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Abstract

Earth-to-Air Energy Exchangers (EAEEs) represent a promising passive solu-
tion for air preconditioning in buildings, exploiting the ground’s thermal in-
ertia. However, conventional analytical models rely on simplifying assump-
tions: dry air, homogeneous soil, neglected vertical section, and ignored inter-
nal condensation. Although these assumptions are necessary for an analytical
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formulation, they limit the models’ ability to faithfully represent real system
behavior, particularly in tropical and semi-arid climates. Numerical ap-
proaches (CFD, finite element methods) offer increased physical realism but
remain computationally expensive and difficult to apply in parametric studies
or practical sizing. In this context, this article provides a critical analysis of
existing models and discusses the need for alternative analytical approaches
that reconcile physical realism with engineering practicality. The Initial Basis
Analysis Method (IBAM) is introduced as a continuous analytical framework
capable of solving the coupled energy and mass transport equations analyti-
cally, while incorporating thin-film condensation, the vertical section, atmos-
pheric fluctuations, and thermal and hygrometric soil variability. Rather than
presenting a new experimental validation campaign, the manuscript relies on
comparisons with experimental results and prior work to discuss the validity
domain and practical applicability of the proposed approach. This contribu-
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tion aims to clarify the assumptions, contributions, and limitations of the
IBAM method, and to provide a useful analytical framework for the modeling
and design of earth-to-air energy exchange systems.

Keywords

Critical Analysis, Continuous Analytical Approach, Earth to Air Energy
Exchanger, Humidity Ratio, IBAM

1. Introduction

Energy efficiency in the building sector is today one of the major pillars of global
strategies for ecological transition and greenhouse gas emission reduction [1] [2].
The sustained growth in air conditioning, ventilation, and heating needs exerts
increasing pressure on electrical grids, particularly in rapidly expanding urban ar-
eas. In this context, interest in passive or semi-passive air conditioning systems
based on the exploitation of local environmental resources continues to grow [3].
Among these solutions, earth-to-air energy exchangers (EAEEs) occupy an im-
portant place due to their ability to precondition outdoor air through the natural
thermal inertia of the soil [4]-[6]. The operation of EAHEs relies on the thermal
stability of the soil beyond a certain depth, generally between 1 and 3 m, where
daily and seasonal fluctuations become strongly damped. This behavior is linked
to the thermophysical properties of the soil, particularly its thermal diffusivity,
and can be described by the classical theory of harmonic heat diffusion [7]. Nev-
ertheless, the literature still presents several important limitations. Despite abun-
dant literature, several limitations persist in the analytical modeling of EAEEs.
Classical analytical models often rely on oversimplifying assumptions: dry air, ho-
mogeneous and isotropic soil, absence of condensation, or neglect of mass transfer
(8] [9].

Numerical approaches based on computational fluid dynamics (CFD) or finite
element methods constitute a robust alternative to relax some assumptions, but
their high computational cost and implementation complexity limit their use in
extensive parametric analyses or in pre-design phases [10] [11]. Furthermore, re-
search published in recent years highlights a long-underestimated phenomenon:
the importance of air humidity and internal condensation processes. These phe-
nomena can significantly influence outlet temperature and exchanged thermal
power, particularly in humid tropical, semi-arid climates or those subject to
strong hygrometric variations. In this context, the Initial Base Analysis Method
(IBAM), recently developed by [12], stands as an analytical approach aiming to
improve the representation of thermo-hygrometric phenomena in EAEEs, with-
out claiming to provide an exhaustive three-dimensional local description. Thus,
this article aims to propose a critical analysis of existing models, clarify their as-
sumptions and limitations, and present the methodological framework of IBAM
as an analytical contribution intended for the modeling and design of EAEEs in
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various climatic contexts.

2. Description of Earth to Air Energy Exchangers (EAEEs)

Earth to air energy exchangers (EAEEs), also known as Canadian wells, are now
widely studied shallow geothermal technologies used for the passive precondi-
tioning of air in buildings (Figure 1). Their operating principle is based on ex-
ploiting the thermal stability of the ground, whose daily and seasonal temperature
variations rapidly attenuate with depth, thereby providing a natural source of
heating or cooling for air conditioning purposes [13] [14]. In a context where
HVAC systems account for approximately 30% - 40% of the total energy con-
sumption of buildings [15] [16], EAEEs are attracting increasing interest due to
their potential to reduce energy demand and associated emissions. This technol-
ogy is fully aligned with bioclimatic design strategies aimed at limiting the use of
energy-intensive mechanical systems and enhancing the thermal resilience of
buildings [3].

