innovation

applied system

Article

Investigating the Use of Large-Diameter Earth—Air Heat
Exchangers to Achieve Office Building Cooling Self-Sufficiency

Rogério Duarte *'©, Amandio Rebola

‘ '.) Check for updates

Academic Editor: Viorel Badescu

Received: 10 June 2026

Revised: 20 July 2026

Accepted: 24 July 2026

Published: 28 July 2026

Copyright: © 2026 by the authors.
Published by MDPI on behalf of the
International Institute of Knowledge
Innovation and Invention. Licensee
MDPI, Basel, Switzerland. This article
is an open access article distributed
under the terms and conditions of the
Creative Commons Attribution

(CCBY) license.

and Luis Coelho

MARE—Marine and Environmental Sciences Centre/ ARNET—Aquatic Research Network, Escola Superior de
Tecnologia de Settbal, Instituto Politécnico de Settibal, Campus do IPS, Estefanilha, 2910-761 Settibal, Portugal;
amandio.rebola@estsetubal.ips.pt (A.R.); luis.coelho@estsetubal.ips.pt (L.C.)

* Correspondence: rogerio.duarte@estsetubal.ips.pt

Abstract

Standalone use of EAHEs for room cooling is a passive and nature-based alternative to
air conditioning technology that can be used to mitigate the increase in electricity and
GWP-refrigerant consumption associated with cooling in buildings. EAHEs replacing
air conditioning is documented in the technical and research literature. However, for
office-room cooling, EAHEs are mostly employed as a support to air conditioning systems
for precooling outdoor air. The larger cooling loads and the stricter design conditions
commonly used in the sizing of office rooms prevent the most commonly investigated
EAHE typologies from operating effectively in standalone cooling mode. To assess the
feasibility of alternative typologies, such as large-diameter EAHES, tools that are capable of
modeling the complexity of the coupled heat and moisture transfer between air and soil
are particularly valuable. For detailed assessments, researchers typically turn to advanced
commercial tools; however, developments in free and open-source scientific programming
languages that combine symbolic computation packages with efficient numerical solvers of
partial differential equations allow analyses at reduced cost that are comparable to those
from commerecial tools. This paper shows how one such programming language can be
used to study the coupled heat and moisture transfer problem in EAHESs. Starting from the
symbolic form of the mathematical problem, the numerical implementation is described
and validated with monitoring data from an existing large-diameter EAHE. Using the
validated computational model, the paper proceeds to study the sensitivity of load removal
in EAHEs operating in standalone and precooling cooling modes, highlighting fundamental
differences between both operating modes, identifying the most relevant design parameters
and providing guidance on the conditions under which an EAHE enables self-sufficient
cooling of office buildings. The results show how, for a hot and dry climate, standalone
EAHEs with large diameters (~1 m), buried at depths larger than 3 m, allow the removal of
up to 20 kWh/m? of room sensible cooling loads, a level that is consistent with the cooling
demand of low-energy office buildings.

Keywords: earth—air heat exchanger; standalone cooling; office building; symbolic compu-
tation; sensitivity analysis; open-source software; SciML

1. Introduction

In 2022 the operation of buildings accounted for 30% of the global final energy con-
sumption and approximately one-third of the global energy- and process-related CO,
emissions [1]. With buildings’ floor area having increased by more than 60% in the past
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two decades and set to increase by another 20% over this decade [2], promoting energy
efficiency in the building sector is of primary importance. Given that the increase in floor
area will mostly happen in regions with hot climates [2], energy demand for cooling will
augment and, consequently, electricity consumption and GWP-refrigerant consumption
(for air conditioning) will increase. To mitigate this increase, the IEA [2] emphasizes the
need to prioritize passive and nature-based alternatives to conventional air conditioning
technologies and advocates for the development of more energy-efficient cooling systems.

Among the technologies that have attracted considerable research interest in improv-
ing energy efficiency and reducing reliance on conventional air conditioning systems are
geothermal systems. The scientific literature on these technologies, which exploit heat
exchange with the ground to provide space cooling (and heating), is extensive. Examples
include ground-coupled heat pump (GCHP) systems, in which the ground exchanges heat
with a secondary fluid serving a reversible heat pump [3-6]; thermally activated building
systems (TABS), where the fluid exchanging heat with the ground directly cools (or heats)
the building envelope (walls, floors, and ceilings) [7,8]; and systems in which the ground
exchanges heat directly with the ventilation air supplied to occupied spaces [9-13], such as
earth—air heat exchangers (EAHEs). This latter technology is the focus of the present study.

At present, EAHEs are primarily employed for precooling, in which the outdoor air
is first cooled by the EAHE and subsequently supplied to a conventional air conditioning
system before being delivered to the cooled spaces [9,10]. Indeed, the reviewed literature
indicates that research has largely focused on this mode of operation. Of the 21 research
papers identified that specifically investigate the use of EAHEs for cooling (excluding re-
view articles and studies not directly concerned with cooling applications), only six [14-19]
consider EAHE operation in standalone mode without the support of conventional air
conditioning systems. The remaining studies assume, from the outset, the use of EAHEs as
a precooling stage integrated with mechanical air conditioning. Nevertheless, for centuries,
Mediterranean climates and other hot climates characterized by large temperature varia-
tions and ground temperatures below summer thermal comfort levels have been regarded
as well suited to the use of EAHESs for standalone cooling [16,19-22]. It is therefore pertinent
to ask why designers and researchers have moved away from this more “nature-based”
and traditional cooling strategy.

One possible reason why the standalone cooling operation of EAHEs remains un-
derexplored is that these systems are often assessed within the conventional mechanical
cooling paradigm. In this framework, the cooling system is expected to maintain nearly
constant indoor thermal conditions regardless of outdoor weather, leading to design crite-
ria that are overly restrictive for standalone EAHEs. Unlike conventional HVAC systems,
standalone EAHEs are inherently coupled to the outdoor environment, with their perfor-
mance depending directly on outdoor air temperature and humidity. Consequently, their
design and performance assessment are arguably better aligned with the paradigm tradi-
tionally adopted for naturally ventilated buildings, where indoor conditions are allowed
to follow outdoor climatic variations within the limits established by adaptive thermal
comfort models. Given that naturally ventilated office buildings are recognized as a viable
design solution [23-27], it follows that the assessment of standalone EAHEs should adopt
analogous design principles and comfort criteria.

This design philosophy, recognized in early EAHE studies [28-31], has been largely
overlooked in more recent research, where EAHEs are frequently analyzed as isolated
HVAC components. Consequently, the emphasis is often placed on maximizing the heat
extraction capacity of the EAHE without considering the holistic approach required in the
design of low-energy office buildings relying on passive cooling strategies and adaptive
thermal comfort principles.
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Restricting the discussion to this more specific design framework, accepting that
EAHESs can successfully operate in standalone cooling mode, a shift in the conventional
paradigm used to assess EAHE performance becomes necessary. In particular, the indoor
temperature setpoint should be recognized as the upper limit for the outlet air temperature
supplied by the EAHE, making it a key design parameter. Consequently, the design
objective shifts from maximizing sensible heat removal—which is typically associated with
high airflow velocities—to ensuring the required reduction in EAHE exit air temperature.

