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A coupled finite element model has been developed to simulate heat and water transfer across earth walls,
considering pore water phase changes and the associated latent heat fluxes. The adopted approach simplifies
parametric analyses by expressing all material hygrothermal properties as functions of porosity and water
retention characteristics. The model is used to assess the influence of pore water latent heat on the passive
hygrothermal regulation provided by two infinite earth walls that enclose an idealised room exposed to an
external cold, humid climate. The findings indicate that latent heat buffering by pore water in earth walls in-
creases with greater relative humidity gradients between the outdoor and indoor environments. The low vapour
diffusivity confines latent heat production to the outer cold wall region where pore vapour condenses. The
condensed moisture then flows inward and re-evaporates in the inner region of the wall. Additionally, the phase
changes of water crossing the wall interfaces contribute to latent heat buffering, thereby enhancing hygrothermal
efficiency. The process of pore vapour condensation and liquid transport intensifies with higher volumetric
capacity and diffusivity of liquid water, which in turn increase with greater porosity, steeper retention curves,
and larger saturation levels. Hydraulic effusivity is defined as a function of the volumetric capacity and diffu-
sivity of liquid water to measure latent heat exchanges. Large hydraulic effusivity values indicate a greater
potential for latent heat buffering. Finally, when compared to conventional concrete walls, earth walls
demonstrate considerably better hygrothermal performance, which is mostly attributed to greater latent heat
exchanges.

1. Introduction To address this gap of knowledge, Lalicata et al. [34] formulated a

hygrothermal model that combines unsaturated soil theories with the

Earth has become an increasingly popular building material in recent
decades, attracting the attention of construction stakeholders because of
its low environmental footprint compared to conventional alternatives,
such as concrete or fired bricks [1-17]. Earthen materials are excellent
passive hygrothermal regulators with the potential to increase occu-
pants comfort while reducing air conditioning needs [18-22]. To date,
however, most laboratory or field studies about the hygrothermal inertia
of earthen materials have provided qualitative rather than quantitative
analyses [23-30]. Only a few studies have quantified the positive impact
of latent heat buffering by pore water on hygrothermal comfort and
energy efficiency [31] whereas a larger number have concentrated on
the incorporation of energy-intensive phase change materials within
earth structures [32,33]. Consequently, the natural heat exchanges
associated with pore water evaporation and condensation remain
underexplored and partially unexploited.
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thermodynamics of porous media. This approach is consistent with
previous geotechnical studies that have adopted similar strategies to
investigate evaporation processes in cement-bentonite mixtures and
coarse-grained soils [35,36]. Compared to traditional formulations
[12,19,37,38], however, the proposed model requires a reduced number
of parameters while accounting for pore water phase changes and the
associated fluxes of latent heat.

Lalicata et al. [34] showed that the moisture buffering value, MBV
[39] of earth is mostly governed by i) the unsaturated permeability of
the material depending on both the saturated permeability and water
retention behaviour and ii) the sensitivity of moisture storage to relative
humidity changes. However, while MBV is a good indicator of the earth
ability to exchange moisture with the surrounding environment, it does
not provide an accurate measure of thermal inertia. This is because
thermal inertia is greatly influenced by the storage/release of latent heat
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during pore water evaporation/condensation throughout the earth mass
and cannot therefore be solely related to moisture exchanges at the earth
boundary.

To further explore this aspect, the present paper presents a numerical
model of an idealised space enclosed, on both sides, by two symmetrical
infinite earth walls. Results show that hygrothermal exchanges with the
outdoor environment induce a variation of temperature and relative
humidity inside the indoor space from the initial condition up to the
final equilibrium state. This variation is strongly influenced by the earth
properties that govern pore water condensation/evaporation and,
hence, latent heat exchanges. The study also demonstrates that tradi-
tional materials, such as concrete, have a significantly weaker capacity
for passive regulation, which highlights the advantages of earth in
naturally controlling indoor temperature and humidity.

2. Hygrothermal coupled model

The earth is here modelled as a rigid three-phase porous medium
consisting of soil grains (solid phase), water (in both liquid and gas
phases) and dry air (in gas phase). The study also assumes that the
resistance of the porous medium to gas flow is negligible and that the gas
pressure is therefore always equal to the atmospheric value. The
hygrothermal behaviour of the earth is thus analysed by simultaneously
solving the two balance equations of water mass and thermal energy,
which are coupled because both moisture and heat fluxes depend on the
gradients of relative humidity and temperature. Previous work by the
same research group [34] has also demonstrated that the change of pore
vapour mass over time and the dependency of suction on temperature
can be safely neglected in standard models without losing accuracy. This
simplification is here retained to focus on the most important terms of
the governing equations and to reduce potential sources of error.