The operation of an EAEE relies on heat exchanges between the air flowing in-
side a buried duct and the surrounding soil. As air passes through the buried pipe,
it exchanges heat by internal convection with the pipe wall and by conduction
within the soil, resulting in a temperature decrease in summer and an increase in
winter [4] [17]. The thermal variability of the ground follows a harmonic dissipa-
tion process governed by soil thermal diffusivity and the frequency of atmospheric
excitation, leading to the concept of thermal penetration depth, as defined in the
classical works of Harlan (1973) and subsequent studies [18]. The thermal damp-
ing capacity of the soil strongly depends on its physicochemical properties, par-
ticularly volumetric moisture content, compaction, and thermal conductivity [19]
[20].

. = Air flow inlet
|:| Air flow outlet SEW 8 \\
A — N\ \

.8,

Figure 1. Operating schematic of an EAEE.

Atmospheric air always contains a significant amount of water vapor, which
plays a crucial role in the actual performance of EAEE systems. When the temper-

ature of the inner pipe wall falls below the dew point, condensation may occur
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(Figure 2), releasing latent heat and profoundly modifying heat transfer condi-
tions [21] [22]. This phenomenon, long underestimated in analytical models, has
been highlighted in several recent experimental studies conducted in tropical and
semi-arid climates [23] [24]. These studies show that thin-film condensation can
enhance internal heat transfer and lead to significant changes in convective heat
transfer coefficients, thereby requiring a more rigorous thermodynamic approach
than that adopted in traditional models.
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Figure 2. Mass transfer during the condensation phase inside the pipe [22].
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Figure 3. Cross-sectional view of the vertical section of an EAEE [25].

The geometry of an EAEE has a significant influence on thermal transfer pro-
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cesses. Classical configurations consist of a buried horizontal section, an open air
intake, and a vertical section connecting the outdoor environment to the buried
zone (Figure 1). For a long time, the vertical section was considered negligible
due to its relatively short length [25] [26]. However, recent studies have demon-
strated that it plays a crucial role in establishing the initial conditions of the air
entering the horizontal section, particularly by influencing the inlet temperature
and humidity applied in transport models [22] [27]. The exposure of this section
to atmospheric fluctuations, along with the internal convective mechanisms that
develop within it (Figure 3), implies that neglecting this portion leads to system-
atic errors in theoretical models, thereby explaining some of the persistent dis-
crepancies observed between numerical simulations and experimental measure-
ments.

The spatial and temporal variability of soil properties constitutes another major
challenge for modeling. Contrary to the commonly adopted assumption of homo-
geneity, soil may exhibit pronounced thermal and moisture gradients, which di-
rectly affect thermal conductivity and heat capacity [28]. Studies published be-
tween 2022 and 2024 emphasize the importance of incorporating the effects of
water content, internal phase changes within the soil, and variable thermo-hy-
draulic properties in order to better reproduce observations under real operating
conditions [29] [30]. Similarly, recent research shows that classical analytical
models are often insufficient to account for hygrometric coupling, condensation
phenomena, and transient soil behavior, thus highlighting the need for more ro-
bust continuous analytical approaches.

Historically employed analytical models are often based on steady-state or
quasi-steady-state assumptions, whereas numerical approaches relying on CFD or
finite element methods involve high computational costs and a strong dependence
on input data quality [18] [31]. Recent studies advocate the development of new
analytical techniques capable of simultaneously representing energy and mass
transport phenomena, while incorporating realistic boundary conditions and ac-
counting for atmospheric fluctuations [23] [24]. In this context, methodological
advances based on continuous analytical approaches, such as the Initial Base Anal-
ysis Method (IBAM) developed in the works of Gomat et al. [12], represent a sig-
nificant contribution to both the fundamental understanding and practical mod-

eling of EAEE systems.

3. Analysis of Existing Methods
3.1. Analytical, Numerical, and Advanced Models of EAEEs

The modeling of Earth to Air Energy Exchangers (EAEEs) has seen significant
progress in recent decades, driven by the need to better understand the complex
interactions between air flowing in buried ducts, the surrounding soil, and atmos-
pheric variations. Early work primarily relied on simplified analytical models
aimed at solving the heat equation in a semi-infinite soil subjected to periodic

thermal excitation, typically sinusoidal in nature [13] [14]. These models consider
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the soil as a homogeneous and isotropic medium and assume that atmospheric
temperature follows a harmonic signal, which allows the dissipation of heat in the
geological medium to be described using damped exponential solutions. Although
these approaches provide an initial understanding of heat transfer, they neglect
several essential phenomena, such as soil moisture, irregular atmospheric temper-
ature fluctuations, duct roughness, and internal condensation related to water va-
por in the air.