A review of the literature further reveals that most studies focus on EAHEs with pipe
diameters up to 0.30 m [9,32,33], which are typically associated with airflow velocities
exceeding 5 m/s [14,15,34-36]. However, as consistently reported in previous studies,
larger reductions in air temperature are achieved at lower airflow velocities owing to the
increased residence time of the air within the buried pipe [35,37-39]. For given values
of design airflow rate and pipe length, lower airflow velocities are achieved with larger
pipe diameters, i.e., large-diameter EAHEs with diameters exceeding 0.30 m. Although
these systems are less frequently investigated because their larger diameters lead to lower
convective heat transfer coefficients [21,34], they are suited to standalone cooling. More-
over, they offer additional practical advantages, including substantially lower pressure
losses—and hence lower fan energy consumption [12]—together with easier inspection
and maintenance [19,30]. The latter is often overlooked despite being particularly relevant
for systems whose service life may reach 50 years.

The presented considerations on EAHE design highlight a research gap that the
present study seeks to address. Accordingly, the objective of this paper is to investigate
the performance of large-diameter EAHEs operating in standalone cooling mode under a
holistic building design approach, assuming reduced cooling loads and indoor temperature
setpoints that are consistent with adaptive thermal comfort. A sensitivity analysis is con-
ducted to identify the most influential design parameters governing cooling performance
and to provide guidance on the conditions under which EAHESs can enable self-sufficient
cooling of office buildings. To achieve this objective, it is necessary to employ tools that
are capable of modeling the thermo-hygrometric phenomena occurring within the EAHE,
which depend on complex interactions between the outdoor environment, the conditions
inside the EAHE, and the soil.

To address the complexity of EAHE modeling, researchers rely on commercial numeri-
cal tools such as Fluent [11,22,37,40-43] or TrnSys [15,44] or implement their own numerical
models adapted to the specific cases under study using (commercial) programming lan-
guages, such as Matlab [35,45-49]. More recently, there has been growing development
of free and open-source scientific programming languages that enable symbolic compu-
tation [50] and for which efficient ready-to-use numerical solvers for partial differential
equations are available [51-53]. Examples include open-source software packages devel-
oped by SciML [54], an organization dedicated to the development of numerical simulation
methods. Through the combined use of packages developed within the framework of
SciML and robust packages for optimization, result visualization, and interfacing with
other modeling tools, computational models can be developed much faster and at a lower
cost while achieving results that are comparable to those of commercial tools.

To our knowledge, the use of such programming languages implemented from the
symbolic form of the mathematical problem and addressing the coupled heat and moisture
transfer in EAHEs has not been reported in the scientific literature. Considering the
potential of these free and open-source programming languages in helping designers and
researchers to develop EAHEs operating in standalone cooling mode, another objective of
this paper is to show how one such language can be used to model EAHEs.

https://doi.org/10.3390/asi9080160



Appl. Syst. Innov. 2026, 9, 160

40f29

Considering the specified objectives, the paper is organized as follows. First, a compu-
tational model is developed using the Julia scientific programming language and the SciML
methodology to evaluate the transient performance of EAHEs under daily and seasonal
variations in outdoor air temperature and humidity. To this end, Section 2 presents the
mathematical formulation of the problem and describes its numerical implementation. A
grid-independence analysis is then performed, followed by the validation of the computa-
tional model against monitoring data obtained from an existing large-diameter EAHE.

Having validated the numerical model, the discussion turns to the implications of
adopting adaptive thermal comfort criteria in the assessment of standalone cooling and to
a sensitivity analysis of the influence of geometric, installation and operational parameters
on EAHE cooling performance. To the best of our knowledge, this is the first study to
systematically investigate the sensitivity of large-diameter EAHESs operating in standalone
cooling mode. The results of this study are presented and discussed in Section 3, providing
design guidance for standalone EAHEs and identifying the conditions under which they
can achieve self-sufficient cooling of office buildings.

Finally, the conclusions of the study, the main limitations, and recommendations for
future research are presented in Section 4.

2. The Coupled Heat and Moisture Transfer Problem: Mathematical
Formulation, Numerical Implementation, and Validation

2.1. Physical Domain
Figure 1 depicts the longitudinal section and cross-section of a cylindrical single-pipe
large-diameter EAHE with radius rg and length L buried at depth Z,.

Soil surface (z=0)

Soil layer disturbed
by outdoor weather

(a) Longitudinal section (b) Cross-section

Figure 1. Geometry of the EAHE and depiction of transient heat and moisture transfer processes
(summer conditions). (a) Longitudinal section; (b) cross-section.

As the mass flow rate i1, of outdoor air flows inside the EAHE, heat and moisture
transfer processes take place between air and soil. Since the outdoor air temperature (T;0)
and moisture content (wg) oscillate over the course of the day (and also throughout the
year), the disturbance introduced by the EAHE is limited to a cylindrical soil layer of length
v surrounding the EAHE [55,56]. Because the surface of the soil is exposed to the outdoors,
the soil temperature T;, above the EAHE is also a function of dynamic weather conditions.

To highlight the numerous transient factors influencing heat and mass transfer in the
EAHE, Figure 1a includes sketches depicting the oscillatory nature of air temperature and
moisture content (expressed as humidity ratio, w) when air enters and exits the EAHE.
Subscripts a0 and aL are used to distinguish both cases. Moreover, Figure 1b sketches
the “thermal waves” and temperature amplitudes in the cylindrical layer rgp < r < R—
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disturbed mainly by the presence of the EAHE—and in the soil layer 0 < z < Z—disturbed
mainly by outdoor weather.

Regarding these “thermal waves”, and according to [56], for ground depths of ap-
proximately 0.3 m, the effect on T, of daily variations in weather conditions becomes
negligible; for larger depths, the effect of seasonal weather variations is significantly damp-
ened. Indeed, for a distance to the soil surface larger than 3 m, the soil temperature
amplitude becomes small [20,33,57], and, when studying EAHEs, for these depths, the
soil temperature can be approximated by the annual average of outdoor air temperatures;
ie., Tz ~ Taifz > Z, with Z defining the soil depth for which the seasonal changes in
outdoor conditions are significantly dampened [55].

In this paper it is assumed that the soil’s temperature along the surface of the cylinder
of radius R(= rp + ) surrounding the EAHE remains approximately constant in time (f)
and equal to the average annual temperature T,g. The cylindrical soil layer limited between
radii rg and R surrounding the EAHE is, therefore, disturbed chiefly by the heat and mass
transfer processes occurring in the EAHE. The soil temperature in this layer is identified
as Ts.

Anticipating the mathematical formulation presented in the next subsections, domains
of air with radius rg and infinitesimal length dx, of soil with infinitesimal radii dr, as well as
the change in a property of air (specific enthalpy, /) along dx are also depicted in Figure 1.