2.1. Definition of earth state variables

The model assumes pure pore water (i.e. zero osmotic potential) and
neglects moisture retention hysteresis. Under these hypotheses, the
hydraulic state of the material can be alternatively defined in terms of
degree of saturation S; (—), gravimetric water content w; (—), relative
humidity h, (—), matric suction s (MPa), partial vapour pressure p, (kPa)
or partial vapour density p, (kg/m>). These alternative variables are
uniquely linked to each other by phase equations, constitutive re-
lationships and thermodynamic laws, so any of them can describe the
hydraulic state of the material.

The gravimetric water content w; (—) and the degree of saturation S;
(—) are linked by the following phase equations:

1 ng )

w=—=—
'"Gl-n

where n (—) is the earth porosity and G, (—) is the specific gravity of the
earth solids, which is defined as:

G =1 )
P

where p; (kg/m®) is the liquid water density (here assumed equal to
1000 kg/m%) and Ps (kg/m?) is the density of the solid phase.

Instead, the matric suction s (named just suction in the following for
simplicity) is the difference between the pore air pressure p, (MPa) and
the pore water pressure p; (MPa). Because the pore air pressure is
assumed atmospheric (i.e. p, = 0), the suction s coincides with the pore
water pressure p; changed of sign:

S=pa—DPi1= —Di 3

The suction s is related to the degree of saturation S; through a
constitutive relationship, i.e. the water retention relationship,
describing the capacity of a porous material to store/release moisture
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upon changes of capillary state. This work adopts the well-known Van
Genuchten water retention relationship [40]:

Sl = Sres + (1 - Sres)se (43)

where S, is the residual degree of saturation while S, is the effective
degree of saturation defined as:

S, — <1 + (;)N>M (4b)

where P (MPa), N (—) and M (—) are model parameters.

The Van Genuchten retention relationship of Eq. (4) can also be
recast in terms of the gravimetric water content w; using Eq. (1). At a
given temperature T (K) and in the absence of osmotic effects, the suc-
tion s is linked to the relative humidity h, by the following thermody-
namic law, known as Kelvin’s equation:

s=—p 1% T Inh, 5)

w

where R (8.314 J/(mol K)) is the perfect gas constant and M,, (0.018 kg/
mol) is the molar mass of water. Eq. (5) implies that, under typical
service conditions, suction s is more influenced by changes in relative
humidity h, than temperature T, particularly at higher humidity levels
[41].

The partial vapour pressure p, is defined in terms of the relative
humidity h, as:

Dy = hr Dsat (6)

where pg, is the saturated vapour pressure, which depends on the
temperature T (K) according to the empirical relationship:

(T-273.15)

Psae(T) = 0.6108 x 107 (T=3589) %)

Finally, the partial vapour density p, is related to the partial vapour
pressure p, via the perfect gas law as:

M,
Py = RT Py (8)
Based on Egs. (6) and (8), the relative humidity h, can also be recast
as:
hy =2 ©

Psat

where p, and p,,, are the partial vapour density and saturated vapour
density, respectively.

The relative humidity h, and temperature T are routinely measured
in both laboratory tests and full-scale building applications. Because of
this, they are chosen in this work as the hydraulic and thermal state
variables, which are calculated by simultaneously solving the water
mass and energy balance equations introduced in the next section.

2.2. Governing balance equations

2.2.1. Water mass balance

Under standard service conditions, the moisture flow across building
walls is mostly horizontal and the pore water pressure gradient governs
liquid transfer according to Darcy law, while the contribution of the
gravitational gradient is negligible. Under this hypothesis, the conser-
vation of water mass, in both liquid and gas (vapour) phases, is imposed
by equating storage to net flux as:

05 K
plna—tl =-V (pl ( - ;;sz) - D‘,va> 10)
L

On the left-hand side of Eq. (10), the storage of vapour is neglected,
as previously stated, due to the much lower density of the gas phase
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compared to the liquid one [34].

