermal load through the wall. For example, the TH model
underestimated the total heat flux up to 30.6% compared with that of the CHM
model.

(3) Liquid water transport was essential for modeling moisture transfer through the
wall. The CHMWL model decreased the MAE by 61%, 57% and 8% at the
three depths of 28 mm, 36 mm and 64 mm from the interior to the exterior,
respectively, compared with those of the CHM model.

This study was limited to a single-layer bio-based wall and specific
environmental conditions. Future works should expand to multilayer wall systems,
which are more representative of real-world applications. Additionally, a comparison
with traditional wall systems, such as those using EPS and wood fiber insulation,
should be conducted to provide a more comprehensive assessment of the
hygrothermal performance and practical potential of bio-based walls in the
construction industry.
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Nomenclature

Cp  Specific heat capacity (J/(kg-K)) Density (kg/m?)

D,  Moisture diffusivity (m?/s) A Thermal conductivity (W/(m-K))

ov Water vapor transmission rate (kg/(m?-s-Pa)) o Relative humidity (-)

gl Liquid water transmission rate (kg/(m?-s-Pa)) Op Water vapor permeability (kg/(m-s-Pa)
gi Vapor flux at inner surface (kg/(m?:s)) ¢ Slope of sorption isotherm

ge Vapor flux at outer surface (kg/(m?:s)) B Liquid fraction

Ki Liquid water permeability (kg/(-s‘Pa))

Ly Latent heat of evaporation (J/kg) TH Thermal heat transfer

P. Capillary pressure (Pa) CHM Coupled heat-and-moisture transfer
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Py Partial vapor pressure (Pa) CHMWL  Coupled heat-and-moisture transfer with liquid water transport

Pysar Saturated vapor pressure (Pa)

qi Heat flux at inner surface (W/m?)

qe Heat flux at outer surface (W/m?)

Ry Water vapor gas constant (J/(kg-K))

T Temperature (°C)

u Mass moisture content (kg/kg)

w Volumetric moisture content (kg/m?)
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