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Abstract: Buildings are submitted to various external and internal solicitations that could affect
its energy performance. Among these solicitations, temperature and moisture play a crucial role
and could irrevocably affect the comfort of the occupants and the indoor air quality of the living
environment. To assess the impact of the solicitation on building performance, a precise modeling of
the heat, air, and moisture transfer phenomenon is necessary. This work proposes an extensive review
of the hygrothermal models for building envelopes. The different models are divided into nodal and
HAM techniques for heat, air, and moisture (HAM) transfer models. The HAM approach has been
classified based on four driving potentials: moisture content, relative humidity, capillary pressure, and
vapor pressure. Phase change materials (PCMs), alongside hygroscopic materials, enhance building
thermal capacity and energy efficiency. There are various approaches to studying phase changes, with
enthalpy-based and heat capacity approaches being the most popular. Building performance can be
improved by combining PCM thermal inertia with hygroscopic moisture management. This review
has exhibited the need for numerical models that address phase change and moisture behavior in
these hybrid materials, capable of controlling temperature and humidity.

Keywords: heat, air, and moisture transfer; phase change materials; modeling; humidity; temperature
control materials

1. Introduction

Energy conservation and environmental sustainability are major social concerns. They
are linked to climate change phenomena, which, at the building level, result in uncomfort-
able conditions during the different seasons. Indeed, buildings are subjected to various
internal and external solicitations that have an effect on their hygrothermal behavior. In-
habitant comfort and indoor air quality are both significantly impacted by these requests,
and temperature and moisture play a crucial role [1,2]. This has led to the development
of humidity control materials such as geo-based material [3–7] (rammed earth, cob earth
material), bio-based material [8–11] (natural fiber components, straw, hemp), and generally
the innovative ecofriendly materials. A better understanding of the properties of these
materials and their response to dynamic climatic conditions constitutes a major challenge
in order to improve their energy and environmental performance. Indeed, the relative
humidity of the air can be automatically regulated by humidity control materials that rely
on their own features and the induction of changes in the surrounding temperature and hu-
midity. Therefore, a precise modeling of the heat, air, and moisture transport phenomenon
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is required to determine the effect of the solicitation on building performances [12–20].
The mathematical model for expressing the quantity of moisture held in the material is
a decisive issue among all the physical phenomena involved in heat and mass transfer
processes through porous building materials.

To this end, the exploration of simultaneous heat and moisture transfer in porous
building materials and envelopes has been a subject of research for over seven decades,
resulting in the development of numerous theoretical models. The driving potentials and
assumptions of each theoretical model are different, and there is no unified theoretical
model to describe the heat transfer and moisture migration in building envelopes [21].
The most used and accepted macroscopic models for studying heat and moisture transfer
through porous media are the Luikov model [22] and the Philip and de Vries model [23],
which use the temperature and moisture content as driving potentials. However, the major
limitation of using the moisture content profile as a driving potential is its discontinuity at
the interface between two porous media [24]. In order to address this limitation, several
models have been developed based on alternative driving potentials such as relative
humidity [25], capillary pressure [26], vapor pressure [22], and porous matrix potential [27].

In addition, phase change materials (PCMs) has been identified as an efficient tech-
nique to increase the thermal capacity, energy performance, and comfort impact of build-
ings [28–33]. During the phase change process, PCMs absorb or release large amounts
of latent heat from or to the indoor air. In this way, PCMs can smooth the temperature
fluctuations and increase the thermal inertia of buildings. The variety of materials available,
material liability and safety, cost and economic viability, design configurations, integration
with other sustainable energy technologies, and impact on thermal and energy perfor-
mance are just a few of the challenges associated with using PCMs in buildings [34]. To
address these challenges, numerical simulation is seen as an effective solution and has been
used in numerous studies. There are several different approaches available for studying
solid–liquid phase change. These include enthalpy-based methods, effective heat capacity
methods, front tracking methods, and adaptive grid methods [35]. However, a partic-
ular numerical strategy should be carefully chosen in order to evaluate accurately the
performance of buildings incorporating PCMs.

PCMs and hygroscopic materials can be combined to improve the performance of
building envelopes as a whole [36,37]. Energy efficiency, temperature regulation, and
moisture control can all be improved at once by combining the thermal inertia of PCMs
with the moisture inertia of hygroscopic materials. Nevertheless, research in this field has
primarily focused on thermal and energy factors, frequently ignoring the equally important
hydric performance, despite the potential advantages of such integrated materials. Only a
few researchers have thus thoroughly investigated both thermal and hygroscopic behavior
inside these integrated systems.

This last concern has motivated the present study, which aims at reviewing the hy-
grothermal model to evaluate the performances of building materials incorporating PCMs.
The study’s novelty hinges on two key aspects:

• the classification of hygrothermal models based on their driving potential.
• the integration of phase change materials (PCMs) models into these hygrothermal

frameworks.

First, the different models of heat, air, and moisture (HAM) transfer in buildings
are presented. These models are divided into two groups, namely the nodal and the
HAM approach. In the HAM, the models are divided based on four driving potentials:
moisture content, relative humidity, capillary pressure, and vapor pressure. Afterwards,
the numerical models of PCMs in buildings are presented with a focus on the so-called
fixed domain method that is widely used in the literature. Finally, models that integrate
both hygrothermal and phase change models are presented, and the limitations as well as
the challenges of the different models are discussed.
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2. Physical Phenomena of Heat, Air, and Moisture Transfer

Heat, air, and moisture transfer remains a highly complex phenomenon, requiring
detailed modeling that takes into account not only each individual phenomenon but also
all the interactions between the different phenomena. All these equations are based on
the fundamental principle of heat and mass conservation. In this section, the equations
describing each phenomenon are presented separately, before introducing the various
models reported in the literature that translate the coupling between different phenomena.

2.1. Moisture Transfer

Moisture refers to the transfer of water in liquid and vapor forms. This moisture
(water and vapor) comes from several sources: rainwater running down walls, water vapor
present in the material’s ambient air, etc. [24]. It can be absorbed by porous building
envelopes, depending on the equilibrium sorption moisture content.

2.1.1. Liquid Water Transfer

The transfer of the liquid phase is described by Darcy’s law and is induced by a
capillary suction gradient [23,38]. The mass flow density of liquid water is obtained by
applying Darcy’s law as follows:

Jlc = −ρlKl∇ψ (1)

where Kl is the hydraulic conductivity [m.s−1], ρl the liquid density [kg.m−3], and ψ [m] the
capillary suction. Liquid water can also migrate under the effect of gravity [25], which leads
to the consideration of an additional Jlg [kg.m−2.s−1] flow term on top of the previous term:

Jlg = −ρlKl

→
k (2)

where
→
k is the vertical unit vector oriented positively upwards.

It is also possible to use other transfer motors to express liquid water flow, such as
water content, relative humidity, and vapor pressure. For example, Crausse et al. [38]
defined a flux expression as a function of water content (θ [kg.m−3]) as follows:

Jlc = −ρl(Dθl∇θ + DTl∇T) (3)

where Dθl [m2.s−1] and DTl [m2.s−l.K−1] represent the diffusion coefficients of liquid water
under the effect of a water content gradient and a temperature gradient, respectively.

These water diffusivities are related to hydraulic conductivity by:

Dθl = Kl

(
∂ψ

∂θ

)
T

(4)

DTl = Kl

(
∂ψ

∂T

)
θ

(5)

2.1.2. Water Vapor Transfer

Water vapor is transported by diffusion under the influence of a concentration gradient.
The molecular diffusion process of water vapor in air is given as a function of the vapor
concentration gradient by Fick’s law [39] as follows:

Jv = −Dv∇ρv (6)

with:
Jv, the water vapor mass flux density [kg.m−2.s−1];
Dv, the coefficient of vapor diffusion in air [m2.s−1], characterizing the movement

resulting from diffusion.
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∇ρv, the water vapor concentration gradient.
If we consider water vapor pressure as the driving force for moisture transfer, Fick’s

law can be written as a function of the vapor pressure gradient:

pv = ρvrvT ↔ ρv =
pv

rvT
(7)

Jv =
Dv

rvT
∇pv (8)

where pv [Pa] is the water vapor pressure and rv [J.kg−1.K−1] is the ideal gas constant.