On the right-hand side of Eq. (10), the liquid flow is described by the
generalised Darcy law (i.e. first gradient term) where the unsaturated
permeability K; (m/s) is defined as:

K, = Ksat krl (1 1)

In Eq. (11), ky (=) is the relative permeability function of the
effective degree of saturation S, [42]:

ki=/S. {1 - (1 751;'*‘)”}2

(12a)

where M is the same parameter as in the Van Genuchten relationship of
Eq. (4b), while the saturated permeability Ky (m/s) depends on
porosity n according to the power relationship of Ren et al. [43]:

3.2L—7)
szlo( e

On the right-hand side of Eq. (10), the vapour flow is instead
described by Fick law (i.e. second gradient term), where:

(12b)

D,=Drn(1-5) 13

is the vapour diffusivity (m2/s), which depends on the vapour diffusivity
in free air D (mz/s) and the tortuosity tensor 7 (—) scaled by the volu-
metric vapour fraction, n(1 —S;) [35]. The tortuosity tensor 7 is here
assumed isotropic and therefore coincides with the following scalar
quantity according to Lai et al. [44]:

r=(n(1-8))** (14a)
while the vapour diffusivity in free air D depends on the temperature T
(K) according to Kimball et al. [45]:
T :|1.75

D=0.229 x107* |1 + —
X { t 273

(14b)
2.2.2. Thermal energy balance

By neglecting the energy changes due to wetting/drying processes
and assuming that temperature is always in equilibrium between phases,
the conservation of thermal energy is imposed by equating storage to net
flux as follows:

oT
(pcp)qu =-V(-AVT)—-Lm., 15)

where the convective component of heat transfer has been disregarded
due to the low moisture flow rate. On the left-hand side of Eq. (15), the
volumetric heat capacity of the soil (/’Cp)eq (kJ/(m3~K)) is calculated by

averaging the contributions of the solid and liquid phases as:

(/’Cp)eq = (1 —n)p,cps +nSipiCp1 (16)

where ¢, s and ¢, (kJ/(kg-K)) are the mass heat capacities of solid grains
and liquid water, respectively. In Eq. (16), the contribution of the gas
phase is instead neglected because of the much lower density of this
phase compared to the solid and liquid phases. The values of p; and ¢,
vary with soil type while the value of ¢,; can be reasonably assumed
constant and equal to 4.183 kJ/(kg-K) [46].

On the right-hand side of Eq. (15), the conductive heat flow is
described by Fourier law (i.e. the gradient term) where the thermal
conductivity 4 (W/(m-K)) is calculated as a function of both the thermal
conductivity of the dry material 44 and the gravimetric water content w;
according to Losini et al. [47]:

A= Aqg+bw 17)

where b is a model parameter.
The dry thermal conductivity Aq4 is in turn related to the dry density

Energy & Buildings 328 (2025) 115163

pa =ps(1 —n) according to the following empirical relationship by
Cagnon et al. [48]:

24 = 5.6 x 107 2¢(1:4x107%p0) 18)

Eq. (18) implicitly assumes that the influence of earth mineralogy on
thermal conductivity is negligible compared to the influence of dry
density.

The last term on the right-hand side of Eq. (15) is the latent heat
sink/source due to pore water phase changes and is equal to the product
of the water latent heat L, (here taken equal to 2.5-10° J/kg) by the
evaporation/condensation rate m_,,, which is evaluated from the liquid
phase balance as:

_ 051 K1
—m_, 7p,nE+V(pl< flIng)) 19)

2.2.3. Coupled hygrothermal balance

The water mass balance of Eq. (10) and the thermal energy balance
of Eq. (15) can finally be recast in terms of temperature T and relative
humidity h, by using Egs. (1), (3), (4), (5), (6), (7), (8) and (19) as:

oh, M, dpsar
Cl ot = —V( - Dl/)l Vhr + ( - Dvﬁ (psathr + hr( dT
psat
oT oh,
(pc,,)@ =-V(=AVT) +1L, <cl§ +V(— Dy, Vh,) ) 21

where C; (kg/m°) is the volumetric liquid water capacity defined as:

s,
Cl = pln?h, (22)

and D, (m?/s) is the liquid water diffusivity defined as:

KK RT
p="— = 23
=g M, by (23)
As mentioned earlier, the dependency of suction on temperature has
been neglected in both Egs. (20) and (21) because of its marginal in-
fluence on the results. Additional details are reported in Lalicata et al.
[34].

3. Numerical model

The above system of two partial differential equations has been
implemented in the Comsol Multiphysics finite element software to
calculate the hygrothermal state of an idealised room of width L; = 5m
enclosed by two symmetrical earth walls of thickness L, = 0.4m
(Fig. 1a). The two walls extend infinitely in-plane and are exposed to
fixed values of relative humidity and temperature on their outdoor faces.
Due to symmetry and infinite extension of the walls, only half geometry
is considered and the problem is modelled as a one-dimensional case.
The wall is therefore discretised by a linear mesh while the idealised
room is modelled as a single point due to the assumption of spatial
uniformity of indoor humidity and temperature (Fig. 1b). This
assumption is acceptable as the present work focuses on the hygro-
thermal transport across the wall rather than on the indoor distribution
of humidity and temperature. Therefore, in the absence of indoor
sources/sinks of vapour and heat, the following two balance equations
govern the variations of the relative humidity h,; and temperature T;
inside the idealised room:

l;i % (T) ohy; h. dpsa(T;) 7Psat(Ti) ﬁ
2 RT; \"™**V'Y ot U dT T; ot
= ,ﬁi ( sat (Tlf) hr,if 7psa£(Ti) hr.i ) (24)
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material point
_~ describing the room

Fig. 1. a) Scheme of symmetric wall-room system (not to scale), b) one-
dimensional numerical model.