Subsequently, more sophisticated analytical models were proposed to refine the
description of thermal exchanges. The work of [5] and [32] introduced formula-
tions that better represent radial conduction in the soil around the tube, while [26]
proposed a semi-empirical approach describing the exponential decay of air tem-
perature along the tube as a first-order system. However, these models remain
limited by the assumption of a constant internal convective heat transfer coeffi-
cient, which in reality depends on the flow regime, air velocity, humidity level,
and the potential presence of condensation. Indeed, several experimental investi-
gations have revealed that the evolution of the internal convection coefficient var-
ies significantly between laminar, turbulent, or mixed flow regimes, and that thin-
film condensation can strongly increase local heat exchanges [17] [21].

Semi-analytical models later attempted to combine the physical realism of nu-
merical approaches with the simplicity of deployment of analytical formulations.
The work of [33], for example, incorporated Dittus-Boelter or Gnielinski-type
correlations to better represent the evolution of the Nusselt number in buried
ducts. [4] enriched this approach by introducing variations in the Reynolds num-
ber and the effect of internal roughness, allowing for a better estimation of heat
fluxes in real-world configurations. However, these models remain unable to ac-
curately represent fast transient regimes induced by atmospheric fluctuations or
to capture the thermodynamic behavior of humid air in the presence of internal
condensation. Several studies demonstrate that semi-analytical models can lead to
deviations exceeding 2°C - 4°C between predicted and measured temperatures,
particularly in tropical or semi-arid climates where thermo-hydraulic gradients
are more pronounced [18] [22].

The emergence of Computational Fluid Dynamics (CFD) marked an important
step in EAEE modeling. Three-dimensional simulations based on the Navier—
Stokes equations coupled with heat transfer enable a detailed description of veloc-
ity fields, temperature distributions, turbulence effects, and radial and longitudi-
nal thermal gradients [28] [31]. CFD models also offer the possibility of integrat-
ing internal roughness, pressure losses, complex geometries, multiphysics inter-
actions, and transient flow regimes. Nevertheless, these approaches remain heav-
ily dependent on the chosen boundary conditions and the accuracy of experi-
mental data used for validation. Moreover, they require significant computation
times, making them poorly suited for parametric studies or simulations covering
complete annual cycles [18] [34]. Consequently, using CFD models as design tools

in common practice remains challenging.
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Concurrently, finite element and finite volume approaches have been devel-
oped to describe the thermal couplings between soil and ducts, taking into account
temperature variations with depth and the thermophysical properties of the soil.
These models provide an accurate representation of three-dimensional thermal
diffusion in the soil but suffer from the same limitations as CFD approaches when
it comes to integrating humid air dynamics, condensation effects, or spatial vari-
ability of soil characteristics [11] [35]. Recent work has shown that even sophisti-
cated numerical models fail to correctly represent the air-vapor two-phase behav-
ior in ducts, particularly during rapid diurnal cycles where the internal wall peri-
odically reaches the dew point [24].

Since 2022, several researchers have proposed coupled thermo-hydraulic mod-
els that more faithfully represent condensation, evaporation, and vapor transport
phenomena. These models, introduced notably by [29] and [30], explicitly inte-
grate the variation of the mixing ratio, specific enthalpy of humid air, and vapor
diffusion in the internal flow, offering a complete description of the transition
between dry and humid regimes. They constitute a notable advancement as they
account for phenomena entirely absent from historical models, such as conden-
sate film formation, latent heat release, and local modifications of heat transfer
coefficients.

Furthermore, recent research has focused on the thermal and hydraulic varia-
bility of soil, a determining but long-neglected aspect. The work of [36], enriched
by more recent contributions [29], shows that soil thermal conductivity and dif-
fusivity are strongly dependent on water content, which influences the thermal
penetration depth and the dynamic response of the system. Lateral and vertical
soil heterogeneity can generate significant local fluctuations in heat transfers, ex-

plaining some discrepancies between models and experimental observations.

3.2. Experimental Studies, Hygrometry, Condensation, and Actual
Performance

The experimental evaluation of Earth to Air Energy Exchangers (EAEEs) holds a
central place in the literature, as it provides indispensable validation for analytical
and numerical models. Early experimental studies demonstrated that the actual
performance of EAEEs is closely dependent on geometric configuration, soil type,
air humidity, airflow rates, and local climate [18] [32]. Unlike analytical models,
which often rely on simplifying assumptions, experimental measurements reveal
complex dynamic behaviors dominated by nonlinear interactions between the air,
the duct wall, and the surrounding soil. Numerous experimental campaigns con-
ducted in temperate, Mediterranean, continental, or tropical climates have shown
that theoretical performance predicted by linear models is often higher than the
actual performance observed [17] [26].