2.2. Air Transfer

In the presence of a total pressure gradient, a transfer of dry and humid air through
an infiltration process occurs and must be taken into account in the total balance. This
phenomenon, which is governed by a total pressure gradient, is expressed as follows:

Ja + Jv = −k f∇P (9)

with: Ja, the dry and humid air mass flux density [kg.m−2.s−1];
k f , the total infiltration coefficient [kg.m−1.s−1.Pa−1];
P, the total pressure [Pa].
Some others, such as Tariku et al. [40], used Poiseuille’s law of proportionality [41],

which relates the pressure gradient to flow velocity to express the airflow through a porous
media. Under the assumption of incompressible air due to the very low airflow speeds and
low pressure and temperature changes that are encountered in practice, the conservation
equation for air mass balance is given by:

∇(δa∇P) = 0 (10)

where δa is the air permeability [s].

2.3. Heat Transfer

In a porous material partially saturated with water, heat transfer can take place in
three forms: purely conductive transfer according to Fourier’s law [42], convective transfer
of sensible heat by liquid and vapor flows, and, finally, transfer of latent heat carried by the
vapor. Considering all these phenomena, the heat flux density can be written as follows:

Jq = −λ∇T + hl

(
Jlc + Jlg

)
+ hv Jv (11)

with λ [W.m−1.K−1] the material’s heat conductivity, and hl and hv [J.kg−1] the enthalpy of
mass of liquid water and vapor, respectively.

Remember that at a given temperature T [K] and with respect to a reference tempera-
ture T0, these two quantities can be written as:

hl = Cl(T − T0) (12)

hl = Cl(T − T0) + hlv (13)

with Cl [J.kg−1.K−1] the liquid water heat capacity and hlv [J.kg−1] the latent heat of
vaporization of water.

3. Coupled Heat, Air, and Moisture Transfer

The study of coupled heat, air, and moisture transfer in porous materials is of key
importance in a variety of fields, including building science, materials engineering, and
environmental science. Porous materials, such as building components and soils, of-
ten undergo complex interactions between heat, air, and moisture, resulting in complex
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hygrothermal behaviors. To understand and predict these behaviors, researchers have
developed a plethora of models, each tailored to specific scenarios and assumptions. Two
different approaches are used to predict coupled heat, air, and moisture transfer in porous
materials: nodal models and HAM models.

3.1. Nodal Approach

In the nodal approach, each node represents volumes of material or components, while
inter-node connections represent the flow paths of thermal and mass fluxes (walls, doors,
windows, etc.). The graphic representation of the model has the same appearance as an
electrical diagram; hence, the analogue method was used, where:

• the temperature and density of water vapor are represented by electrical potentials;
• energy flows and mass transfers are represented by current intensities;
• thermal and moisture resistances are represented by electrical resistances;
• the thermal and moisture retention capacities are represented by capacitors.

The nodal approach is a one-dimensional approach that is currently employed in
the most common Building Energy Simulation (BES) software, such as TRNSYS, Energy-
Plus [43]. They all focus on describing the dynamic changes in indoor relative humidity
and temperature, which occur due to variations in outdoor climate, hygrothermal loads,
and the moisture buffering effect of indoor condition loads.

Boyer et al. [44] described a physical model of the building that is obtained by as-
sembling thermal models of each element such as walls and glass windows. The thermo-
convective balance equation of the dry-bulb air node and the radiative balance equation
of the inside mean radiant temperature node are considered in the proposed model. The
mathematical formulation of the thermal model of the building is a linear system of four
equations expressed as follows:

Csi
dTsi
dt

= hci(Tai − Tsi) + hri(Trm − Tsi) + K(Tse − Tsi) + qswi (14)

Cse
dTse

dt
= hce(Tai − Tsi) + hre

(
Tsky − Tse

)
+ K(Tse − Tsi) + qswe (15)

Cai
dTai
dt

=
Nw

∑
j=1

hci(Tai − Tsi(j)) + c
.

Q(Tae − Tai) (16)

0 =
Nw

∑
j=1

hci Aj(Tsi(j)− Trm) (17)

where C [J.K−1.m−2] is the thermal capacity, c [J.kg−1.K−1.m−2] is the specific heat capacity,
h [W.m−2.K−1] is the heat transfer coefficient, K [W.m−2.K−1] is the thermal conductivity
per unit of length, q [W.m−2] the radiation flux density,

.
Q [kg.s−1] is the mass flow rate,

and A [m2] is the area.
The subscripts ae, ai, se, si, ce, ci, lwe, re, ri, rm, swe, swi, w stand for air exterior, air

interior, surface exterior, surface interior, exterior convection, interior convection, long wave
exterior, exterior radiation, interior radiation, inside radiant mean, short wave exterior,
short wave interior, and wall, respectively.

Except WUFI, which integrates a full moisture model, most of the building energy
simulation software such as TRNSYS and EnergyPlus primarily focuses on simulating
temperature variations and energy requirements in specific spaces on a large scale [43].
As a consequence, in these tools, the moisture exchange models at the wall scale rely on a
simplified approach that does not account for the coupling of heat and moisture transfer
phenomena through the building envelope.

One can distinguish two simplified models for simulating surface moisture adsorption
and desorption: the Effective Capacitance Moisture (ECM) model and the Effective Moisture
Penetration Depth (EMPD) model [45].
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An effective moisture capacitance, defined as the product of the zone air mass and
a moisture capacitance ratio, is used in the first model to account for the buffer effect of
adsorptive and desorptive materials, soil areas, or plants [45]. A moisture balance for any
zone results in the following differential equation:

Mair,iWcap
dωi
dt =

.
min f ,i(ωa −ωi) +

nvent
∑
k

.
mv,k,i(ωv,k,i −ωi) +

.
Wg,i

+

sur f aces
i−j

∑
.

mcp lg,s
(
ωj −ωi

) (18)

with Mair,i [kg], the effective moisture capacitance of the zone;
Wcap, the humidity capacitance of the air and ranges from 1 to 10;
ωi [%], the humidity ratio of the zone;
ωa [%], the ambient humidity ratio;
ωv,k,i [%], the humidity ratio of the ventilation air from ventilation type k;

.
Wg,i [kg.s−1], internal moisture gains;
ωj [%], the humidity ratio of an adjacent zone j;
.

min f ,i [kg.s−1], the mass flow rate of infiltration air;
.

mv,k,i [kg.s−1], the mass flow rate of ventilation air of ventilation type k;
.

mcp lg,s [kg.s−1], the mass flow rate of air entering zone i across walls or windows.
The buffer storage humidity model describes a separate humidity buffer divided into

surface and deep storage. Each buffer is defined by three parameters: the gradient of the
sorptive isothermal line of the material (κ), the mass of the material (M), and the moisture
exchange coefficient between the two regions (β) and the zone air (Equation (19)).

Mair,i
dωi
dt =

.
min f ,i(ωa −ωi) +

nvent
∑
k

.
mv,k,i(ωv,k,i −ωi) +

.
Wg,i

+

sur f aces
i−j

∑
.

mcp lg,s
(
ωj −ωi

)
+ βsur f

(
ωsur f −ωi

) (19)

Additionally, two new differential equations were introduced to describe the dynamics
of the water content of the surface and the deep storage.

Msur f κsur f f (ϕ, ω)
dωsur f

dt
= βsur f

(
ωi −ωsur f

)
+ βdeep

(
ωdeep −ωsur f

)
(20)

Mdeepκdeep f (ϕ, ω)
dωdeep

dt
= βdeep

(
ωsur f −ωdeep

)
(21)

κsur f [kg water/kg material/rel. humidity], the gradient of sorptive isothermal line of
surface buffer;

κdeep [kg water/kg material/rel. humidity], the gradient of sorptive isothermal line of
deep buffer;

f (ϕ, ω), the conversion factor from relative humidity to humidity ratio;
βsur f [kg.s−1], the exchange coefficient between zone and surface storage;
βdeep [kg.s−1], the exchange coefficient surface between storage and deep storage.
It should be noted that this model allows taking into account the moisture transfer

between external walls, internal walls, or furniture and the zone air only. No moisture
transfer with the exterior is modeled; as a result, the outdoor climate has no effect on the
moisture transfer within the building envelope [46,47]. This limitation has led authors to
develop fully coupled models based on the conservation principle (heat and mass).