L; 0T;

5 gpPii = @(Ty = Ti) (25)
The left-hand sides of Egs. (24) and (25) govern the storage of vapour

and heat inside the room where p; and c,; are the density and mass heat

capacity of the indoor air, which are respectively calculated as:

pi = PXa P Xy (26a)

Cpi = (XaMioCpq + X MoCp) 26b)
: (XM, + X,M,)

In Eq. (26), p, (kg/ms), X, = %h’i (=), M,, (0.018 kg/mol) and c,,
(1.890 kJ/(kg-K)) are respectively the density (evaluated via Eq. (8)),
the molar fraction at the reference pressure p,,; = 1 atm, the molar mass
and the mass heat capacity of vapour, while p, = %p,, (kg/m®), X, =
1-X, (-), M, (0.02897 kg/mol) and ¢, (1.005kJ/(kg-K)) are the same
parameters for the dry air.

Conversely, the right-hand sides of Eqgs. (24) and (25) describe the
fluxes of moisture and heat across the wall boundary where h;  and Ty
are the relative humidity and temperature on the indoor wall face
(which differ from the room values h,; and T;) while ¢; = 8 W/(m?K)
and f; = 2.5 x 1078 kg/(m?sPa) are the indoor heat and vapour mass
transfer coefficients [37].

The following hygrothermal boundary conditions are imposed on the
indoor wall edge:

(81 +gv) on :| _ |:/}1 ( sat(Tif) hr.if _psat(Ti) hr.i)
{(gf ~Lg)en o (Ty — ) @7

where g;, g, and g are the liquid, vapour and heat fluxes, respectively, n
is the unit vector normal to the wall face while the product L,g; accounts
for the energy flux associated to phase changes at the wall edge. Eq. (27)
is the conventional hygrothermal boundary condition adopted in
building models [37] whereby moisture and heat transfers across the air-
wall interface are proportional to the difference of the relevant driving
variables via suitable transfer coefficients.

On the outdoor wall edge, the following boundary conditions are
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similarly imposed:

(gl + gv) en :| — |:ﬂa( sa[(Ta) hr.o — Dsat STof) hr,of) :|
|:(gT - ngl) en Qo (Tu - Tof (28)

where a, = 23 W/(m?K) and f, =7.5x 1078 kg/(mzsPa) are the out-
door heat and vapour mass transfer coefficients [37] while h; - and Ty
are the relative humidity and temperature on the outdoor wall face
(which differ from the imposed external values h;, and T,).

The above numerical model can thus predict the temporal variation
of relative humidity and temperature inside the room according to the
imposed external conditions. The reference earth parameters are listed
in Table 1 and have been determined from the experimental data of
Soudani et al. [19].

Preliminary analyses, not reported here, have shown that the effect
of pore water latent heat exchanges on the hygrothermal performance of
earth walls is maximised when the outdoor and indoor values of relative
humidity are significantly different, a scenario that typically occurs
during cold and wet winters or hot and dry summers. The subsequent
analysis will focus solely on the case of cold and wet winters, but similar
conclusions can be drawn for the hot and dry summer scenario.

Preliminary analyses have also indicated that the daily fluctuations
of outdoor relative humidity and temperature have a negligible impact
on the hygrothermal response of the wall when compared to the effect of
the average difference between outdoor and indoor values. Therefore, in
the sake of simplicity, this work imposes constant outdoor values of
relative humidity and temperature, equal to 0.80 and 8 °C, respectively,
while the corresponding initial indoor values are 0.50 and 20 °C. The
study also assumes that the initial values of relative humidity and
temperature across the wall are identical to those of the indoor envi-
ronment, i.e. 0.50 and 20 °C, respectively.

The results are presented in terms of changes of indoor relative hu-
midity and temperature, calculated over a 50 day period leading to
equilibrium with the imposed outdoor conditions. The hygrothermal
impact of the pore water phase changes is highlighted by comparing two
distinct cases with and without consideration of latent heat, i.e. with
L, = 2.5 x 10° J/kg and L, = 0, respectively.