One of the most significant aspects highlighted by experimentation is the role
of air humidity, which strongly influences internal heat exchange. Atmospheric

air typically contains between 5 and 20 g/kg of water vapor, depending on the
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climate and season. As this air flows through the buried duct, its temperature
gradually decreases upon contact with the wall, increasing its relative humidity
until, in some cases, reaching the dew point. Several studies have shown that in-
ternal condensation is a frequent phenomenon, particularly in tropical and sub-
tropical regions where relative humidity can exceed 90% [21] [24]. Experiments
conducted by [4] and extended in recent work by [23] have demonstrated that this
condensation manifests as a thin film along the inner wall, profoundly altering the
thermal regime through the release of latent heat. This phenomenon leads to a
local increase in the convective heat transfer coefficient, thereby intensifying heat
exchange, particularly in the first section of the duct where the difference between
air temperature and soil temperature is greatest.

Despite its crucial role, internal condensation was long underestimated or omit-
ted in analytical models. However, experimental measurements consistently show
that the presence of condensation leads to a faster reduction in air temperature in
the first few meters, followed by more stable thermal damping. [22] showed that,
under the climatic conditions of the Congo, this phenomenon can result in a dif-
ference of 1°C to 3°C compared to models that neglect condensation. The results
of [29] confirm these observations in a humid subtropical climate, emphasizing
that more than 30% of heat exchange can be attributed to latent heat in certain
configurations. These findings demonstrate the necessity of integrating hygro-
metric processes into models to obtain reliable predictions.

Concurrently, experiments have highlighted the importance of spatial and tem-
poral variability in soil properties. Soil is a heterogeneous medium whose thermal
conductivity and heat capacity depend strongly on its composition, water content,
compaction, and history of drying or wetting [19] [36]. Long-term experimental
studies show that the thermal behavior of soil is not strictly periodic due to irreg-
ular climatic variations and precipitation phenomena. Thus, experimental models
conducted by [28], followed by more recent work at instrumented European sites
[30], have shown that the soil thermal gradient can fluctuate significantly within
the same day, especially during substantial moisture variations. These fluctuations
affect the wall temperature and, consequently, the overall system performance,
particularly during abrupt transient cycles.

The analysis of experimental EAEE performance also reveals a systematic dis-
crepancy between theoretical predictions and field measurements. Several studies
report that analytical models based on homogeneous soil predict performance
15% to 25% higher than actual measurements [18] [31]. These discrepancies are
generally attributed to three main factors: soil variability, unaccounted thermal
losses in the air intake and vertical section, and internal condensation which is
often ignored. Experiments conducted in various countries (Greece, France, In-
dia, Turkey, Argentina, and recently in China and Brazil) show that accounting
for the vertical section significantly improves the prediction of outlet temperature
[27]. This section, long neglected in models, directly influences the initial temper-

ature and humidity conditions of the air entering the buried portion, explaining
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some of the observed discrepancies.

Recent experimental studies have also focused on the effect of airflow rate on
system performance. Several researchers have shown that lower flow rates in-
crease air residence time and improve heat exchange but also promote internal
condensation [21] [23]. Conversely, high flow rates reduce condensation but de-
crease overall efficiency due to reduced exchange effectiveness. These results in-
dicate that a dynamic compromise must be found to simultaneously optimize out-
let temperature, air quality, and energy efficiency.

Furthermore, the integration of advanced measurement instruments such as
multi-point probes, capacitive humidity sensors, high-frequency data acquisition
systems, and infrared thermal cameras has significantly improved the quality and
accuracy of observations. This has led to a finer understanding of the longitudinal
distribution of condensation, the radial thermal profile in the soil, and humid air
dynamics. Nevertheless, many studies still emphasize the difficulty of obtaining
reliable measurements at depth, particularly due to local disturbances caused by
sensor installation [29].

Experiments conducted in hot and humid climates have revealed particularly
contrasting performance depending on the season. In tropical climates, EAEEs
show high efficiency during the day but reduced performance at night, when soil
temperature sometimes exceeds air temperature [22]. This leads to asymmetric
behavior between daytime cooling and nighttime warming, requiring a detailed
analysis of hourly temperature profiles. On an annual scale, systems show positive
performance most of the time, but transitional periods around seasonal changes
reveal complex behaviors not captured by standard models.