Buildings 2023, 13, 3086 7 of 29

3.2. Heat, Air, and Moisture Conservation Based Models

HAM models offer a more complex approach to understand the coupled transfer of
heat, air, and moisture. Unlike the nodal approach, HAM models take into account the
simultaneous movement of heat, air, and moisture within porous materials. These models
integrate various physical processes such as conduction, convection, capillarity, and vapor
diffusion. One of the key factors differentiating these models is the choice of transfer motors
they take into account. Heat, air, and moisture can move through porous materials by
different mechanisms, such as conduction, convection, and capillarity. A summary of the
different models based on their driving potential is presented in Table 1.

Table 1. Summary of the different models based on their driving potential.

Driving Potential References

Moisture content [15,23,24,26,48–58]
Relative humidity [25,59–73]
Capillary pressure [74–80]
Vapor pressure [81–85]

3.2.1. Models Using Moisture Content as Driving Potential

The first coupled heat and moisture models were developed in 1957 by Philip and
de Vries [23]. This model was based on the hypothesis of temperature-dependent soil
moisture transport. Volumetric water content θ [m3.m−3] and temperature T [K] are the
main driving forces of transport for heat and moisture transfer. The general differential
equations describing coupled heat and moisture transfer in porous materials are:

∂θ

∂t
= ∇(Dθ∇θ) +∇(DT∇T) +

∂K
∂z

(22)

ρsCp
∂T
∂t

= ∇(λ∇T) + hlv∇(Dvθ∇θ) (23)

where ρs [kg.m−3] is the density of the material, Cp [J.kg−1.K−1] is the specific heat of the dry
material, λ [W.m−1.K−1] is the thermal conductivity of material, hlv [J.kg−1] is the latent heat
of evaporation, Dvθ [m2.s−1] is the isothermal water vapor diffusion coefficient, K [m.s−1] is
the hydraulic conductivity, and Dθ [m2.s−1] and DT [kg.m−1.s−1.K−1] are, respectively, the
moisture diffusion coefficient related to temperature and moisture content gradients.

Luikov et al. [48] was one of the first researchers to develop a mathematical model
of thermo-hydric transfer in porous building materials. In this model, moisture in either
vapor or liquid phase is transported under the influence of gradients in temperature, mass
water content (u [kg.kg−1]), and total pressure. However, it proposes to separate liquid (jl)
and vapor flow (jv), since a concentration gradient and the latter induce the former by a
thermal gradient.

jv = −Dvρs∇u− DvTρs∇T (24)

jl = −Dlρs∇u− DlTρs∇T (25)

where Dv and Dl are the diffusion coefficients for water vapor and liquid water due to
water content gradient, respectively.

DvT and DlT are the diffusion coefficients for water vapor and liquid water due to
temperature gradient, respectively.

Luikov introduced the concept of phase change criterion (PCC) ε that is defined as the
ratio of the water vapor flux divergence to the total moisture flux divergence, as shown in
Equation (26).

ε =
div(jv)

div(jv) + div(jl)
(26)
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In addition to the heat and mass conservation equation, Luikov proposed an additional
equation to describe the total pressure variation. The system of heat, air, and moisture
equation becomes:

∂u
∂t

= ∇
(

Dm

(
∇u + δT∇T + δ f∇p

))
(27)

ρsCp
∂T
∂t

= ∇(εhlvDm∇u + (λ + εhlvDmδT)∇T + εhlvDmρa∇p) (28)

ρC f
∂p
∂t

= ∇
(

εDm∇u− εDmδT∇T +
(

k f − εDmρa

)
∇p
)

(29)

where Dm [m2.s−1] is the moisture diffusion coefficient (water vapor and liquid water),
δT [kg.m−3.K−1] is the thermogradient coefficient, C f [Pa−1] is the humid air capacity, k f

[kg.m−1.s−1.Pa−1] is the filtration permeability coefficient, and ρa [kg.m−3] is the air density.
The disadvantage of this model is that the parameter ε is not derived from exper-

imental tests, and its empirical determination is complex. Irudayaraj and Wu [49] and
Lewis and Ferguson [50] were the first who have numerically investigated the solution of
Luikov’s partial differential equations. This model has been used intensively by authors in
the literature and has inspired many other models.

The moisture content is discontinuous at the interface between two materials due
to their different hygroscopic properties, which brought problems when the model of
multilayer materials was numerically solved. In order to solve the problem of moisture
content discontinuity, the Luikov model and Philip–de Vries model had been modified by
using other moisture driving potentials instead of the moisture content [26].

Mendes et al. [51,52] proposed a new hygrothermal model based on Philip and de
Vries’ equations, but instead of the volumetric water content, they preferred the volumetric
moisture content θ and the temperature gradient T as the principal driving forces for the
coupled heat and moisture transfer. The governing partial differential equations to model
the hygrothermal behavior are therefore given by:

∂θ

∂t
= −∇(Dθ∇θ + DT∇T) (30)

ρsCp
∂T
∂t

= ∇(λ∇T)− hlv∇(Dvθ∇θ + DvT∇T) (31)

Whitaker [53] proposed a detailed theory based on local mean volume behavior, in
which the transport equations are described for each phase (solid, liquid, and gas) at
macroscopic and microscopic levels.

ρs
∂u
∂t

= −∇
(
ρs f Dv∇uv + Db∇ρv − ρlV l

)
(32)

∂(ε l ρl hl+εgρvhv+εsρshs+ρbhb)
∂t

= ∇(λ∇T) + hvρg f Dv∇uv + hbDb∇ρv − hlρlV l
(33)

where ρl , ρv, and ρs are, respectively, the density of water vapor, liquid phase, and solid
phase, f is the dimensionless diffusivity tensor, uv is the vapor mass fraction. Dv [m2.s−1]
and Db [m2.s−1] are, respectively, the water vapor and bound water diffusivity, and V l
[m.s−1] is the liquid phase velocity [43,86], hl , hv, hs, and hb are, respectively, the enthalpy
of the liquid phase, vapor phase, solid phase of water, and enthalpy of bound water. ε l , εv,
and εs are, respectively, the volume fraction of liquid, vapor, and solid.

Milly [54] have reformulated the Philip and de Vries equations for coupled heat and
moisture transfer to obtain a “porous matrix potential” rather than moisture content as an
independent variable.

Abahri et al. [55] proposed a more detailed model of coupled HAM transfer in building
envelopes. For moisture transfer, in addition to diffusion, the contribution of the total
pressure gradient, expressed by a coefficient, is taken into account, as is the contribution
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of the thermal gradient expressed by a thermogradient coefficient. Both coefficients have
been evaluated experimentally using laboratory tests [81]. The mass and energy balances
are presented in the following system of equations:

∂u
∂t

= ∇
(

Dm
(
∇u + δT∇T + αp∇p

))
(34)

Cpρs
∂T
∂t

= ∇(aT∇T + δu∇u + αT∇p) + ρshlvε
∂u
∂t

(35)

C f ρs
∂p
∂t

= ∇
(

k f∇p
)
+ ρsε

∂u
∂t

(36)

where aT [W.m−1.K−1] is the modified thermal conductivity; δu [W.m−1] and αT [W.m−1.Pa−1]
are coefficients reflecting thermal advection due to moisture and total pressure gradients,
respectively.

Similarly, Trabelsi et al. [15,57,58] proposed another macroscopic model based on
Luikov’s work, with temperature and vapor content as transfer drivers. The results of this
model showed good agreement between numerical and analytical resolutions. In the same
work, they studied the sensitivity of this model to the thermal gradient coefficient. This
study showed the need to take thermo-diffusion into account, as its impact on overall mass
transfer is non-negligible.

Qin et al. [24] proposed a dynamic mathematical model for simulating the coupled
heat and moisture migration through multilayer porous building materials. Vapor content
(v [kg.m−3]) and temperature were chosen as the principal driving potentials. The phase
change occurring within porous materials acts as a heat source or sink, which results in
the coupled relationship between moisture and heat transfer. The heat of absorption or
desorption is generally one of the sources or sinks as well. Both phenomena are considered
in the developed model. A local thermodynamic equilibrium between the fluid and the
porous matrix is assumed. The set of differential equations for coupled heat and mass
transfer are as follows:

ρsξ
∂v
∂t

= ∇(Dm∇v) +∇(εDm∇T) (37)

ρsCp
∂T
∂t

= ∇(λ∇T) + ρsξ(εhlv + γ)
∂v
∂t

(38)

where ξ [m3.kg−1] is the specific moisture storage capacity, and γ [J.kg−1] is the heat of
absorption or desorption.