2.2. Air Moisture Mass Conservation Equation

As outdoor air flows inside the EAHE its moisture content can condense on the pipe
surface, or water can evaporate from this surface, changing the moisture content of the
airflow. The conservation of moisture in an infinitesimal cylinder of air, such as the one in
Figure 1a, can be expressed as

M 0w . dw

— —— +1ita=— +27rgSw =0, 1

v, Ot 4 9x 02w M
where w is the humidity ratio, v, is the airflow velocity, and the source term S, accounts
for moisture condensation on/water evaporation from the inner EAHE surface (of radius
7). This source term is defined as

So =Thy, (w — Wsat

Tyo ) @)

to express the humidity ratio of saturated moist air at the inner EAHE

using wsat Tiro

wall temperature, T

r0- Hence, condensation/evaporation of moisture is related to the

“degree of saturation” (to the ratio w/wsat ) being larger/smaller than one. Additional

Ts\rO
parameters in Equation (2) are /,,,, a mass transfer coefficient at the EAHE inner surface,

and I', an effective area coefficient of mass transfer (which is assumed constant and equal
to 1).
To determine the mass transfer coefficient, the Lewis formula is used,
ha
hm = —F(Le), 3)

Cp,a
with F(Le) the Lewis function (also taken as constant and equal to 1), cp 4 the specific heat
capacity of air, and &, the heat transfer coefficient at the EAHE inner surface; in this paper,
determined from [55],
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hy = — 4
a 270 Nu (4a)
with A, the thermal conductivity of air,
Nu = 4.36, for laminar flow (Re < 2300), (4b)
Nu = 0.023Re*®Pr%33 for turbulent flow (Re > 10,000), (4¢)

and using values of Nu interpolated from the expressions above when
2300 < Re < 10, 000.
To determine the mass of moisture that condenses/is added to the air flowing in the

EAHE, Equation (1) requires integration along time f and along the longitudinal x direction
of the EAHE. The boundary and initial conditions considered are

w(o' t) = wa0<t) ’ 5)

and

w(x,0) = wap(0) - (6)

Still, to solve Equation (1), time and longitudinal distributions for the EAHE inner
surface temperature Ts|,, are required, and this calls for energy conservation equations.

2.3. Energy Conservation Equations

The first energy conservation equation to consider is that of heat diffusion in the soil
applied to the infinitesimal radial domain depicted in Figure 1b.

oT, 0’T, 19T,
S a2 25 ) =0, 7
ot “S(arZ T 0 @
This equation provides the temperature Ts|;, required to solve the mass balance
introduced in the previous section, with a; representing the soil thermal diffusivity.
To find a solution to Equation (7) the following boundary and initial conditions apply.

*  Boundary condition at r = R:

Tslr = Tsz, 8)

assuming the soil temperature at the most distant radius » = R is equal to the undis-
turbed soil temperature at depth Z.
*  Boundary condition at r = rq:
a7

_)\sﬁhg :hﬂ(Tﬂ_TS‘Fo)_'_LVS(U/ (9)

with A the soil thermal conductivity and Ly the latent heat of vaporization of water.
Given that this boundary condition requires a link between the density of heat con-
ducted to/from the soil and the density of sensible and latent heat transferred from/to
the flow of moist air, an additional conservation equation is required to determine air
temperatures.

e  Initial condition at t = O:

TS (r/ xl O) = TS,Z 7 (10)

assuming, for t = 0, a homogeneous soil temperature around the EAHE pipe equal to
the temperature of the undisturbed soil at depth Z.
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The second energy conservation equation relates air temperature advection with air—
soil heat transfer in the infinitesimal cylindrical domain of air depicted in Figure 1a. This
equation is expressed as

Wi Oh . Oh
Z)_:‘ngmaa+27rr0[ha(:ra—TS|,0)+LVSM} =0, (11)

with h the specific enthalpy of moist air.
Equation (11) is simplified, expressing the specific enthalpy of moist air as

h=cpaTa+ (cpoTa+ Lv)w, (12)

a function of air temperature and air humidity ratio (cpv being the specific heat capacity of
water vapor).
Replacing Equation (12) in (11) and rearranging the following expression, we obtain

tity 9T, . dT,
(Cp,a + Cp,vw) z;_: ata + (Cp,a + Cprvw)ma_axa + 27-”,0ha(Ta _ Ts‘ro ) =
11y dw ow
- (Cp,vTa + Lv) —— + (Cp,vTa + Lv)ma_ +27roLySw | - (13)
v, Ot dx

Because, for typical EAHE applications, the latent heat of vaporization L, exceeds
cp,vTa by two orders of magnitude, the approximation (cp,vTu + Lv) ~ L, applies, and,
after factoring out Ly on the right member and using the moisture mass balance equation
(Equation (1)), the right member of Equation (13) becomes zero.

Moreover, because, for typical EAHE applications, cp 4 is also two orders of magnitude
larger than cpyw, the approximation (cpa + cpyw) = Cpa applies, and the following
simplified expression relating air temperature advection inside the EAHE to air—soil heat
transfer is obtained,

. 10T, T,
: Pa(aa—f +a—x”) 270l (Ta — Tifsy) = 0. (14)

Boundary and initial conditions for Equation (14) are:

e  Boundary condition at x = 0:

T, (0' t) = Ta0<t) ’ (15)

because outdoor air enters the EAHE.

e  Initial condition at t = 0:

Ta(x/ 0) = TS,Z ’ (16)

assuming, for t = 0, uniform air temperature inside the EAHE equal to the temperature
of the undisturbed soil.

The set of Equations (1), (7) and (14) together with boundary and initial conditions
(5), (6), (8), (9), (10), (15) and (16) specify the complete coupled heat and moisture transfer
process in an EAHE.

2.4. Numerical Implementation

The set of partial differential equations (PDEs) subject to the boundary and initial
conditions introduced in the previous section were solved numerically using the method
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of lines (MOL). This method transforms the PDE problem into an ordinary differential
equation (ODE) problem discretizing the space variables x and r.

The finite difference method was applied, and Figure 2 presents a sketch of a mesh
discretizing the soil in the radial r direction around an EAHE and also representing positions
along the x direction to discretize the path along which moist air (assumed well mixed)
flows inside the EAHE from the inlet to the outlet. The number of points in the soil and
along the EAHE longitudinal direction is defined by N, and Ny, respectively, with Ar and
Ax representing the distance between two consecutive points in the radial and longitudinal
directions, respectively.

Using the nomenclature presented in Figure 2, discretized versions of Equations (1),
(7) and (14) are

1 Jdw; LW — wi_
ma’(]_aa_tl = —maZA—xll — 27'[1’05“;/1' P (17)
Tsij . Ts,ijjr1 — 2Tsij + Tsij—1 N 1 Tijr1 — Tl (18)
ot ° (Ar)? i Ar ’
19Ty, T, =T,
taCpa - a:'l = —macp,aa'lA—xa”1 — 27troha(Ta; — Tsin) - (19)

Figure 2. Points in the soil (orange) and along the EAHE longitudinal direction (gray) allowing the
discretization of the spatial variables r and x and the implementation of the method of lines.

The applicable boundary and initial conditions become

Tsio(t) — Tsiq(t)

_/\s Ar = ha(Ta,i(t) - Ts,i,l(t)) + Lvsw,i<t) . (20)
Tin (t) = Tsz, (21)
To1(t) = Tao(t), (22)
w1 (t) = wao(t) - (23)
and
Tij(t=0) =Tsz, (24)
T,i(t=0)=Tsz, (25)

https:/ /doi.org/10.3390/asi9080160



Appl. Syst. Innov. 2026, 9, 160

9 of 29

wi(t = O) = waO(O) ’ (26)

withi=1,2,...,Nyandj=1,2,...,N,.

This set of ordinary differential equations together with the boundary conditions form
a system of differential-algebraic equations that, once integrated with the initial conditions,
produce the numerical solution to the coupled heat and moisture mass transfer problem in
an EAHE.