Overall, experimental studies converge on a clear conclusion: EAEEs are a
promising technology, but their performance depends on a complex combination
of thermal, hydraulic, geological, and atmospheric phenomena, difficult to cap-
ture in a single model. These studies highlight the need to develop models capable
of simultaneously integrating humidity, condensation, soil variability, the vertical
section of the duct, and rapid climatic fluctuations. They also underscore that hy-
brid approaches combining improved analytical models, targeted numerical sim-
ulations, and detailed experimental measurements represent the most promising

path toward a comprehensive and reliable understanding of EAEEs.

4. Methodology and Mathematical Model

4.1. General Framework and Modeling Assumptions

The modeling of Earth-to-Air Energy Exchangers (EAEEs) is based on the de-
scription of the coupled heat and mass transfers between a flowing fluid (humid
air), the conduit wall, and the surrounding soil. These phenomena are, by nature,
three-dimensional, transient, and strongly coupled. However, to propose an ana-
lytically tractable formulation for engineering purposes, a number of modeling
assumptions are introduced.

The system studied consists of a buried cylindrical conduit connected to the
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outside atmosphere by a vertical section. Air circulates at a prescribed average
velocity, assumed to be uniform across the conduit section. The flow regime is
considered locally quasi-steady, while the external thermal and hygrometric con-
ditions vary over time.
The main assumptions adopted are as follows:
- the variation of thermal and hygrometric quantities is primarily longitudinal,
allowing for a dimensional reduction of the problem along the conduit axis;
- the radial exchanges (soil conduction, internal convection, potential conden-
sation) are integrated in an averaged manner through effective coefficients;
- the soil is characterized by equivalent thermal properties, representative of an
average behavior over the considered depth;
- the air is treated as a humid mixture, described by its temperature, mixing ra-
tio, and specific enthalpy;
- the internal condensation is accounted for in the form of a thin film when the
wall temperature falls below the dew point of the air.
These assumptions do not aim to provide an exhaustive local description of the
physical fields, but to establish a coherent analytical framework that enables the
analysis of the dominant mechanisms of EAEE operation.

4.2. General Energy and Mass Balances

Based on the principles of conservation (mass, energy, and momentum), the gen-
eral equations governing the thermo-hygrometric behavior of the fluid within the
conduit can be expressed in the form of energy and mass balances.

A one-dimensional approach is adopted to study the problem. The energy con-

servation equation used to track air particles as they flow through the tube is:
d d .
aijedvZEJ'Dde+J'Ddlquv+CDV (1)

The energy flux entering D through convective heat transfer ¢ is given by

Fourier’s Law:

q=—kgradT (a,n,t) (2)

It is assumed that no chemical reaction, material source, or energy source is
present in domain D (=0 ); and that the heating of air by friction (pressure
losses) is neglected (®, =0).

The energy balance of an air particle followed during its movement in an EAEE

tube (Equation (1)) can be represented by the air temperature equation:

oT (n,t) 0T (n,t) 0Ty (1)
U + +HT(n,t)=HT,(nt)+HQ—"——= 3
" > T(n.1)=HT, (n.1)+ HO— (3)
with,
2

H, = - (4)

ate, . +e

ape, 1+ahc£1ln“%be+llnwj

krubc a soil a+ etubc
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2
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2/¥soil ate
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ksoil 2;(Iube ate

tube

When the thickness of the tube material and that of the impacted surrounding
=0, ¢

imp

soil are neglected (e =0)and Q=0, the equations presented in the

tube
literature are recovered [37]-[39].

The resulting air temperature equation for the vertical portion of an EAEE
(Equation (3)) constitutes a major analytical contribution, distinguishing this
work from those found in the literature. This result offers a more comprehensive
view of the interaction between the soil and the air flowing in EAEE tubes. Indeed,
besides the soil temperature, its local variation also influences the air temperature
inside the tube. The temperature equations found in the literature are, in fact, ap-
proximations of Equation (3), valid only under conditions where the influence of
air temperature in the impacted soil zone is neglected (¢,,, =0), the tube thick-
=0),and 0=0.

To determine the mass transport equation in an EAEE, the following mass con-

ness is assumed to be zero (e,
servation equation is used to track the water vapor particles in the air during their

phase change movement:
d N
m, oL (77 ) = I divJdv (6)
de b
where @ (77, t) is the mixing ratio of humid air,and J represents the mass flux

leaving the air to deposit on the inner wall of the tube. According to Fick’s law:

J=—h (@, ,-o)e, (7)

where /i, represents the mass transfer coefficient in the boundary layer 5, fa-
cilitating the passage of water vapor particles from the air to the condensed water
on the inner wall of the tube.