In addition, the authors proposed an analytical method [56] to calculate the coupled
heat and moisture transfer process in building materials. The coupled system was first
subjected to Laplace transformation, and then the equations were solved by introducing the
Transfer Function Method. The transient temperature and moisture content distribution
across the material can thus be easily obtained from the solutions. A new experimental
methodology for determining the temperature gradient coefficient for building materials
was also proposed [87]. Both the moisture diffusion coefficient and the temperature gradient
coefficient for building material were experimentally evaluated.

3.2.2. Models Using Relative Humidity as Driving Potential

In 1995, Künzel introduced a new model that was based on Kieβl’s theorem [25]. In
this model, Künzel attempted to use the terms of relative humidity ϕ and temperature T as
the primary driving forces to describe the coupled heat and moisture transfer in building
components.

dw
dϕ

dϕ

dt
= ∇

(
Dϕ∇ϕ + δv∇(ϕpsat)

)
(39)

dH
dT

dT
dt

= ∇(λ∇T) + hlv∇(δv∇(ϕpsat)) (40)
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where dw
dϕ = Cm [kg.m−3] is the moisture storage capacity of the porous material, Dϕ

[kg.m−1.s−1] is the liquid conduction coefficient, δv [kg.m−1.s−1.Pa−1] is the water vapor
permeability of the porous material, ϕ [%] is the relative humidity, psat [Pa] is the water
vapor saturation pressure, and dH

dT = C [J. m−3.K−1] is the heat storage capacity of the
porous material.

This model belongs to Fraunhofer Institut Für BauphysiK IBP. It was then integrated
into the WUFI (Wärme Und Feuchte Instationär) software package, one of the most widely
used commercial tools for modeling heat and moisture transfer. This software is used
to model the hygrothermal behavior of multilayered building elements exposed to the
natural climate. This model has been used by several researchers [59–64], with generally
satisfactory results.

As shown by many authors, it is possible to explicitly present the temperature by
modifying the saturation pressure term as it can be expressed as a function of temperature.
The novel system of coupled heat and mass transfer equation becomes [65–70]:

dw
dϕ

dϕ

dt
= ∇

(
Dϕ

w∇ϕ + DT
w∇T

)
(41)

dH
dT

dT
dt

+
dH
dϕ

dT
dϕ

= ∇
(

DT
e ∇T + Dϕ

e ∇ϕ
)

(42)

where DT
e [W.m−1.K−1], Dϕ

e [W.m−1], DT
w [kg.m−1.s−1], and Dϕ

w [kg.m−1.s−1.K−1] are the
material specific transport coefficients defined by the following expressions:

DT
e = λ + (hv + Cp,vT)δv·ϕ

dpsat

dT
(43)

Dϕ
e =

(
hv + Cp,vT

)
psat·δv (44)

DT
w = ϕ·δv

dpsat

dT
(45)

Dϕ
w = psatδv + K∗ (46)

A more detailed model has been proposed with additional terms on the material
specific transport coefficient [71,72] and a source term to the mass transfer equation. The
new system of equations becomes:

dw
dϕ

dϕ
dt = ∆

((
δv psat + Klρl RD

T
ϕ

)
∇ϕ +

(
ϕ·δv

dpsat
dT + Klρlrvln(ϕ)

)
∇T
)

−∇
(

ja 0.622
patm

ϕpsat

) (47)

dH
dT

dT
dt

= ∆
(

DT
e ∇ϕ + Dϕ

e ∇ϕ
)
−∇

(
Cp,a jaT +

0.622
patm

jahv ϕpsat

)
(48)

where Kl [kg.m−1.s−1.Pa−1] is liquid water permeability, patm [Pa] is atmospheric pressure,
and Cp,a [J.kg−1.K−1] is the air heat capacity.

Wang et al. [73] developed a transient model for the coupled heat and moisture transfer
in building materials based on the PCC introduced by Luikov. The temperature and relative
humidity were used as the driving potentials. At the exception of the other PCC-based
models, the PCC was introduced in both the energy conservation equation and the moisture
conservation equation to simplify the model not only in the energy conservation equation.

(1− ε)Cm
∂ϕ

∂t
= ∇

(
Dϕ,l∇ϕ

)
(49)

(
ρsCp,s + wCp,l

)∂T
∂t

= ∇(λ∇T) + Cm(εhlv + γ)
∂ϕ

∂t
(50)
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The expression of the PCC in isothermal and non-isothermal conditions is as follows:

ε =
Dm,v

Dm
=

δv pv

KlρlrvT + δv pv
(51)

ε =

∣∣∣δv ϕ
dps
dT ∇T + δv ps∇ϕ

∣∣∣∣∣∣δv ϕ
dps
dT ∇T + δv ps∇ϕ

∣∣∣+ ∣∣∣Klρlrvlnϕ∇T + Klρlrv
T
ϕ∇ϕ

∣∣∣ (52)

3.2.3. Models Using Capillary Pressure as Driving Potential

Moisture transfer is often considered to be driven by capillary pressure gradients,
as this quantity is an actual potential [74,75]. Capillary pressure pc [pa] is defined as the
pressure difference between the liquid and gas phases:

pc = pl − pv+a (53)

Janssen et al. [76] proposed a numerical model for simulations of moisture and heat
transfer in building components under atmospheric excitation based on the model. Tem-
perature and capillary pressure are used as driving potentials. The set of heat and mass
transfer equations are:

∂w
∂pc

∂pc

∂t
= −∇(jm,l + jm,v) (54)

(
ρsCp,s + wCp,l

)∂T
∂t

+

(
Cp,lT

∂w
∂pc

)
∂pc

∂t
= ∇(jh,c + jh,a) (55)

jm,l = −Kl∇pc (56)

jm,v = − δv pv

ρlrvT
∇pc −

δv pv

ρlrvT2 (ρlhlv + pc(Tγ− 1))∇T (57)

jh,c = −λ∇T (58)

jh,a = Cp,lTjl +
(
Cp,vT + hlv

)
jv (59)

Li et al. [77] also used capillary pressure as driven potential for the moisture transfer
and temperature gradient for the heat transfer. The governing equations for the heat, air,
and moisture transport in building materials are based on conservation of the combined
heat and moisture transport of the representative elementary volume and expressed in the
coefficient term as:

da

[
(∂T

∂t )

(∂pc
∂t )

]
= ∇

(
b∇
[

T
pc

])
+ ε∇

[
T
pc

]
+

[
Qh
Qm

]
(60)

da is the damping coefficient matrix and written as:

da =

[(
ρsCp,s + wCp,l

0

) (
0

( ∂w
∂pc

)

)]
(61)

b is the diffusive coefficient matrix and written as:

b =

(λ + δvhlv ϕ(dps
dT )

−δv ϕ(dps
dT )

) (−(δvhlv ϕps
ρl RvT )

kl + (δv ϕps
ρl RvT)

) (62)
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ε is the convective coefficient matrix and written as:

ε = ν

−
(

ρaCp,a + hlv
dρv
dT

)
dρv
dT

hlv ϕ
ρl RvT

dρv
dϕ

−
(

ϕ
ρl RvT

dρv
dϕ

)
 (63)

The model is validated through intermodel comparisons with benchmarking cases of
the HAMSTAD project and with experimental results of full-scale wall panels.

Fang et al. [78,79] developed a model similar to the model of Li et al. with capillary
pressure and temperature as driven potential. The validation of the model was accom-
plished by comparing the simulation results with the experiment results in the study of
Odgaard et al. [80].