This system of equations was solved using the linearly implicit Rosenbrock 2(3)
method, originally introduced by Rosenbrock [58] and later formalized within the Rosen-
brock Wanner class of solvers [59]. Convergence tolerances were set to 1073 for the relative
error and 10~ for the absolute error. The embedded third-order estimator [60] provides
robust adaptive time step control, enabling the solver to automatically adjust the time
step based on the estimated local truncation error at each iteration. This approach has
been shown to be efficient and reliable for stiff systems arising from the method of lines
discretization of PDEs [61].

To study the grid independence of the numerical results, analytical solutions available
in the literature were used. The analytical result provided by Hollmuller [55] was one of the
selected solutions as it enables the assessment of sensible heat transfer due to convection
between the air and the inner surface of the EAHE, as well as heat transfer by conduction
from this surface into the surrounding soil. The analytical solution expressing the adiabatic
cooling of the air flowing through the EAHE was also considered, thereby allowing the
evaluation of latent heat transfer associated with the moisture phase-change process.

To assess the numerical errors, the root-mean-square of relative error (RMSRE, ex-
pressed as a percentage) was used,

1 & yaum. (k) _ yanalyt or monit ( k) 2
RMSRE<y) - ; ];1 < yanalyt or monit(k) / (27)

where the superscripts “num” and “analyt” refer to the numerical results and analytical
solution, respectively, for the property y under comparison, and n denotes the number of
discretized points (RMSRE will also be used to compare numerical results with monitoring
data, hence the inclusion of the superscript “monit”).

For the validation of the computational model, the design and operating parameters
of a large-diameter EAHE currently in use were adopted as the reference case. Table 1
presents these reference values. Section 2.6 (and Ref. [19]) provide more details about the
studied EAHE.

Table 1. Reference values of geometric, installation (depth), operational and thermophysical parame-
ters used to assess the convergence and validate the use of the computational model.

Parameter Type Reference (or Nominal) Value
L=70m
Geometry/Installation (depth) ro =0.5m
ZO =55m
V =4000m3/h=1.(1)m3/s
Operational va = 1.415m/s (from V and rq)

Tao = Tz = 20°C

cpa = 1005 ]/ (kg K)

cpv = 18607/ (kg K)

Thermophysical Ly = 2501 x 103 J/kg
pa =12kg/ m3

s =1%x10"°m?/s

https://doi.org/10.3390/asi9080160
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Temperature [°C]
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30
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20

15

2.5. Validation of the Numerical Model Using Analytical Solutions
2.5.1. Case 1: Comparison with the Analytical Solution for the EAHE Exit Air Temperature

Hollmuller’s analytic solution [55] was used to test the grid independence of the nu-
merical results considering sensible heat transfer in the EAHE and outdoor air temperature
oscillating with known amplitude and frequency.

The EAHE parameters specified in Table 1 were used to develop the computational
model, and it was assumed that the outdoor air temperature varied throughout the day
according to the expression Ty(t) = Tag + 040 cos|ZE(t — 17) + @], with T, = 25 °C,
0,0 =10°C, T =24h and ¢ = O rad.

For the 24 h period of oscillation, Figure 3a presents the sinusoid describing the outdoor
air temperature, as well as the sinusoids for the analytical solution and numerical results
for (i) air temperature exiting the EAHE, T, y_, and (ii) EAHE inner surface temperature
when x = L =70 m; i.e., at the EAHE exit, Ty 1.

A good agreement between the numerical results (black dots) and the analytical
solutions (solid lines) is visible in Figure 3a. The results highlight the 2.5 °C reduction in
the mean air temperature between EAHE inlet, with Ta0 = 25 °C, and EAHE outlet, with
T, = 22.5 °C (from Table 1, the reference undisturbed soil temperature is Ty 7 = 20 °C).
Moreover, between EAHE inlet and outlet, air temperature amplitude is dampened by half,
from 10 °C to 5 °C, and a phase shift ¢ of approximately 1 h is noticeable. Larger reductions
in temperature mean, amplitude dampening and phase shift are obtained for the EAHE
inner surface temperature results, Ts n, 1.

=== 20
) g . \/—'Tln
: 1\;111;\1\*. c
I_ L T 15
E e, Nz
~g \ —
/JVVA ’\1\3‘ rpfnalyt g
-\'\ “qro / o 10
< P,AP"’”——'_ - :‘\H -CK-‘AJ_:" , | ©
—o" \ P~y ! .jﬁ: >
: T 51 -
’ 0.15%
N S RMSRE(T;y")
| 1 = O ] 1 | | [
11 13 15 17 19 21 23 1 3 5 7 9 11 25 50 75 100 125 150 175
Hour of day [h] L[m]
(a) (b)

Figure 3. (a) Outdoor air temperature, EAHE exit air temperature and EAHE inner surface tempera-
ture during a 24 h period. (b) Contour lines of RMSRE values for EAHE exit temperature (expressed
in percentage) considering different EAHE lengths L and different outdoor temperature amplitudes
0a0- Numerical results obtained with N, = 21 and N, = 33.

Since the mean temperature reduction, amplitude dampening and the phase shift
vary with outdoor air conditions and with the geometry of the EAHE using the
Ny = 21 and N, = 33 mesh but considering different EAHE lengths L and outdoor temper-
ature amplitudes 6,9, Figure 3b presents RMSRE contour lines for EAHE exit air tempera-
tures. These contour lines were obtained using Equation (27) with y™™ (k) = T™™ (k),

a,i=Ny
yanalyt (k) = Tgfx‘il{t' (k),and k = 1,2,...,24 the hour of day (n = 24).

Figure 3b shows that the relative errors in the numerical results increase for larger
EAHE lengths and for larger outdoor air temperature amplitudes. However, when the
EAHE length exceeds approximately 125 m, the relative errors become independent of

the EAHE length and depend solely on the thermal amplitude of the outdoor air. From
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a quantitative standpoint, Figure 3b shows that, for the conditions studied, the RMSRE
values of the numerical results are consistently below 1%.

To assess how numerical errors vary with grid discretization, Figure 4 depicts, for the
reference EAHE and different values of Ny and N;, contour lines of RMSRE (percentages;
again withk =1,2,...,n and n = 24) for the EAHE exit air temperature, T, _, and inner
surface temperature at the end of the EAHE, T y, 1.

32 I I I ) 1 32 I i I 1 1
RMSRE(Z1") RMSRE(T}")
28 | R 28 |- .
0.2%)
24 1 24} |
2 20F o =200 |
16 - 0.4%
0.6% 06%
08% 08%
12 F ol 12F
1.0% . 1.0%,
e 12% I L 1 8 e _1'2%- - e - L L
20 25 30 35 40 10 15 20 25 30 35 40
Ny Nx
(@) (b)

Figure 4. RMSRE contour lines (in percentage) considering different values of N, and N;.
(a) Numerical results of EAHE exit air temperature; (b) numerical results of EAHE inner surface
temperature at the end of the EAHE.

Figure 4 shows that, for finer meshes with larger Ny and N; (lower Ax and Ar, respec-
tively), the numerical results approach the analytical solution. Indeed, for Ny = 21 and
N; > 21, the RMSRE values are always below 0.5%. Figure 4 also shows that increased
numerical precision requires larger discretization along the radial direction r but is rather
insensitive to the discretization along the longitudinal x direction.

The results from Figures 3 and 4 confirm the ability the computational model has
to correctly determine the sensible/convective heat transfer from air to the EAHE inner
surface and from there to the soil even if relatively coarse meshes are used.