4. Reference model results

Fig. 2 shows that, if latent heat is neglected, the room temperature
drops from 20 °C to 8 °C after about one week, when it reaches thermal
equilibrium with the external environment. Conversely, if latent heat is
accounted for, the temperature reduces from 20 °C to 10.5 °C in about
one week, then it remains stable for approximately 3 days before slowly
reducing towards equilibrium at 8 °C. The hygrothermal activity of the
earth therefore counteracts indoor heat losses maintaining a higher
temperature (approximately +2.5 °C) for a longer time compared to the
same material with zero latent heat.

Unlike temperature, Fig. 2 shows a virtually identical evolution of
indoor relative humidity for both cases. This is because relative hu-
midity is mostly governed by the hydraulic boundary conditions and is
practically unaffected by exchanges of latent heat.

This advantageous hygrothermal behaviour can be explained by

Table 1

Reference parameter values of earth walls.
Parameter Symbol Value
Porosity (—) n 0.35
Grains density (kg/m%) P 2650
Van Genuchten parameter (MPa) P 0.9
Van Genuchten parameter (—) N 1.74
Van Genuchten parameter (—) M=1-1/N 0.42
Van Genuchten residual saturation (—) Sres 0
Grains heat capacity (kJ/(kg-K)) Cps 0.648

Thermal conductivity parameter (W/(m-K)) b 9.22
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Fig. 2. Influence of pore water latent heat exchanges in earth walls on the
evolution of indoor relative humidity and temperature over time.

examining the specific latent heat fluxes (i.e. the latent heat fluxes per
unit volume) across the wall thickness at different times. Fig. 3a shows
that the specific latent heat fluxes are highest at earlier times when the
wall hydraulic state is far from equilibrium, leading to significant pore
water phase changes. Moisture penetration from the outside into the
wall increases the relative humidity inside earth pores, surpassing
equilibrium with the local pore suction. This imbalance results in water
condensation and the consequent release of latent heat, as indicated by
the positive fluxes of Fig. 3a. This heat generation is however restricted
to the external wall layer because the low gas diffusivity limits the in-
ward movement of vapour, thus preventing the condensation front from
advancing deeper into the wall. This restriction is somewhat offset by
the inward movement of condensed water, which partly restores the
pore suction in the external earth layer, together with the associated
potential for further condensation. The condensed water moves inward
into the lower humidity regions of the wall where it reduces the local
pore suction below equilibrium, causing evaporation and the conse-
quent absorption of latent heat as indicated by the negative fluxes in
Fig. 3a.

This ongoing mechanism of condensation followed by liquid trans-
port helps to maintain a relative humidity differential between the
external environment and the earth surface, which ensures the
continued penetration of moisture according to the boundary condition
of Eq. (28). Without such a mechanism, the humidity levels of the
external environment and the earth surface would be very similar
because of the small gas diffusivity, virtually eliminating the driving
force for moisture penetration into the wall.

Fig. 3b shows the temporal evolution of the latent heat flux
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contributions (per unit wall area) from the wall core and interfaces,
respectively. The former contribution is calculated by integrating the
curves of Fig. 3a across the wall thickness at different times while the
latter one is calculated as the algebraic sum of the two boundary con-
ditions of Egs. (27) and (28) at the internal and external wall edges,
where evaporation and condensation respectively take place. Fig. 3b
indicates that, during the early stages of the simulation, the wall core
generates (positive) latent heat as condensation in the outer region
dominates. This situation however reverses after about 10 days when
(negative) latent heat is removed as evaporation in the inner region
takes over. The wall interfaces instead always produce (positive) latent
heat, which decreases monotonically from a large initial value to about
zero after 50 days.

Finally, Fig. 3b shows the total latent heat flux (per unit wall area),
summing the above two contributions, which is always positive and
peaks at about 15 W/m? after 2 days before gently decreasing towards
zero. This significant generation of energy explains the delayed drop in
room temperature for the case where latent heat is considered compared
to the case where latent heat is neglected (Fig. 2).

5. Parametric study

The previous analysis has shown that the energy efficiency of earth
walls depends not only on their thermal conductivity and volumetric
heat capacity, but also on latent heat exchanges during condensation or
evaporation of pore water. These exchanges increase when the volu-
metric liquid water capacity C; of Eq. (22) and the liquid water diffu-
sivity D; of Eq. (23) are larger according to the previously described
mechanism of condensation and liquid transport. To explore these as-
pects, this section examines the sensitivity of the indoor hygrothermal
conditions when the porosity and water retention characteristics of the
earth walls vary within realistic ranges [49-50].