The equation for the evolution of the mixing ratio of humid air moving in the
vertical and horizontal tubes of an EAEE [22], established from the mass conser-

vation equation, can be expressed in the following form:

ow(n,t) Ow(n,t
U, 8(: )+ 27 )Jr£2/13(77,t):wa(]"mbe (U,t)) 8
with,
s
w(Tmbc (ﬂ,l)) = 605242¢ Tube(m:1)+273.15 o)
and,
2h

To make the problem analytically tractable, a dimensional reduction is per-
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formed by assuming that longitudinal gradients dominate transverse gradients.
The three-dimensional effects related to radial conduction in the soil, internal
convection, and mass transfer are integrated in the form of effective coefficients
derived from a homogenization process.

Under these assumptions, the conservation equations (Equation (3) and Equa-
tion (8)) can be reduced to a generalized one-dimensional transport equation ex-
pressed along the conduit axis:

o 0f(x,t) N ﬁf(x,t)

o o +ﬂf(x,t):,8[m+g(x,t)] (11)

With the following boundary and initial conditions:
f(x=0,¢)=£,(0,1)
lim f (x,t) =m

PO cefor]
ot

(12)

where x represents the 1D spatial variable, ¢ the time.

The coefficients a,f,m and the parameters associated with the source term
g(x, t) are not arbitrary constants but result from the grouping of the dominant
physical mechanisms.

The coefficient « is directly related to the average flow velocity and represents
the longitudinal convective transport. The coefficient £ combines all the equiva-
lent thermal and hygrometric resistances, including internal convection, conduc-
tion through the conduit wall, and radial conduction in the soil. The function
f (x,t) represents the transported quantity (temperature or mixing ratio), m is
a positive constant, and the term g(x,t) integrates the influence of variable
boundary conditions, notably the soil temperature and humidity as well as the at-
mospheric fluctuations applied to the vertical section [12].

This approach allows for a clear physical interpretation of the parameters while
simplifying the mathematical resolution. This formulation constitutes the core of
the selected analytical model.

Contrary to many classical analytical models, the vertical section of the conduit
is explicitly integrated into the methodology. It is treated as a segment directly
subjected to variable atmospheric conditions, whose output constitutes the initial
condition for the buried horizontal segment.

The air temperature and humidity at the inlet of the horizontal part are thus
determined consistently from solving the transport equation on the vertical sec-

tion, ensuring the physical and mathematical continuity of the model.

4.3. Principle of the Initial Basis Analysis Method (IBAM)

The solution to the one-dimensional transport equation is carried out using the
Initial Basis Analysis Method (IBAM). This method is based on decomposing the
solution into an analytical basis associated with the initial condition, allowing for

the effective treatment of non-stationary boundary conditions (Figure 4).
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BUILDING

Cold humid air leaving the EAEE at
T(L,t) temperature and with

(L,t) air mixing ratio

EAEE’s tube

|EAEE’s tube
Soil surrounding EAEE at m °C

af(x,0 + f(x,0 + B(x.0) = flm+ g(x,
transport equation solved by IBAM to obtain f|

/5 : coefficient characterising the energy/mass transfer between the air contained in
the cylindrical tubes and the inner wall of these tubes constituting the EAEE

Figure 4. Presentation of the IBAM method [12].

The main advantage of IBAM lies in its ability to provide a continuous analyti-
cal solution, avoiding classical discretization schemes and their numerical stability
constraints. It thus enables rapid resolution of the problem, making it particularly
suitable for parametric studies and sensitivity analyses.

By writing the entire Equation (11) in its initial condition, we have:

af(x O) af(x O)
ox

+pf(x,0) ,B[m+g(x 0)] (13)

With the same boundary conditions for this problem, we have:

£(0.0)=7,(0)
lim f(x,t) =m (14)
lim,_,, g(x,0)=0

After solving Equation (13), the initial condition of the problem is found as

follows:

F(x.0)=m+[ £, (0)~m+A4(x ]e'?‘ (15)

with
B,
’ng x O e o dx (16)

The analytical solution of the problem takes the form:

F(at)=a (1) +ay (1) £ (x.0) (17)
The solution satisfies the boundary conditions such that:
al(t)+a2 (t)fb(o)sz(t) (18)
o, (t)+a,(t)m=m

where the function f, (t) is a known function with an explicit analytical expres-
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sion.

After solving this system (Equation (11)) using the IBAM method [12], the an-
alytical solution of the problem is found in the form:
RO-£0) o mh()

m=r ) "

where the function f, (t) is a known function with an explicit analytical expres-

f(x,t) =m

sion.