2.5.2. Case 2: Comparison with the Analytic Solution for the Adiabatic Cooling of Air
Flowing in the EAHE

To confirm the ability the computational model has to correctly determine latent
heat transfer, numerical results were compared with the analytical solution for the case of
adiabatic cooling of air flowing in the EAHE.

To model adiabatic cooling of air, the inner surface of the EAHE is assumed adi-
abatic and wet with a known constant saturated humidity ratio, wsat’Ts\rO , and the hu-
midity ratio of air entering the EAHE, w,, is also assumed constant. In this case, the
increase/decrease in moisture along the longitudinal direction of the EAHE is accompanied
by the decrease/increase in air temperature, and the analytical solution for the humidity
ratio distribution along the EAHE is given by

w(x) = Wsat g0 + (wao — Wsat | Ty, )e—Kx , (28)
with "
2
K= 00 29)
liaCp,a

Considering the reference EAHE, with wsat Ty = wSaf’Ts\z and w,y = 0.60 (wsat Turo ),

a summer design condition, Table 2 presents RMSRE values (in percentage) considering
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different discretizations along the longitudinal x direction. RMSRE values are determined
from Equation (27) with y™™ (k) = wj-y, ya“alyt' =wy, and k=1,2,..., Ny (n = Ny).

Table 2. RMSRE results for w; withi = 1,2,. .., Ny considering adiabatic cooling of air in the reference
EAHE.
N, 11 21 41
RMSRE(w;) [%] 2x1077 4x107° 9x 10~ 1

Table 2 highlights the agreement between the numeric results and the analytic solution,
even when a relatively coarse mesh is used.

For the analytic solutions described in Case 2 and Case 1, the RMSRE results presented
in this section confirm the ability the numerical model has to correctly determine the latent
and sensible heat transfer processes occurring in an EAHE. The numerical results presented
in the following sections are obtained using the spatial discretization with N, = 33 and
Ny = 21, which was found to be sufficiently accurate.

2.6. Validation of the Numerical Model Using Monitoring Data

For the validation of the numerical model, monitoring data were used from an EAHE
currently in operation serving a small office building with a total floor area of 750 m? (60%
of which is cooled), located near Beja, in the Alentejo region of Portugal. The EAHE consists
of two 70-meter-long concrete pipes with a diameter of 1 m, placed 4 m apart (distance
between axes) and buried 5.5 m deep (average depth since the pipes are sloped towards
the air intake for water drainage). The nominal airflow rate is 4000 m3/h per pipe, or
8000 m3/h in total for both pipes, which can increase up to a maximum total airflow rate of
16,000 m3 /h.

Figure 5 presents photographs of the EAHE at different construction stages: (from left
to right) an initial stage with the trench for the pipes already opened and the air intake
and initial sections of the pipes in place; an intermediate stage with the 70-meter-long
pipes already in place and the trench filled with soil (only the two pipes’ exit sections are
visible), and a subsequent stage with a technical space (downwind of the pipes) being built
that is used to hold an AHU, an outdoor bypass section (not visible) and all the necessary
equipment to control the operation of the EAHE. This last photograph also shows the
corrugated pipes delivering the air to the office rooms. The paper by Duarte et al. [19]
provides a schematic diagram detailing the components and mode of operation of the
monitored EAHE as well as details on the office building being cooled.

To gather the monitoring data, a weather station [62] placed outdoors and temperature
and relative humidity sensors installed at the end of the buried pipes [63] measured
timeseries of outdoor air (i.e., EAHE inlet air) and EAHE exit air temperature and relative
humidity. Further details concerning the monitoring process and sensor specifications are
also provided in [19].

Since the EAHE pipes are impervious to water, moisture transfer between the soil
and the air flowing inside the EAHE is neglected. Moreover, since moisture condensation
occurring on the EAHE inner surface is presumed collected at the pipe bottom and drained
out of the EAHE without evaporating, the source term S, becomes

0 W < Wsat| Ty

Sw ==
Ts\rO ) w Z ‘Usat Ts\rO (30)

Thy, (w — Wsat

Equation (30) implies that moisture evaporation is negligible compared to moist
condensation, an assumption deemed reasonable.
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Using Equation (30) to replace Equation (2) and introducing this change in the numeri-
cal implementation described in Section 2.4, a computational model capable of describing
the behavior of the monitored EAHE was obtained. Since the geometry, nominal operat-
ing conditions and thermophysical parameters that apply to the monitored EAHEs are
the reference conditions already used in Section 2.5, Table 1, the numerical discretization
method and ODE problem solution method used in the previous section were also applied
in this section. The main difference lies, therefore, in the use of the outdoor air monitoring

(timeseries) data.

Figure 5. Photographs depicting different stages of the construction of the EAHE that provided the
monitoring data used to validate the numerical model.

The center graph in Figure 6 presents monitored timeseries for EAHE exit air tempera-
ture and humidity ratio, Tfﬁonit and w’arionit. To characterize the meteorological conditions
where the EAHE is located and to allow the discussion of the EAHE cooling performance,
monitored timeseries of outdoor air temperature and humidity ratio (entering the EAHE)
are also presented, T;gonit and w’a%onit.

The monitored EAHE was used for office cooling, so timeseries in Figure 6 describe
the operation of the EAHE between July and September. During these summer months
there were periods when cooling was not needed and the EAHE was turned off. For these
periods (noticeable in September when outdoor temperature minima falls below 15 °C),
timeseries of EAHE exit air temperature and humidity ratio are interrupted. With the
specific objective of studying the occurrence of condensation in the EAHE, data for the
month of December is also included in Figure 6.

The analysis of monitored data shows that, during the summer months, the EAHE
significantly reduces the daily outdoor temperature amplitude. During the hottest hours of
the day the EAHE decreased outdoor temperature maxima by up to approximately 9 °C,
from ~40 to ~30 °C. In December, the decrease in daily outdoor temperature amplitude is
smaller; still, for the coldest hours of the day, the EAHE increases the outdoor temperature
minima by up to approximately 4 °C.

The inset above the main chart in Figure 6 provides a detail comparing monitored
data with numerical results for a week in September. This detail confirms the agreement
between the numerical results and the monitored data for the air temperature at the EAHE
exit. The agreement is highlighted by the temperature error line, E = THU™ — TNt whose
scale is presented on the right vertical axis and whose magnitude never exceeds 1 °C.
Table 3 presents statistics of this error, including the RMSRE of the numerical results for
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the period between 9 and 15 September. The table also includes the results for the entire
summer period, from July to September.
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Figure 6. Timeseries of monitoring data. Complete dataset overview (air temperature and humidity
ratio) and two insets detailing the results obtained with the numerical model during a week in

September and two days in December.

Table 3. Error mean, standard deviation, minimum, maximum and RMSRE values for the air
temperature numerical results presented in the top inset of Figure 6, between 9 September and
15 September, and for the whole summer, between July and September.

Temp. Error, E Mean [°C] Std [°C] Min [°C] Max [°C] RMSRE [%]
9-15 September —0.11 0.28 —0.90 0.59 1.45
July—September —-0.32 0.59 —2.89 244 2.90

The values presented in Table 3 demonstrate the agreement between the numerical
results and the monitoring data for the air temperature at the EAHE exit, with the mag-
nitudes of the mean and extreme values of the error E being lower than 0.5 °C and 3 °C,
respectively, and with RMSRE values below 3%.