3.2.4. Models Using Pressure Vapor as Driving Potential

Berger et al. [82] developed a detailed mathematical model combined with an innova-
tive efficient numerical model to predict heat, air, and moisture transfer through porous
building materials. The model is based on Luikov’s work and uses the Whitaker volume
averaging method to link the microscopic and macroscopic approaches. The model consid-
ers the transient effects of air transport and its impact on the heat and moisture transfer.
Temperature, partial vapor pressure, and total pressure are used as driving potentials. The
system of coupled heat, air, and mass transfer differential equations is as follows:

cm
∂pv

∂t
= ∇(km∇pv − av pv) (64)

Cq
∂T
∂t

= ∇
(
kq∇T + aqT

)
+ hv∇(δv∇pv − av pv)−

3

∑
i=1
∇(ciT)jc,i − Cp,vhv

∂p
∂t

+ Cp,shv
∂σ

∂t
(65)

Ca
∂p
∂t

= ∇(δa∇p)−∇(δv∇pv − av pv) + Cav
∂pv

∂t
+ Cat

∂T
∂t

+ Cas
∂σ

∂t
(66)

where av [s.m−1] and aq [W.m−2.K−1] are the advection coefficients, and Cq [J.m−3.K−1], cm
[Kg.m−3.Pa−1], Ca [Kg.J−1], Cas [Kg.Pa.J−1], Cav [Kg.J−1], Cat [Kg.Pa.J−1.K−1], Cqv [Kg.J−1],
and Cqs [Kg.Pa.J−1] the storage coefficients.

Ayres de Mello et al. [83,84] proposed a new mathematical model called CAR-HAM
(Conductive, Advective, and Radiative Heat, Air, and Moisture) that includes the radiative
transfer equation to calculate the thermal radiation effects within the porous materials to be
taken into account in the energy balance. The formulation is based on the model presented
in the HAMSTAD (heat, air, and moisture standard development) project, adding the
contribution related to radiation. The moisture and the energy conservation equations are
simultaneously solved using a fully implicit scheme and the MTDMA (MultiTridiagonal-
MatrixAlgorithm) algorithm. The system of moisture and energy balance equations includ-
ing the radiation contribution is presented as follows:

∂w
∂t

= −∇jtot (67)

jtot = jv + jl (68)

jv = −δv∇pv + uρv (69)

jl = −kl(∇psuc − ρl g) (70)

∂H
∂t

= −∇jq (71)

jtot = λ∇T + uρccaT + jvhlv + jlclT + qrad (72)
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The radiative flux is calculated using Equation (73):

∇qrad = κ

4π Ib −
4π∫
0

IdΩ

 (73)

3.3. Co-Simulation Approach

The building simulation programs such as TRNSYS and EnergyPlus do not accurately
include hygrothermal interactions with the building envelope. Therefore, it is essential to
integrate a non-isothermal combined heat and mass transfer model into the simulation
environment. To overcome this problem and better stimulate the hygrothermal behavior
of buildings, several approaches have been proposed in recent years. One of these is
co-simulation, which consists in using two existing software packages, one for dynamic
building simulation, and the other for precise modeling of hygrothermal behavior at the
envelope level.

Zhai et al. [88] classified the co-simulation methods in two groups as either static or
dynamic coupling. In static coupling, the interaction between the two simulation tools
is one-way, with information flowing from one software program to the other without
any feedback or iterative exchange during the simulation. On the other hand, dynamic
coupling involves a two-way interaction between the tools, allowing a continuous exchange
of information and feedback during the simulation process. Dynamic coupling enables a
more comprehensive and accurate representation of the hygrothermal behavior of buildings,
as it accounts for the mutual influence of heat and moisture transfer phenomena, leading
to improved predictions and a better understanding of the building’s performance.

In order to investigate the effects of sorption isotherm hysteresis on indoor climate
and energy demand, Kwiatkowski et al. [89] developed and implemented in the energy
performance simulation tool TRNSYS a new module for precise representation of mass
transfer in materials in contact with indoor air, which is called Humi-mur.

Steeman et al. [57,58] developed a coupled TRNSYS-HAM model that can account for
the response of a multizone building on moisture buffering effects in a more detailed way.
The HAM model describes one dimensional transient coupled heat and mass transfer in
porous materials. To illustrate the applicability of the integrated TRNSYS-HAM model
for the design and evaluation of numerous building applications, the model was used to
predict the surface relative humidity in an office space equipped with a gypsum cooled
ceiling. Results show that a simplified model overpredicts the surface relative humidity
because non-isothermal vapor diffusion in the hygroscopic gypsum layer is neglected.

Ferroukhi et al. [90–92] have extended their work by developing a co-simulation
platform HAM-BES (BES: Building Energy Simulation) in order to accurately predict the
hygrothermal behavior of the wall and living environment in buildings. This has enabled
researchers to highlight the impact of hygrothermal transfer on the prediction of energy
consumption and to study the effectiveness of different ventilation methods (extraction or
insufflation) in controlling and reducing the risk of disorders caused by humidity.

Frasca et al. [93] proposed a multi-step methodology to investigate the capability
of BES software coupled with a HAM model (HAM-BES) as a technique for diagnostics
and conservation in complex settings. The methodology was thus applied to the historic
church of the 17th century Chiesa di Santa Rosalia (Italy), allowing for the exploration of
climate-induced conservation risks based on simulations.

3.4. Boundary Condition

In addition to the physical modeling of heat and moisture transfer coupled equations,
boundary conditions such as ambient conditions and climatic data are necessary for accu-
rate simulations and assessments. The boundary conditions are classified as interior and
exterior conditions and expressed simultaneously for heat and moisture transfer.
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The outside boundary condition is governed by several parameters, including the
ambient air temperature, the relative humidity, solar radiation, and rain load. The outer
and inner surface boundary conditions are given by [21,43,94]:

jv,ext = βm,ext

(
pv,ext − pv,sur f ,ext

)
(74)

jq,ext = hc,ext

(
Text − Tsur f ,ext

)
+ hlv jv,ext + αqsolar (75)

jm,int = βm,int

(
pv,int − pv,sur f ,int

)
(76)

jq,int = hc,int

(
Tair,int − Tsur f ,int

)
+ hlv jv,int (77)

It should be noticed that liquid flux is not considered in both interior and exterior
surfaces. In fact, it is reasonable to assume that there is no liquid water penetrating
the indoor boundary surface (interior surface of the wall). This is because the interior
of a building is generally designed to be dry, and measures are taken to prevent water
intrusion from the outside. In the absence of wind-driven rain, the same assumption
holds true for the outer boundary surface. However, when wind-driven rain is present,
it can lead to rainwater accumulation on the exterior wall, ultimately resulting in surface
saturation [76,95,96].

3.5. Models Validation

The validation of hygrothermal simulation models can be done in various ways. To
make sure that model errors are not hidden by any uncertainties of input data or test results,
a rigorous validation should comprise three steps. The first step is the confirmation of
correct implementation of physical fundamentals by comparison with analytical solutions
when it is possible. For moisture uptake in a semi-infinite region, there is a benchmark
example in BS EN 15026:2001 [97]. As the second step, it is useful to compare the calculation
results to laboratory tests with well-defined boundary conditions and material data. The
third step should be close to the real thing, e.g., simulating the transient hygrothermal
behavior of a building envelope component exposed to the natural climate.

Dong et al. [21] and Judkoff et al. [98] highlighted three commonly used methods for
model validation: theoretical, intermodel, and experimental validation. A summary of the
model validation methods is presented in Table 2.

Table 2. Summary of the model validation methods.

Validation Methods References

Theoretical validation [56,73,75,99–104]
Intermodel validation [99,105–112]

Experimental validation Material scale [16,17,21,68,113–118]
Wall scale [2,94,119–126]

3.5.1. Theoretical Validation

In the theoretical validation, the model’s predictions are compared with analytical
solutions or well-established theoretical equations. HAMSTAD Benchmark case #2 [75] is
an efficient theoretical validation case study for moisture transfer models. It describes the
moisture redistribution in a homogeneous single-layer wall under isothermal conditions.
Since the temperature difference through the interior and exterior of the wall is eliminated,
an analytical solution can be obtained. Several authors has used this analytical method to
validate their modeling [73,99–102]. In addition to the Benchmark, some authors developed
analytical tools to solve heat and mass transfer problems [56,103,104]. Qin et al. [56]
proposed an analytical method to calculate the coupled heat and moisture transfer process
in building materials based on Laplace transformation and the Transfer Function Method.
The transient temperature and moisture content distribution across the material can thus be
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easily obtained from the solutions. The results were compared with the experimental data
and other analytical solutions available in the literature; a good agreement was obtained.