Table 2 lists the earth hygrothermal properties calculated from the
phase and constitutive relationships of Section 2 for different porosity
values n while all other parameters are fixed at their reference values of
Table 1. A larger porosity produces beneficial increases of volumetric
liquid water capacity C;, according to Eq. (22), and liquid water diffu-
sivity D; (due to growing saturated permeability K;), according to Egs.
(11), (12) and (23), which result in growing exchanges of latent heat. A
larger porosity also produces a beneficial reduction of thermal con-
ductivity 4 as the decrease of dry conductivity 1; outweighs the growth
of water content w;, according to Egs. (1), (17) and (18). On the other
hand, an increase in porosity leads to a disadvantageous reduction in
volumetric heat capacity (pcp)eq, according to Eq. (16). Finally, Table 2

indicates that the vapour diffusivity D, increases with growing porosity
one order of magnitude less than the liquid water diffusivity D;.

Table 3 lists instead the earth hygrothermal properties calculated
from the phase and constitutive relationships of Section 2 for different

wall
interfaces
— total

prrr v b

latent heat flux (W/m?2)

.
(9]
Ll

-10 |||J|\|\I‘I\I\|\I\I‘Il|l|

o

10 20 30 40 50
time, t (d)

Fig. 3. Energy generation by water phase changes: a) distribution of specific latent heat fluxes across the wall core, b) contributions of wall core and interfaces to the

total latent heat flux.
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Table 2
Influence of porosity n on the hygrothermal properties of the earth.
Porosity  Dry Water content  Volumetric liquid water Volumetric heat Liquid water diffusivity =~ Vapour diffusivity Thermal
density capacity” capacity” * conductivity*
n Pa w; C (/’CP)eq D D, y
(&) (kg/m%) ) (kg/m%) (kJ/(m*K)) (m?%/s) (m?%/s) (W/(m-K))
0.15 2253 0.002 10.3 1480 3.1 x 101! 3.3 x 10° 1.33
0.2 2120 0.003 13.7 1401 5.3 x 101! 5.3 x 10 1.12
0.25 1988 0.004 17.1 1321 9.9 x 10! 7.7 x 10 0.94
0.3 1855 0.005 20.6 1242 2.0 x 101° 1.0 x 10° 0.80
0.35 1723 0.007 24.0 1163 4.5 x 1010 1.4 x 10° 0.68
0.4 1590 0.008 27.4 1084 1.2 x 107 1.7 x 10°® 0.59
0.45 1458 0.010 30.8 1005 3.5 x 10° 21 x 10° 0.52
" Computed at h, = 0.50, T = 20 °C.
Table 3
Influence of retention parameter N on the hygrothermal properties of the earth.
Retention Degree of Water Volumetric liquid water Volumetric heat Liquid water Vapour diffusivity =~ Thermal
parameter saturation” content* capacity” capacity” diffusivity* % conductivity*
N S wy G (pcp)eq D, Dy 1
-) ) -) (kg/m?) (kJ/(m*K)) (m?/s) (m%/s) (W/(m-K))
1.4 0.156 0.032 62.8 1344 1.0 x 10°® 1.1 x 10° 0.92
1.5 0.098 0.020 49.4 1260 4.5 x 107 1.2 x 10° 0.81
1.6 0.062 0.012 37.3 1206 1.8 x 10° 1.3 x 10° 0.74
1.7 0.039 0.008 27.3 1173 6.7 x 1070 1.3 x 10° 0.70
1.8 0.024 0.005 19.6 1152 2.4 x 101° 1.4 x 10° 0.67
1.9 0.015 0.003 13.9 1139 8.7 x 101! 1.4 x 10° 0.65
2 0.010 0.002 9.7 1130 3.0 x 10 1.4 x 10° 0.64

" Computed at h, = 0.50, T = 20 °C.

values of the Van Genuchten parameter N while all other parameters are
fixed at their reference values of Table 1. These values of N correspond
to different retention curves, all falling within the bounds identified by
Gallipoli et al. [50] as illustrated in Fig. 4 over the relative humidity
interval from 0.3 to 0.8 (equivalent to a suction interval from 30 to 170
MPa), which is typical of building service conditions. The parameter N is
inversely related to the slope of the retention curves in Fig. 4, meaning
that a reduction in N produce an advantageous increase in volumetric
liquid water capacity C;, that is, a greater sensitivity of moisture content
to relative humidity according to Eq. (22). A decrease of N also results in
higher values of degree of saturation according to Eq. (4) and, hence, in
a beneficial increase of liquid water diffusivity D; according to Egs. (11),

06 —
usual relative humidity range
- for earth building materials
@ ) 0.8 0.3
5 upper N
= 04 —N\_ bound — 14
o NN
5 ‘o — 15
= | NN — 16
1) ~| — 17
© N 1.8
O 02 — ~- --- 1.9
o ~I>~-_] --- 20
(o) . .
[0} - -
© =<3 &
0 —lower bound
I T T T T TTT] T 1
10 100

suction, s (MPa)

Fig. 4. Water retention curves investigated in this study.