Regarding the timeseries of air humidity ratio, the center graph in Figure 6 shows no
noticeable differences between monitored values for the outdoors (entering the EAHE) and
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monitored values at the EAHE exit. In other words, either no condensation occurs or, if
it does, the associated reduction in humidity ratio is too small to be detected within the
uncertainty of the measurements. Given the sensor accuracies (+0.35 °C for temperature
and £5% for relative humidity), the relative uncertainty in the calculated humidity ratio
may reach approximately +10% under hot-weather conditions.

For the summer months, this absence of condensation is attributed to the characteristic
hot and dry weather conditions where the EAHE is located. During the winter, the small
difference between humidity ratio entering and exiting the EAHE is attributed to the large
burial depth of the EAHE (5.5 m), and Beja’s relatively large undisturbed soil temperature
at that depth (17 ~ 18.5 °C).

The inset below the main chart in Figure 6 provides a detailed comparison of moni-
tored data with numerical results for two days in December. In the region shaded in gray,
the outdoor air temperatures are higher than 15 °C and also higher than the air outlet
temperatures of the EAHE. Since the outdoor air enters the EAHE in a saturated state (as
indicated by the values of the pair TN, wmMenit) it can be concluded that condensation
occurs within the shaded region. As mentioned above, the limited variation in the mon-
itored humidity ratio data at the inlet and outlet of the EAHE does not allow the mass
of condensed vapor to be quantified. Nevertheless, the detailed view includes values of
the saturation humidity ratio corresponding to the EAHE surface temperature, obtained
using the numerical model. As can be observed, these values are lower than those of
the humidity ratio at the EAHE inlet, thereby confirming the numerical model’s ability

to identify condensation. Since the difference oMt — w;‘;ﬁ is small, the mass of
s,Ny,1

condensates determined numerically is also small.

2.7. Discussion of the Numerical Model Implementation and Validation

The comparison between the model results and monitoring data obtained from an
EAHE in operation demonstrated the good agreement of the numerical results. Specifically:

¢  For a one-week period in September analyzed in detail in Figure 6, the root-mean-
square relative error (RMSRE) of the numerical results for the air temperature at the
outlet of the EAHE did not exceed 1.5%.

¢ Throughout the entire period analyzed in Figure 6, from July to September, the RMSRE
of the numerical results for the air temperature at the EAHE outlet was 2.90%, with the
mean and maximum absolute error values equal to 0.32 °C and 2.9 °C, respectively.

*  With regard to the occurrence of condensation, it was shown that the numerical
model correctly predicts its occurrence. However, given the dry summer climate
and the operating conditions of the monitored EAHE, it was not possible to perform
a quantitative comparison between the numerical results and monitoring records of
the vapor mass that condenses inside the EAHE. Previous studies investigating the
performance of EAHESs in hot and dry climates have also concluded that the occurrence
of condensation is unlikely [18,38].

The good fit of the numerical results did not require highly refined meshes; indeed, in
the grid-independence test of the numerical model, it was concluded, by comparison with
analytical solutions, that

e Discretizations of 21 by 21 elements along the longitudinal and radial directions
are sufficient to obtain RMSRE values below 0.5% when studying the sensible heat
exchanges occurring in the EAHE;

e When studying adiabatic cooling in the EAHE by modeling latent heat exchanges
with the discretization mentioned in the previous item, the numerical error be-
comes negligible.
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In other words, despite the complexity of modeling the thermo-hygrometric phe-
nomena occurring inside an EAHE, the mathematical formulation introduced in Section 2
and the SciML-based numerical implementation used in this article were successful, both
in modeling the physical processes (convection, diffusion, and condensation) and in the
selection of the geometric parameters and thermophysical properties (i.e., of the soil and
air) that govern the coupled heat and mass transfer process in an EAHE.

The favorable validation results provide some assurance that the model can be used
to evaluate the performance of EAHEs considering geometries and operating conditions
different from those observed in the monitored EAHE. They thus enable a detailed analysis
of EAHE operation in standalone cooling mode and a comparison of this mode with the
more common precooling mode.

With the objective of assessing design solutions, climatic conditions, and soil charac-
teristics best suited for EAHEs operating in standalone cooling mode, the following section
employs the numerical model to perform a sensitivity analysis of cooling thermal loads
with respect to different parameters affecting EAHE performance.

3. Investigating EAHE Use for Standalone Building Cooling

To investigate the use of EAHESs operating in standalone cooling mode, a metric must
first be defined to evaluate the EAHE’s performance. The natural metric is the cooling
capacity of the EAHE or, in other words, the capacity to remove thermal load from the air
flowing through the EAHE. However, the accounting of the removed thermal load differs
depending on whether the EAHE operates in standalone cooling mode or in precooling
mode. The next section therefore begins by clarifying this difference.

3.1. Distinguishing Load Removal in Standalone Cooling and Precooling Modes of
EAHE Operation

To highlight the differences between operating an EAHE for air precooling (used in
a mechanical refrigerating system) and operating an EAHE used for standalone cooling,
Figure 7 presents the 24 h evolution of air temperatures at the inlet and outlet of an EAHE
(the effect of latent heat removal associated with condensation on the inner surface of the
EAHE is neglected).

ITT

G N
YT | |

0 2 4 6 8 10 12 14 16 18 20 22 24
Hour

Temperature [QC]

Figure 7. Daily amplitude reduction and phase shift of air temperature leaving the EAHE, T,
(summer conditions and absence of condensation are assumed). Areas I to IV distinguish between
precooling and standalone cooling modes of operation.
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Figure 7 shows that the EAHE cools outdoor air between approximately 8:00 and
21:00, a period during which the air temperature at the EAHE exit is lower than the outdoor
air temperature.

The (sensible) energy saved by the EAHE will be proportional to the areas represented
in Figure 7 by I, Il and III. Assuming the upper setpoint temperature in a room, TY, in order
to cool the room, the supply air temperature must be lower than this value; consequently,
for an EAHE system operating in precooling mode fitted with mechanical refrigeration,
the refrigeration machine will need to remove the quantity of heat proportional to area IV
(a minimum value); had there been no precooling in the EAHE, the refrigeration machine
would have had to remove the much larger quantity of energy proportional to the sum of
areas I, ITIT and IV.

When the EAHE operates in standalone cooling mode, since no mechanical cooling is
present, the cooling capacity ceases between 15:00 and 21:00 (when T,; > TY). The cooling
potential of the EAHE in standalone cooling mode is, therefore, proportional to areas I and
II in Figure 7.

Taking the above into account, in order to assess the energy saving potential of
an EAHE operating in precooling mode and standalone cooling mode, the following
distinction regarding sensible cooling load removal must be considered:

EAHE in precooling mode,
tn
Q%’igiool. = f macp,a<TaL - TaO)dtL ’ TaL < Ta()/' (31)
s

EAHE in standalone cooling mode,
tn
;i;lrsidaloneCOOI. = ] Wlan,a(TaL - Ta())dt ’ (TaL < TaO) A (TaL < Tg) : (32)
1

Should latent heat exchanges (condensation) occur on the inner surface of the EAHE
while operating in cooling mode (T,;, < Typ), these affect both EAHE operating modes
and can be determined from the humidity ratio w values of the air entering and leaving
the EAHE.

tn
Qlat — /t va(“UaL — a]ao)dt , TaL < Ta() . (33)

1

According to Equation (32), for standalone cooling, the load removal depends on
the room setpoint temperature [19,64]. Because room cooling with this EAHE operating
mode has characteristics that are identical to natural ventilation cooling, previous studies
of EAHESs [21,65-67] employ an adaptive thermal comfort model [68-70] in the definition
of acceptable room thermo-higrometric conditions.