3.5.2. Intermodel Validation

The intermodel validation method involves comparing the results of the model in
question with those obtained from other independently developed models that aim to
simulate similar phenomena. By comparing the outcomes, researchers can assess the
consistency and accuracy of the model’s predictions against other established models. This
method can be divided into two categories: comparison with the numerical results of
previous research literature and comparison with the simulated results of hygrothermal
simulation software, such as COMSOL Multiphysics [99,105,106], WUFI [107–110], and
Delphin [111,112]. In addition, the HAMSTAD Benchmark cases #3–5 [98] are often used
for intermodel validation for numerous models.

3.5.3. Experimental Validation

In the experimental validation method, the model’s predictions are compared with
real-world experimental data obtained from physical tests or measurements. This approach
is crucial as it enables researchers to verify how well the model replicates the actual behavior
observed in experiments.

Busser et al. [20] reviewed the recent experimental studies to validate the hygrother-
mal models for building materials and envelopes and divided the experimental facilities
into two scales: material and wall. At the material scale, two types of experimental fa-
cilities were distinguished: the climatic chamber [16,17,21,68,113–115] and the wind air
tunnel [116–118]. These facilities differ only in the way convective boundary conditions
were controlled. The wall scale can be divided into exposure to controlled conditions in the
climate chamber (including one-sided and doubled-sided responses) [93,118–122] or natural
outdoor conditions on one side (including single-layer and multilayer walls) [2,124–126].

4. Integration of Phase Change Materials in HAM Models
4.1. Modeling of PCMs

Solid–liquid phase change is generally described by the classic Stefan problem, named
after the Slovenian physicist Joseph Stefan, who studied the solidification of soil and
the formation of ice in the oceans around 1890 [127]. The Stefan problem describes the
evolution of the boundary between two phases of a material undergoing a process of phase
change. This problem is treated by solving the heat equations in the two regions (solid and
liquid) with associated initial and boundary conditions. The temperature at the solid–liquid
interface is the phase-change temperature. As the equations for the two phases are not
valid at the interface, also known as the melting or solidification front, a final equation
is introduced to close the mathematical system: the Stefan condition. This condition is
obtained by performing an energy balance, which makes it possible to determine the
position of the phase-change front:

Solid phase:

ρCp,sol
∂Tsol

∂t
=

∂

∂x

(
λsol

∂Tsol
∂x

)
(78)

Liquid phase:

ρCp,liq
∂Tliq

∂t
=

∂

∂x

(
λliq

∂Tliq

∂x

)
(79)

Stefan’s condition for energy conservation at the boundary:

∂

∂x

(
λsol

∂Tsol
∂x

)
− ∂

∂x

(
λliq

∂Tliq

∂x

)
= ρL f ν (80)

Under certain assumptions such as steady state, constant properties, and one-dimensionality,
it is possible to solve Stefan’s problem analytically. However, numerical methods are gen-
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erally used to solve this system of equations when more realistic and complex scenarios
are considered. These numerical methods can be divided into three groups [35]: fixed-grid
methods, interface tracking methods, and hybrid methods.

In fixed-domain methods, Stefan’s condition is taken into account implicitly by re-
formulating the conservation equations, and the position of the boundary is known a
posteriori, i.e., once the solution has converged. Fixed-domain methods are characterized
by their ease of implementation, convenience, adaptability, and versatility compared with
other methods [128]. Latent heat can be taken into account using the enthalpy method,
the apparent heat capacity method, the temperature transformation model, and the heat
source method. Al-Saadi and Zhai [34] have carried out a review of all these methods, the
synthesis of which will be presented in this section.

4.1.1. The Enthalpy Method

The enthalpy method was proposed by Eyres [129] to deal with thermal properties
whose evolution depends on temperature. In this method, the sensible and latent heat terms
are combined into an enthalpy term in the energy conservation equation. For heat transfers
governed mainly by conduction, the conservation equation is described by Equation (81).

ρ
∂h(T)

∂t
=

∂

∂x

(
λ

∂T
∂x

)
(81)

The enthalpy term represents the sum of two contributions: a sensible part (liquid and
solid) and a latent part, whose respective expressions are described in Equations (79)–(81):

h(T) = hsensible(T) + hlatent(T) (82)

hsensible(T) =
∫ Tf usion

Tintiale

Cp,sol(T)dT +
∫ Tf usion

Tf usion

Cp,liq(T)dT (83)

hlatent(T) = f (T)L f (84)

where L f [J.kg−1] is the latent heat of fusion and f (T) the liquid fraction as function of
temperature.

The variation of enthalpy as a function of H-T temperature is obtained experimentally
by calorimetry or by integrating the apparent heat capacity curve obtained by differential
scanning calorimetry (DSC), which improves the accuracy of simulations.

This equation is nonlinear in the sense that enthalpy and thermal conductivity are
temperature-dependent. It can be solved either using a nonlinear solver (Newton’s method)
or by linearizing the equation.

The enthalpy method has a number of advantages: (i) it is valid over a wide range of
cases, from isothermal phase change to phase change over a temperature range, (ii) it is
independent of the discretization scheme chosen (Finite Volume, Finite Difference, Finite
Elements), (iii) no conditions have to be imposed on the change front, which is auto-
matically taken into account [35]. The method is also simple, and the agreement with
experimental data is good, making it one of the most widely used methods for modeling
solidification/melting problems.

However, this method still faces two problems: it is difficult to take into account
undercooling problems, and the temperature in a mesh can oscillate over time [130,131].

4.1.2. The Heat Capacity Method

In this method, the heat capacity is modified around the phase-change temperature to
include latent heat. Two approaches are proposed in the literature to take this latent heat
into account: the apparent heat capacity method and the effective heat capacity method.
These two methods differ only in the approximation made to the heat capacity.
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The apparent heat capacity method was introduced by Hashemi and Spielcevich [132]
to solve a heat transfer problem with a phase change. The unsteady one-way conduction
equation can be rewritten using the apparent heat capacity method as follows:

ρCapp(T)
∂T
∂t

=
∂

∂x

(
λ

∂T
∂x

)
(85)

where Capp(T) represents the apparent heat capacity, which can be calculated in two
different ways: either using analytical/experimental relationships or using numerical
approximations.

Analytical/experimental relationships are obtained using thermo-physical charac-
terization techniques such as DSC or the T-history method [133]. These characterization
techniques provide material properties such as melting temperature, enthalpy of phase
change, and heat capacities of the liquid and solid phases. These data are used to estimate
the heat capacity of PCM using a simple direct relationship by introducing a fictitious phase
change range (2ε):

Capp =


Cp,sol i f T < Tf − ε

Cp,sol+Cp,liq
2 +

L f
2ε i f Tf − ε ≤ T ≤ Tf + ε

Cp,sol i f T > Tf + ε

(86)

The choice of phase change range is a very important parameter when modeling with
the apparent heat capacity method, as it can lead to convergence problems. If the range is
too small or the time step too large, there is a risk of missing the latent heat contribution. It
is therefore essential to carry out a parameter study to estimate the optimum values for
these parameters.

Moreover, the accuracy of the method depends on the approximation made to the
apparent heat capacity curve used in the simulation. Several shapes are proposed in the
literature: rectangular, triangular, Gaussian, trapezoidal. Triangular and Gaussian profiles
give better results than the other two [34].

To solve the convergence problem associated with analytical/experimental relation-
ships, some authors have proposed an approach based on a numerical approximation
of the heat capacity. Thus, Comini [134] expressed the heat capacity as a temperature
derivative of enthalpy in a numerical resolution using the finite element method. Morgan
et al. [135] improved this method by using an iterative scheme in which the heat capacity is
approximated using successive temperature and enthalpy solutions.

Capp =
∆h
∆T

=
hn − hn−1

Tn − Tn−1 (87)

Another alternative is to use the effective heat capacity method proposed by Poirier
et al. [136]. In this method, a temperature profile is considered between nodes and instead
of calculating the apparent heat capacity from the nodal point temperature, an effective
heat capacity is calculated by integrating heat capacity across the nodal volume and the
assumed temperature profile as follows:

Ce f f =
[
∫

CadV]
/

V (88)

Despite being more accurate than the apparent heat capacity method, this method
faces the same problems as the latter, due to the discontinuity around the phase change.
This problem arises mainly for materials with isothermal phase change, where temperature
jumps around the change are avoided, and materials with phase change, where latent heat
is not taken into account.