(12) and (23). Notably, higher values of C; and D; facilitate greater ex-
changes of latent heat as previously discussed. The higher saturation
associated to decreasing values of N also result in a beneficial increase of
volumetric heat capacity (pcp)eq according to Eq. (16), but a disadvan-
tageous increase of thermal conductivity 4, according to Egs. (1) and
(17). Finally, decreasing values of N produce negligible changes of the
vapour diffusivity D,, unlike the liquid water diffusivity D; which instead
varies by three orders of magnitude over the same range.

5.1. Effect of porosity n

Fig. 5 presents the temporal evolution of the thermal gain AT, i.e. the
difference in indoor temperature between the two cases with L, # 0 and

T-TLy=0(°C)
N w N ()] (o)} ~ oo
|
o
>

AT =

20
time, t (d)

30

Fig. 5. Thermal gain over time for different values of porosity n.
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L, = 0, for different porosity values n while the remaining parameters
are fixed at their reference values of Table 1. For a highly porous ma-
terial with n = 0.45, the thermal gain peaks at about 7 °C after
approximately 4 days, followed by a progressive reduction towards zero.
In contrast, for a highly compacted material with n = 0.15, the
hygrothermal performance is much poorer with a maximum thermal
gain of only 0.2 °C, which remains approximately constant during the
whole simulation period. These findings align with experimental data by
Bruno et al. [28], who observed that a low porosity wall made of
hypercompacted earth bricks exhibited a significantly poorer thermal
performance compared to a high porosity one made of Proctor-
compacted earth bricks.

Overall, the results in Fig. 5 can be explained by the threefold
advantage of a larger porosity, leading to higher values of volumetric
liquid water capacity C; and liquid water diffusivity D;, as well as lower
values of thermal conductivity A (Table 2). These positive effects
significantly outweigh the adverse influence of the reducing volumetric
heat capacity (pcp)eq (Table 2).

5.2. Effect of retention parameter N

Fig. 6 shows the evolution of the thermal gain AT over time for
different values of N while the remaining material parameters are fixed
at their reference values of Table 1. The maximum thermal gain in-
creases from 0.2 °C to 5.5 °C as the value of N decreases from 2.0 to 1.4.
This increase is explained by the higher levels of liquid water capacity
Cy, liquid water diffusivity D; and volumetric heat capacity (/’Cp)eq with
reducing values of N (Table 3). In contrast, the adverse influence of
higher thermal conductivity (Table 3) appears to be of lesser impor-
tance, at least for the case investigated here.

5.3. Hydraulic effusivity E

Section 3.1 has demonstrated that latent heat exchanges occur
within earth walls through a condensation and liquid transport mech-
anism, primarily governed by the volumetric liquid water capacity C;
and the liquid water diffusivity D; of the earth, while the vapour diffu-
sivity D, plays a secondary role. Drawing an analogy with thermal
processes, it is intuitive to define hydraulic effusivity E (kg/m?./s) as a
single parameter governing latent heat exchanges:

E= plDlCl (29)

This assumption is validated in Fig. 7a, which shows a good corre-
lation between the maximum indoor thermal gain AT, and the initial

8 p—
7 —
8 6
T 5
3
K 4
~ 3
]
~ 2
<
1
0
0 10 20 30 40 50
time, t (d)

Fig. 6. Thermal gain over time for different values of retention parameter N.
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value of hydraulic effusivity E within the earth wall for two sets of an-
alyses. This correlation is observed for two sets of analyses where
porosity n and the retention parameter N are varied individually, while
all other parameters remain at their reference values from Table 1. The
good correlation suggests that latent heat exchanges play a dominant
role in determining the maximum indoor thermal gain AT,,,.. However,
the difference between the two curves indicates a non-negligible impact
from other physical processes governed by volumetric heat capacity and
thermal conductivity, which are not included in the definition of hy-
draulic effusivity.

Finally, Fig. 7b shows the contour plot of the initial hydraulic effu-
sivity E over the assumed ranges of porosity n and retention parameter
N. Inspection of Fig. 7b indicates that the initial hydraulic effusivity E
varies by five orders of magnitude attaining the highest value at the
point where the porosity n is highest and the retention parameter N is
smallest, which is also the point corresponding to the maximum thermal
gain.