According to the adaptive comfort model from standard [71], during the cooling
season, room setpoint has variable upper limits depending on the outdoor temperature. In
this study, the climatic conditions considered are those of the TMY2 weather format file
for the city of Beja [72], the district capital closest to the location of the EAHE under study.
Figure 8 shows the temperature and relative humidity values from the TMY2 file (note the
use of logarithmic scales on the left vertical axis for temperature T [°C] and on the right
vertical axis for relative humidity ¢ [%]).

As occurs in climatic regions of the Csa or BSk variety [73], summers in Beja are
hot (with maximum temperatures reaching 40 °C) and dry (the median relative humidity
between June and September is only 54%), with high daily thermal amplitudes. Winters,
although mild, sometimes record temperatures close to zero. The high daily and annual
thermal amplitudes observed in Figure 8 are beneficial for the operation of the EAHE in
standalone cooling mode.
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Figure 8 includes black lines representing the running mean (as defined in [71]) of
temperature and relative humidity, T ;" and ¢.3', respectively. Values of the running mean
outdoor temperature above 20 °C are observed between June and September, and, for the
purpose of assessing the potential for removing thermal loads in the EAHE, this period is
considered the cooling season. As shown in Figure 8, between June and September, the
values of the running mean relative humidity range between 40% and ~70%.
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Figure 8. Timeseries of outdoor air temperature and outdoor air relative humidity from the TMY2
weather format file for the city of Beja [72]. Running means for both timeseries and upper setpoint
temperatures, as defined in standard [71], are also represented between June and September.

Considering the values of the running mean outdoor temperature during the cooling
season and the adaptive comfort model of standard [71], the maximum indoor setpoint
value, TY, varies between 29 and 31 °C. The red line at the top of Figure 8 represents the
evolution of this setpoint between June and September.

Knowing the temperature setpoint values that are appropriate for the outdoor temper-
ature conditions, it is possible to apply Equation (32) and compare the cooling capacity of
EAHESs operating in standalone and precooling modes.

3.2. Load Remoual Sensitivity Analysis

The sensitivity analysis considers the EAHE and the reference parameters described
in Section 2.4, Table 1, which correspond to the case used in the validation of the numerical
model developed in this article. The reference climatic data used in the numerical simula-
tions are those from the TMY? file of Beja (see Figure 8). Since the operation of the EAHE for
cooling is analyzed, only the data from this file between June and September are considered.
For these months, and for the purposes of applying Equation (32), the temperature setpoint,
TY, in the spaces to be cooled (with the EAHE operating in standalone cooling mode) is
assumed to be equal to 29 °C.

Table 4 presents the parameters that are varied in the sensitivity analysis, specifying
the minimum and maximum limits considered, typically between approximately 1/4 and 2
times the reference value.
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Table 4. Parameters varied in the sensitivity analysis. Reference values, minima and maxima.

Parameter Minimum Reference Maximum
V [m3/h] 1000 4000 8000
L [m] 18.75 70 140
ro [m] 0.30 0.5 1
a [m?/s] 3x1077 1x10°° 2x10°°
Zy [m] 1.0 5.5 8.0
¢ [%] 34% (1) 54% (2) 92% (3)

(1) Median determined after a constant was subtracted from the hourly values (June to September) of relative
humidity from Beja’s TMY2 weather file whilst ensuring minimum values were larger than 0%; (2) median value
obtained from Beja’s TMY2 weather file using data from June to September; (3) median determined after a constant
was added to the hourly values (June to September) of relative humidity from Beja’s TMY2 weather file whilst
ensuring maximum values never exceeded 100%.

3.2.1. Case 1: Removal of Sensible Loads

Figure 9 presents six graphs that facilitate the discussion of the sensitivity of sensible
thermal load removal in the EAHE considering the independent variation of each of the
parameters identified in Table 4.
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Figure 9. Variations in the sensible thermal load removed in the EAHE due to independent variation
of: (a) volumetric flow rate through the EAHE, V; (b) EAHE length, L; (c) internal radius of the EAHE,
ro; (d) soil thermal diffusivity, «; (e) depth at which the EAHE is installed, Z; (f) median outdoor air
relative humidity (between June and September), ¢. Results for the precooling (blue dashed line) and
standalone cooling (orange solid line) operating modes.

On the abscissa axes, the ratios x/x.f are presented, with x € {V,Lro,a, Zo,¢} being
the parameter under analysis, varying between the minimum and maximum indicated
in Table 4. Each graph identifies the reference value of the parameter under analysis, for
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example, (xXof =)Vief = 4000 m3/h for graph (a), corresponding to the volumetric flow
rate, and (xref =)L = 70 m for graph (b), corresponding to the EAHE length. Abscissa
values equal to 1 correspond to the cases x = X,

On the ordinate axes, the ratios Q5" / Q5 are presented, where Q5™ is the sensible
thermal load removed in the EAHE when parameter x is varied and Q;® is the sensible
thermal load removed in the EAHE under reference conditions. Since for x/x,.f = 1 the
sensible thermal load removed in the EAHE is the reference value, it is observed in all six
graphs that, at the abscissa, x/x,f = 1 corresponds to the ordinate Q3™ / Q> = 1.

In Figure 9a, values of the reference sensible thermal load are included when the EAHE
operates in precooling mode, —6344 kWh, and in standalone cooling mode, —5371 kWh.
The results of the ratio Q3" / Q& for these two EAHE operating modes are represented

by blue dashed lines for precooling and by orange solid lines for standalone cooling.

A preliminary analysis of the values of sensible thermal load QFf'® removed under ref-

erence conditions confirms the cooling potential of the EAHE. Using the values presented in
Figure 9a and considering a cooled floor area of 450 m? for the office building, it is possible,
during the cooling season from June to September, to remove 12 to 14 kWh/m? of sensible
heat (for standalone and precooling modes, respectively), values close to those accepted for
low-energy buildings implementing appropriate energy conservation practices [74,75].

As expected, the value Q7" obtained with the EAHE operating in standalone cooling
mode, —5371 kWh, is lower (in absolute value) than that for precooling operation. Indeed,
under very high outdoor temperatures, periods are observed in which the outlet tempera-
ture of the EAHE is higher than the room setpoint; i.e., T,y > TY = 29 °C. As explained in
Section 3.1, with regard to Figure 7, during these periods, an EAHE operating in standalone
cooling mode ceases to remove thermal load from the spaces, whereas one operating in
precooling mode does not.