Although this method is more efficient than the apparent heat capacity method, its
calculation and implementation costs are higher.
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4.1.3. The Heat Source or Enthalpy-Porosity Method

In the heat source or enthalpy-porosity method, the enthalpy term is divided into
sensible and latent heat, which is considered a heat source. The energy conservation
equation thus deviates:

ρCavg(T)
∂T
∂t

=
∂

∂x

(
λ

∂T
∂x

)
− ρL f

∂ f
∂t

(89)

The phase change front is known by evaluating the liquid fraction field at each node.
The value of the liquid fraction is 0 for the solid phase, 1 for the liquid phase, and varies
between ]0 ;1[ for the phase change range. It is generally approximated by the linear
auxiliary function shown in the equation, where Tsolidus is the highest temperature at which
the material is completely solid and Tliquidus the lowest temperature at which the material
is completely liquid:

f (T) =


0 i f T < Tsolidus

T−Tsolidus
Tliquidus−Tsolidus

i f Tsolidus ≤ T ≤ Tliquidus

1 i f T > Tliquidus

(90)

Material properties are thus written as a function of the liquid fraction to consider the
transition between the two phases:

Cavg = (1− f (T))Cp,sol(T) + f (T)Cp,liq(T) (91)

λ = (1− f (T))λsol(T) + f (T)λliq(T) (92)

ρ = (1− f (T))ρsol(T) + f (T)ρliq(T) (93)

The enthalpy porosity method is very intuitive, converges quickly with good accuracy,
and is widely used when convection plays a very important role. One of the constraints of
this method is its dependence on the mesh size. Indeed, depending on the mesh size chosen,
numerical diffusion may occur at the solid–liquid interface. This problem can be solved by
coupling the method with advanced numerical techniques such as adaptive meshing.

4.1.4. Phase-Field Model

The phase-field model, mainly used to study crystal growth during solidification,
consists in using an auxiliary field to characterize the phase of the medium as a function of
position and time. The transition between the different phases is tracked using the values
of the phase parameter, enabling, in a similar way to the enthalpy model, an intermediate
zone between the different phases. The equation for the evolution of the phase parameter
for a pure material is described by Equation (94), and its value is between −1 and 1 [137].
It is possible to write a modified heat transfer equation as a function of the parameter.

αε2 ∂φ

∂t
= ε2 d2φ

dx2 −
1
2

(
φ3 − φ

)
+

εs
2σ

(
T − Tf

)(
1− φ2

)
(94)

α is the relaxation scale coefficient, σ [J.m−2] is the surface tension, s [J.m−3.K−1] is the
entropic density difference between the phases, and ε [m] is the thickness of the solid–liquid
interface.

αρCp
∂T
∂t

=
∂

∂x

(
λ

∂T
∂x

)
− 1

2
ρL f

∂φ

∂t
(95)

The relationship between the phase parameter and the liquid fraction gives the follow-
ing system of equations: ρCp

∂T
∂t = ∂

∂x

(
λ ∂T

∂x

)
− ρL f

∂ f
∂t

∂ f
∂t = s

αεσ

(
T − Tf

)
f (1− f )

(96)
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This method has gained considerable popularity in the modeling of phase transfor-
mation and multiphase flow due to its ability to directly incorporate phase transition
thermodynamics into the formulation [138].

A summary of the advantages and disadvantages of the different PCM models is
presented in Table 3.

Table 3. Summary of the advantages and disadvantages of the different PCM models.

Models Advantages Disadvantages

Enthalpy

- Fast
- Simple and accurate
- Deals with sharp as well as gradual phase

change

- Difficulty to handle supercooling
- Oscillation of temperature in a grid over time

Heat capacity
- Easy to implement
- Suitable for gradual phase change
- Temperature as only variable

- Sensitive to the phase change range
- accuracy of the method depends on the

approximation made to the apparent heat capacity
curve

- Not applicable for cases where phase change occurs
at fixed temperature

Heat source
- Very intuitive
- Converges quickly
- Good accuracy

- Dependence on the mesh size creating numerical
diffusion may occur at the solid–liquid interface

Phase-field
- Ability to incorporate phase transition

thermodynamics
- Highly robust and accurate method

- Requires a precise discretization of the interface
region

- High computational cost

4.2. PCMs in HAM Models

PCMs can be incorporated into the entire building envelope: walls, roofs, windows,
and floors [139–143]. Four experimental techniques for incorporating PCMs into building
envelopes are presented in the literature: direct incorporation, impregnation, encapsulation,
and shape-stabilized. Depending on the incorporation technique, different methods are
used in the literature to numerically integrate PCMs in heat transfer models. Most of the
studies in the literature concerned only the heat transfer aspect [144–149], and only few
studies are reported on both heat and mass transfer aspects. Despite the literature being full
of experimental characterization of the hygrothermal behavior of PCM composites, only
few of these solutions are evaluated numerically. In this section, we propose to evaluate
the different studies addressing the hygrothermal numerical behavior of building materials
incorporating PCMs.

The first way is to consider the PCM as a different layer of the building envelope.
Therefore, the whole building wall is modeled as a multilayer material with each layer
defined by its set of characteristic equations. Fraine et al. [36] proposed a MPCM (micro-
encapsulated PCM)/diatomite composite as an alternative solution for the substitution of
EPS (expanded polystyrene) for adjusting indoor temperature and relative humidity. The
MPCM/diatomite composite was modeled using the coupled heat and moisture transfer
model of Kunzel et al. [25]. The PCM was incorporated into the porosity of the diatomite
and modeled using a modified heat capacity method. The effective thermal properties of
the media assuming a parallel configuration are:(

ρCp
)

e f f = ρdCpdθd + ρPCMCpPCM(1− θd) (97)

Comparable outcomes were observed by Shi et al. [150], where macro-encapsulated
PCM was integrated into concrete walls. This integration demonstrated analogous effects
in terms of enhancing temperature and humidity regulation.

Recently, Wu et al. [37] proposed a passive envelope solution that integrates a hydrocarbon-
based PCM and hemp concrete to improve buildings’ energy, thermal, and hydric performances
simultaneously. The relative humidity and temperature are chosen as driving potentials of
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moisture and heat transfer, respectively. The effective heat capacity model was chosen to
describe the heat transfer of the PCM. Four integrated scenarios were considered and compared
with a reference 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. As the PCM moves toward the interior, the energy and hygrothermal performances
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 reference scenario.

Chang et al. [151] assessed the hygrothermal performance of building components,
including wood-frame walls made of a macro-packed PCM (MPPCM) containing noc-
tadecane, using the WUFI PRO 5.3 program. The results showed that the hygrothermal
performance of the wood-frame structures applied to the MPPCM, which replaced the use
of the vapor retarder, is improved. Also, the results of analysis of mold growth risk showed
that it is possible to solve the problems of mold growth risk using MPPCM.

Zhu et al. [152] studied the effects of Phase Change Humidity Controlling Materials
(PCHCM) wallboards on building energy consumption and indoor hygrothermal environ-
ment for the city of Wuhan in China, which has hot summers and cold winters. The PCM
effect was integrated using the effective heat capacity method that allows the relationship
between the specific heat capacity of dry materials and the temperature. The phase change
temperature range was set to 1 ◦C, and Kunzel’s model is used to describe the hygrothermal
behavior. The simulation results based on TRNSYS showed that the PCHCM wallboard was
able to both reduce energy consumption and improve indoor hygrothermal environment
for the case study building significantly.

The second way is to model the PCM and hygrothermal material as a homogeneous
material with unique properties. There are a few works reported in the literature using this
method. A novel model for analyzing the hygrothermal performance of a PCHCM in a
built environment is developed and validated using experimental data [153]. The model
consists of a combined model of the heat and moisture transfer with the phase change
process using the enthalpy method and Künzel method. The numerical results indicate
that PCHCM is suitable for the areas that simultaneously manifest a wide amplitude of
hygrothermal (temperature and humidity) difference.