Specifically, the aim here is to promote a continuous approach for solving the
energy and mass transport equations of an EAEE in all its parts, first considering
the absence of air humidity and subsequently its presence. It is pertinent to note
that many studies in the literature have omitted consideration of the vertical por-

tions of EAEEs, assuming they have only a negligible impact on the overall system.

5. Solution of Transport Equations by IBAM

This section presents the analytical results derived from solving the energy
transport equation (Equation (3)) and the mass transport equation (Equation (8)),
applied to the vertical section of the EAEE as well as to the entire EAEE system.
The analysis is conducted successively under the assumptions of dry air and then

humid air, based on the continuous IBAM approach described in Section 4.3.

5.1. Energy Transport Equation

- Case of dry air
The equation giving the initial condition for dry air temperature in the inlet

vertical section is [25]:

H

T(z,0)=T, + Xoe_Ui" + Xle_g sin [% —?j + Xze_‘?’ sin[(p4 —?j (20)
a J
where X, X,X,,p, and ¢, areknown expressions [25].
The equation giving the analytical solution for dry air temperature in the inlet
vertical section is [25]:
H,

T(zt)=T, +[T, (0.)-T,]e  +T(2) (21)

ext

where I') (z) is a known function [25].
The equation giving the initial condition for dry air temperature in the hori-
zontal section of the EAEE is [25]:

H,

T(yty)=T, +[T(z=6,t,)-T,]e (22)
where T(z =0, 15) is a known function [25].
The equation giving the analytical solution for dry air temperature in the hori-
zontal section of the EAEE is [25]:

HL'
—
T(y.t)=T,+[T(z=6.t;)-T, Je *° (23)
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- Case of humid air
The equation giving the initial condition for humid air temperature in the inlet

vertical section is [22]:

e

T(z,0)=T,+[T,,(0)~T, + 45, (z) - 4,,(0) ]e “

H
‘ (24)
where 4, (z) isaknown function [22].

The equation giving the analytical solution for humid air temperature in the

inlet vertical section is [22]:

T(z1)=T,+[T, (O,t)—Tm]e_FSZ +T,,(2) (25)

where T', (z) is a known function [22].
The equation giving the initial condition for humid air temperature in the hor-
izontal section of the EAEE is [22]:

—Cy

T(y.t;)=T,, +|T(z=6,4,)-T, Je (26)

Mol

where T(z =0, 15) is a known function [22].
The equation giving the analytical solution for humid air temperature in the
horizontal section of the EAEE is [22]:

T(v.i)=T, +[T(z=6.4,)-T, Je ™ (27)

Mol

5.2. Mass Transport Equation: Case of Humid Air

The equation giving the initial condition for the mixing ratio in the inlet vertical

section is [22]:

@(z.0)=a,(T,)+|@,, (0)-7,(T,)+ 4, (2)- 4,,(0)]e (28)

where A4_, (Z) is a known function [22].
The equation giving the analytical solution for the mixing ratio in the inlet ver-
tical section is [22]:
Qr

o(zt)=a,(T,)+[@., (0.6)-,(T,)]e © +T, (=) (29)

where I'_, (z) is a known function [22].

The equation giving the initial condition for the mixing ratio in the horizontal
section is [22]:

Q
a,(1,, )+[@(z=6.0,)-a, (T, )+ 4, (1) -4, (0)]e * (0)

where 4,,(y) isaknown function [22].

The equation giving the analytical solution for the mixing ratio in the horizon-
tal section is [22]:

2y

a(y.t)=w, (mel )+[w(z =6,15) -, (Zjnml )Je o’ +T,, () (31)
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where T'_, (y) is a known function [22].