6. Comparison between earth and concrete walls

This section compares the hygrothermal performance of earth and
concrete walls using the same model of the previous sections. The earth
parameters are those of Table 1 while the concrete parameters are
sourced from Kiinzel et al. [51]. Notably, the porosity is equal to 0.35 for
earth and 0.155 for concrete.

Fig. 8 plots the hygrothermal properties of earth and concrete at
different relative humidity levels over the range of interest. These
properties have been calculated from the material parameters using the
phase and constitutive relationships of Section 2. According to Fig. 8,
earth walls outperform concrete walls in terms of considerably higher
levels of liquid water diffusivity D; and vapour diffusivity D,, along with
lower thermal conductivity, 1. Instead, concrete walls are superior to
earth walls in terms of higher volumetric heat capacity, (pc,),, while the

volumetric liquid water capacity, C; is about equivalent in the two cases.

Fig. 9 confirms that earth walls are more efficient than concrete ones
in delaying indoor thermal losses. Moreover, despite having signifi-
cantly different material parameter values, concrete walls exhibit a
response which closely mirrors that of earth walls when latent heat ef-
fects are neglected (Fig. 2). This observation indicates that the superior
performance of earth walls is largely attributable to latent heat ex-
changes, due to the considerably higher liquid water diffusivity, while
the influence of the other hygrothermal properties is less significant, at
least for the case considered here.

Finally, Fig. 9 shows that, unlike earth walls, concrete walls maintain
a virtually constant indoor relative humidity during the whole simula-
tion period due to their relatively low liquid and vapour diffusivities.

7. Conclusions

A coupled finite element model has been developed to simulate the
transfer of heat and water across earth walls, accounting for pore water
phase changes and the associated latent heat fluxes. A simple one-
dimensional analysis has been conducted to predict the hygrothermal
changes inside an idealised room enclosed by two earth walls with
infinite in-plane extension, which are exposed to a cold and humid
external environment. The model requires a low number of parameters
since the relevant hygrothermal properties are expressed as functions of
the material porosity and water retention characteristics, facilitating
parametric analyses. The main findings can be summarised as follow:

e Latent heat buffering by earth walls increases in the presence of
greater gradients of relative humidity between the wet outdoor
environment and the dry indoor space.

e Due to low vapor diffusivity, latent heat production is concentrated
in the outer cold region of the wall, where pore vapor condensation
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Fig. 7. a) Maximum thermal gain versus initial hydraulic effusivity E; b) Hydraulic effusivity E versus porosity n and Van Genuchten parameter N.
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Fig. 9. Comparison of the hygrothermal performance of earth and con-

crete walls.
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occurs. The condensed moisture is then transported in liquid form
toward the inner region of the wall, where it evaporates back into the
pore space. Additionally, a significant amount of latent heat is
generated by water phase changes occurring at the outdoor and in-
door wall faces. The total latent heat exchange from both the above
contributions plays a crucial role in the high hygrothermal efficiency
of earth walls.

e The mechanism of pore vapour condensation and inward liquid

transport is magnified as the volumetric capacity and diffusivity of
liquid water grow large. The volumetric capacity of liquid water
increases with growing porosity and steepness of the retention curve
while the diffusivity of liquid water increases with higher perme-
ability, which in turn grows with larger porosity and degree of
saturation. Latent heat exchanges are therefore maximised in highly
porous walls that exhibit significant sensitivity of moisture content to
ambient humidity, along with generally high saturation levels. These
characteristics may however conflict with the structural requirement
for relatively compact and dry perimeter walls, necessitating a
careful balance between differing design demands.

e Analogous to thermal processes, hydraulic effusivity is defined as a

function of both the volumetric capacity and diffusivity of liquid
water, providing a single parameter that governs latent heat



L.M. Lalicata et al.

exchanges. Larger values of hydraulic effusivity indicate a greater
potential for latent heat buffering.

e The significance of latent heat exchanges is further highlighted by
comparing the hygrothermal performance of earth and concrete
walls. The lower thermal inertia of concrete walls parallels that of
earth walls when the effect of latent heat transfers is switched off.

In conclusion, this study has investigated the fundamental hygro-
thermal performance of earthen walls under simple one-dimensional
conditions for an idealised room without internal moisture and heat
sources. These simple assumptions have provided a clearer theoretical
understanding of the impact of latent heat transfers caused by pore
water phase changes inside earth walls. However, one-dimensional
models do not fully represent field applications and future research
will focus on more realistic two- and three-dimensional models,
considering indoor moisture and heat sources as well as actual meteo-
rological data to define outdoor boundary conditions.
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