5. Assessment of Material Properties

The input parameters of each model including hygrothermal and phase change models
are summarized in Table 4. These parameters are obtained from the experimental charac-
terization of the material properties and can be classified as thermal and hydric properties.
In the following, the techniques of characterization of each group of properties will be
presented.
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Table 4. Material hygrothermal properties and characterization techniques.

Properties Measurement Techniques

Hydric properties

Moisture content
- Gravimetric method: cup methods, DVS
- Volumetric method

Liquid permeability
- Direct methods
- Inverse techniques

Vapor permeability Cup method
Moisture storage capacity (Cm = ∂w

∂ϕ ) Retrieve from the sorption isotherm

Thermal properties

Thermal conductivity (λ ) Hot plate method, guarded hotbox method, hot wire
method, hot disk method, flash method

Heat capacity
(
Cp ) - DSC (dynamic and isothermal step method)

- T-history methodMelting/fusion temperature
Latent heat of fusion/crystallization

5.1. Hydric Properties

The sorption isotherm w(ϕ) establishes how much water a material can either absorb or
release based on the relative humidity of the surrounding environment while maintaining
a constant temperature. Typically, the measurement of adsorption/desorption isotherms is
carried out using two distinct methods: gravimetric methods and volumetric methods [154].
The principle involves regularly monitoring the change in the apparent mass of the studied
material over time at various relative humidity levels. The humidity is controlled either
by salt solutions (silica gel, magnesium nitrate, barium chloride) or by designed devices
using water vapor such as Dynamic Vapor Sorption (DVA) and Vapor Sorption Analyzer
(VSA). On the contrary, the volumetric methods consist of measuring the change in volume
of water vapor adsorbed or released by the material. By placing a sample in a controlled
volume, a specific amount of water vapor is injected until the targeted pressure is reached.
Once equilibrium is achieved, the volume of vapor adsorbed by the material is determined.
These approaches significantly reduce the testing time but involve working with small-sized
samples combined with a dynamic flow of water vapor.

The moisture storage capacity is defined as the slope of the sorption isotherm curves
(Cm = ∂w

∂ϕ ). The latter is an important input parameter for coupled heat, air, and moisture
models. It represents the ability of the material to adsorb and release moisture when
environmental moisture conditions change [8].

The general method to measure the liquid, vapor, or air diffusivities and permeabilities
is to expose the material to a pressure gradient (vapor pressure, liquid pressure, or total
pressure) and to measure the resulting flow. Each property has to be measured separately
by avoiding the other pressure gradients or by making them negligible. As for the sorption
isotherm, this method is a steady-state method.

In the case of vapor permeability (δv), the most commonly used measurement tech-
nique is the cup method, which adheres to the ISO 12572:2013 standard [155]. This method
establishes a vapor pressure gradient by maintaining a difference in relative humidity
between the two sides of the sample, while keeping the temperature constant. The change
in mass is measured to determine the mass flow rate. The fundamental concept behind
this method is to measure a consistent change in mass while controlling the flow of vapor,
which is driven by the contrast in relative humidity between the two sides of the sample,
all while maintaining a constant temperature.

Liquid water permeability (Kl) is a hygrothermal characteristic that describes the
transfer of liquid water through porous materials and depends on the moisture content
of the porous material. This property is assessed experimentally by measuring the liquid
permeability at various moisture levels in the porous medium. Methods for determining
this property can be classified into two categories: direct and inverse methods [156]. The
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direct method consists of applying a liquid pressure gradient between the two ends of
a sample to create a flow of liquid water through the porous material. The flow rate of
the water passing through the sample is then measured. The values of the flow rate and
the liquid pressure gradient are subsequently used in conjunction with Darcy’s law to
calculate the permeability. The principle of indirectly determining liquid permeability
as a function of moisture content involves inducing the transfer of liquid water through
a sample (typically through imbibition or drying) and measuring the change in relative
humidity within the material. This test is then modeled within a hygrothermal transfer
simulation tool, which calculates the evolution of relative humidity within the porous
material. Permeability is then the optimized value that minimizes the difference between
the simulated and measured relative humidities.

5.2. Thermal Properties

The thermal conductivity represents the ease with which heat spreads within a material
based on a given temperature difference. It is one of the most important intrinsic properties
of the hygrothermal behavior of a building. There are two types of measurement: steady
state, where the medium is subjected to a flow that is independent of time (stationary),
such as the guarded hot-plate method and the guarded hotbox method, and transient
measurements such as the hot wire method, the hot disk method, the flash method, and
the shock probe method [157]. These last two methods are the most widely used.

Specific heat Cp [J.K−1.g−1], also known as mass heat capacity or mass heat, defines
the amount of energy required to raise one gram of material by one degree Celsius. This
property can be measured by differential scanning calorimetry (DSC), a technique that
measures the heat flux absorbed or released by the sample as a function of time for a
specific temperature change in a controlled atmosphere. DSC is also used to measure
the melting/solidification temperatures and enthalpies that are important properties for
PCMs [158–161].

For some PCM models, it is important to know the shape of enthalpy–temperature
curve with a temperature uncertainty δT < 1 K. The h-T curve is obtained using classical
DSC under dynamic mode or isothermal step mode [133]. Due to its small sample size,
DSC in general is not suitable for heterogeneous materials. For these PCMs, the T-history
method can be used to determine h(T) data with sufficient precision. Other important
properties used in numerical simulation of PCMs are the latent heat and temperature of
fusion or solidification. These are essential input data used in all the PCM models described
in Section 4.1. These properties are obtained also by using DSC. They can also be used to
obtain the enthalpy function or the apparent heat capacity numerically.

6. Conclusions

The present study reviewed the hygrothermal models of PCMs integrated into building
envelopes to evaluate the performance. First, the different models of HAM transfer in
buildings are presented. These models have been divided into two groups: the nodal and
HAM approaches.

Nodal models are suitable for steady-state analyses as well as quick assessments
and are currently employed in the most common BES software, such as TRNSYS. They
predominantly focus on simulating temperature variations and energy requirements in
specific spaces on a larger scale. However, their moisture exchange models at the wall
scale often rely on simplified approaches that do not consider the coupling of heat and
moisture transfer phenomena through building envelopes. Two simplified models for
surface moisture adsorption and desorption, namely the Effective Capacitance Moisture
model and the Effective Moisture Penetration Depth model, are distinguished within the
nodal framework.

Unlike the nodal approach, HAM models take into account the simultaneous move-
ment of heat, air, and moisture within porous materials and offer a more comprehensive
perspective on dynamic behavior and interactions. These models integrate various physical



Buildings 2023, 13, 3086 23 of 29

processes such as conduction, convection, capillarity, and vapor diffusion. Several HAM
approaches are presented in the literature. One of the key factors differentiating these
models is the choice of transfer motors they take into account. Based on an extensive
literature review, the different HAM models have been classified according to four driving
potentials, which are relative humidity, vapor pressure, capillary pressure, and moisture
content. The latter being discontinuous at the interface between two materials due to
their different hygroscopic properties, it is not suitable for multilayer simulations. Several
validation techniques exist for these models to test their accuracy, including theoretical,
intermodel, and experimental validations.

Along with hygroscopic materials, PCMs has been identified as an efficient technique
to increase the thermal capacity, energy efficiency, and comfort impact of buildings. There
are several different approaches available for studying solid–liquid phase change. These
include enthalpy-based methods, effective heat capacity methods, front tracking methods,
and adaptive grid methods. The enthalpy-based and heat capacity methods are the most
widely used in the literature.

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
hydric 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 hydric performance. The literature lacks
numerical methods to describe both phase change and hygroscopic behavior. It is therefore
necessary to develop numerical models in order to fully assess the behavior of these hybrid
materials capable of controlling both temperature and humidity. One potential modeling
approach could involve employing a HAM model with pressure vapor and temperature
as the driving potentials. The PCM’s behavior could be effectively managed through an
enthalpy-based method that allies simplicity and accuracy. These numerical models would
be useful to conduct an optimization study prior to the material development in order to
find the suitable materials properties for a specific application (weather conditions, for
instance). This step is also essential to understand better the behavior of these hybrid
materials and to assess their behavior in multiple scenarios.
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