6. Discussion

Although the literature on Earth-to-Air Energy Exchangers (EAEEs) has ex-
panded considerably over the past three decades, several methodological and
structural limitations persist, hindering the ability of current models to satisfacto-
rily represent the real behavior of these systems. Classical analytical approaches,
long favored for their ease of use and low computational cost, rely on a set of
simplifying assumptions; linearity, thermal homogeneity of the soil, stationary
conditions, absence of mass transfer, that restrict their validity domain and fre-
quently lead to an overestimation of performance [13] [18] [32]. A recurring
shortcoming remains the poor consideration of air humidity in theoretical mod-
els. Modeling atmospheric air as a dry fluid constitutes a significant source of er-
ror, particularly in tropical climates or those with high hygrometric variability.
Although internal condensation can contribute significantly to the overall thermal
balance, few analytical models explicitly integrate the thermodynamics of humid
air and the release of latent heat. Another important limitation lies in the repre-
sentation of the soil, generally treated as a homogeneous and isotropic medium,
despite widely documented spatio-temporal variability [28] [36]. A further weak-
ness concerns the vertical portion of the conduit, long neglected but now recog-
nized as decisive in establishing the initial conditions of the incoming air [22] [27].
Numerical approaches, although extremely powerful, remain limited by their
high computational cost and the availability of necessary input data, particularly
for parametric studies. These observations highlight the absence of an intermedi-
ate analytical framework, both physically relevant and practical for engineering.
In this context, the work of [22], based on the IBAM method [12], stands as an
analytical contribution, without claiming to provide an exhaustive three-dimen-
sional description. Comparisons with experimental data from previous works show
satisfactory agreement, strengthening the credibility of the approach within its va-
lidity domain. However, the IBAM method presents structural limitations that
should be emphasized, notably its dependence on the parameters o, f and m,
and its one-dimensional nature. These limitations justify the need for future devel-
opments, including the improvement of parametric identification, extension to

more complex geometries, and hybridization with numerical methods.

7. Conclusions

Earth-to-Air Energy Exchangers represent a relevant passive solution for air pre-
conditioning in buildings, particularly in the context of energy transition and
management of electricity demand. However, modeling these systems remains a
challenge, due to the complexity of the coupled heat and mass transfers, the vari-
ability of atmospheric conditions, and the heterogeneity of the soil. This work
proposed a critical analysis of existing analytical and numerical approaches, high-

lighting the limitations of classical models and the operational constraints of high-

DOI: 10.4236/ampc.2026.162003

63 Advances in Materials Physics and Chemistry


https://doi.org/10.4236/ampc.2026.162003

S. M. Elombo Motoula et al.

fidelity numerical methods. This analysis sheds light on the absence of an inter-
mediate analytical framework reconciling physical realism and engineering prac-
ticality. In this context, the Initial Basis Analysis Method (IBAM) is presented
as a continuous analytical approach, based on a generalized one-dimensional
transport equation, enabling the integration of the vertical portion of the conduit,
atmospheric variations, and thermo-hygrometric phenomena. The dimensional
reduction performed relies on an averaging of three-dimensional effects, inte-
grated through effective coefficients whose physical meaning has been discussed.
Comparisons with experimental results from previous works show satisfactory
agreement, within the model’s validity domain, while highlighting the sensitivity
of the approach to the correct identification of transfer parameters.

The IBAM method does not aim to replace three-dimensional numerical mod-
els, but to serve as a complementary analytical tool adapted to parametric studies
and preliminary design. Finally, several development perspectives have been iden-
tified, including the improvement of parametric identification, the integration of
more realistic soil properties, extension to complex geometries, and the develop-

ment of hybrid approaches.
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Nomenclature

@ (T,.)

Air velocity inside the pipes (m/s)

Air temperature (°C)

Spatial variable along the vertical pipe

Spatial variable along the horizontal pipe
Time (h)

Time at depth 6 (h)

Pressure Loss

phase shifts (rad)

Global convective energy transfer frequency (Hz)
Air temperature in the tube (*C)

Mean annual outdoor air temperature (°C)
Mean daily soil temperature (*C)
Temperature of the soil surrounding the EAEE pipe ("C)
Temperature of the EAEE pipe wall (°C)
Convective heat transfer coefficient (W/(m=2-"C))
Burial depth of the EAEE tubes (m)

Annual characteristic depth of the soil (m)

Daily characteristic depth of the soil (m)
Thickness of the pipe material (m)

Thickness of the thermally affected soil region (m)
Specific internal energy (J)

Inner radius of the pipe (m)

Total heat flux vector (W/m?)

Thermal diffusivity of the soil (m?*/s)

Thermal diffusivity of the pipe material (m?*s)

Air density (kg/m?)

Material source or energy source

Specific heat capacity of air (J/(kg-°C))

Tube thermal conductivity (W/(m-°C))

Thermal conductivity of the pipe material (W/(m-°C))
Thermal conductivity of the soil (W/(m-°C))
Global mass transfer frequency (Hz)

Air humidity ratio (g/g)

Mixing ratio of air saturated at 7, (g/g)
Saturated air humidity ratio at 7, (7,¢) (g/g)
Mixing ratio of air saturated at 7, (g/g)

Mixing ratio of saturated airat T, , (g/g)
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Continued
h, Mass transfer coefficient (W/(m?2°C))
P Dry air density (kg/m?)
a Convection coefficient
Global transfer frequency coefficient
m Positive constant
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