Analyzing, across the six graphs, the increase in the ratio Q3™ / Q}<*® due to variations
in x/xyef, it is concluded that increasing the length L of the EAHE produces the greatest
effect, a result also obtained by [32,34,36,76]. By doubling the reference length of the
EAHE, the energy transferred in precooling mode increases by approximately 60% and in
standalone cooling mode by approximately 100%. It should be noted that the difference
between these percentages does not mean that the standalone cooling mode removes more
heat from the outdoor air than the precooling mode; it merely reflects the fact that, for
longer lengths L, since the air leaving the EAHE is at a temperature below the room setpoint,
the condition T, < T in Equation (32) is eliminated, yielding Q%1 . - = Q%ens

The second most notable effect on the increase in the thermal load removed by the
EAHE is achieved by increasing the volumetric flow rate, V, which is also in agreement
with [15,77]. By doubling the reference flow rate from 4000 to 8000 m?/h, the energy
removed by the EAHE operating in precooling mode increases by approximately 40%.
This increase is much smaller when the EAHE operates in standalone cooling mode, being
less than 20%. Indeed, increasing the volumetric flow rate, i.e., increasing airflow velocity,
reduces the air residence time inside the EAHE, thereby decreasing the temperature change
in the air between the inlet and outlet [35,37-39]. Because, in standalone cooling mode, the
cooling capacity of the rooms is limited by a maximum outlet air temperature equal to the
room setpoint, there is a maximum allowable flow rate in standalone cooling mode [38,78].

Regarding the EAHE’s radius, the soil thermal diffusivity, the depth at which the
EAHE is buried, and the median outdoor air relative humidity, changes in these parameters
have a smaller effect on the sensible load removed by the EAHE. Indeed, for depths
larger than 3.5 m (0.625Z ,f), variations in the sensible load ratio become negligible. For
the median outdoor air relative humidity, the sensible load ratio does not change up to
1.375$ref, i.e., up to 75% relative humidity; however, above this value, a significant and
abrupt decrease in the sensible thermal load removed by the EAHE is observed. This
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abrupt reduction is explained by the sudden increase in latent heat transfer occurring at
the inner surface of the EAHE.

In the following subsection, the removal of latent thermal loads is addressed in
greater detail.

3.2.2. Case 2: Removal of Latent Loads

To understand how latent load removal in the EAHE is affected by variations in the
parameters included in Table 4, Figure 10 presents the ratios of latent loads, Q't/ Qiitf with
x € {V, L,ro,a,Zo, ¢}, determined during the cooling season, between June and September.
Figure 10 is analogous to Figure 9 except for the representation of latent load ratios without
the distinction between EAHE operating modes and the use of the logarithmic scale in the
ordinate axes.

From Figure 10a, the very low value of latent thermal load removed by the EAHE
under reference conditions immediately stands out: —4 kWh, less than 0.1% of the sensible
thermal loads removed over the same period. This result is consistent with that reported
in Section 2.6 based on monitoring data obtained near Beja, where it was not possible to
conclude significant differences between the humidity ratio of the air at the inlet and outlet
of an EAHE equal to the reference one. As noted in Section 2.6, this low removal of latent
thermal loads is due to the hot and dry summer climate conditions.

The adoption of the logarithmic scale exaggerates the small variations in the latent
load removed by the EAHE. Still, the details provided in Figure 10 provide additional
insight into the effect of the parameters being studied.

Analyzing, for Figure 10a—c, the increase in the ratio Q't/ Qﬁtf due to variations in
X/ Xyef, it is concluded that latent load removal increases when variations in the parameters
under analysis lead to lower outlet air temperatures of the EAHE; i.e., with lower flow rates,
V (per pipe), greater lengths, L, and larger radii, ro (keeping the flow rate constant, this
implies a longer air residence time in the EAHE), conditions that simultaneously enhance
standalone cooling [39]. Increasing the depth at which the EAHE is buried increases latent
heat exchange; see Figure 10e. However, since the reference depth Z ,of = 5.5 m is already
large, no significant increases are observed for greater burial depths. Regarding soil thermal
diffusivity, «, the effect of this parameter is negligible.

The increases in the ratio Q'at/ Qitf for the parameters discussed so far never exceed
a factor of 10; that is, they represent a modest increase from 4 kWh to less than 40 kWh
of latent thermal load removed in the EAHE. The only significant increase in latent heat
exchange is that observed in Figure 10f, which describes the effect of variations in the
median outdoor air relative humidity. Indeed, assuming an increase in the median outdoor
relative humidity of about 50% relative to the reference value, from 54 to 80%, the latent
load removed by the EAHE increases by ~150 times, i.e., by approximately 600 kWh.
This increase is accompanied by an equivalent reduction in the sensible load removed, as
confirmed in Figure 9f: note the ordered pair (5/ rop Q%*“S/ Qig?s) = (1.5,0.9), which
reflects a reduction in sensible thermal load of approximately 600 kWh. The experimental
studies reported by [17,18] also demonstrate the importance of accounting for latent heat

transfer when modeling EAHESs operating in humid climates.
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Figure 10. Variations in the latent load removed in the EAHE due to independent variation of:
(a) volumetric flow rate through the EAHE, V; (b) EAHE length, L; (c) internal radius of the EAHE,
ro; (d) soil thermal diffusivity, «; (e) depth at which the EAHE is installed, Z; (f) median outdoor air
relative humidity (between June and September), ¢.

3.3. Discussion of the Load Removal Sensitivity Analysis

A first aspect worth highlighting in this discussion is that the operation of the EAHE
under reference conditions is capable of removing a sensible thermal load during the
cooling season on the order of 12~14 kWh/ m?Z, a value close to that observed in low-
energy buildings implementing good energy conservation practices (adequate thermal
insulation and shading, among others [74,75]). As shown in Section 3.2, by increasing the
length L and the flow rate V, it is possible to further increase (by a factor greater than
1.5) EAHE cooling capacity. Simultaneously, the removal of sensible thermal load from
the air supplied to the rooms can be augmented, complementing the use of the EAHE
with passive building cooling techniques, namely nighttime cooling and the use of the
building’s thermal mass [28-31,64]. Combining these strategies, room load removal can be
increased up to values close to 20 kWh/m?, a mark supporting the use of EAHEs (replacing
conventional air conditioning) for standalone cooling in office buildings.

Another aspect worth emphasizing is the need, in standalone cooling mode, for the
EAHE design choices to ensure that the outlet air temperature of the EAHE does not exceed
the temperature setpoint in the rooms to be cooled. Although this requirement may appear
obvious, it highlights a fundamental aspect in EAHE design: deciding whether priority
should be given, in thermal load removal, to higher flow rates with smaller reductions in air
temperature (as stated in numerous studies [9,19,34,46]) or, on the contrary, if the decrease
in air temperature within the EAHE should be promoted by reducing the flow rates.

In precooling operating mode, thermal load removal in the EAHE can be achieved
in both ways. If priority is given to high flow rates, smaller reductions in air temperature
occur between the inlet and outlet of the EAHE; however, because there is a refrigeration
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unit downstream of the EAHE, the supply of air to the rooms at a temperature below the
setpoint is ensured by the refrigeration system.

Without mechanical means for reducing air temperature, in the standalone cooling
operating mode of the EAHE, there exists a flow rate above which, due to the smaller
temperature drop between the inlet and outlet of the EAHE, the outlet air temperature
exceeds the room setpoint. For this flow rate (and higher ones), the cooling function of
the office room ceases. It is therefore concluded that, in the design of EAHE systems
intended to operate in standalone cooling mode, priority should be given to reducing the
temperature of the air flowing through the EAHE, while flow rate requirements may be
adjusted through geometry (radius and number of pipes).

As seen from the results of the sensitivity analysis, in practice, the enhancement of
temperature reduction and the enhancement of the removal of sensible cooling loads are
achieved through:

¢ An EAHE of greater length;

¢ An EAHE buried at greater depth but only up to the limit at which disturbances
caused by the climate cease to be significant (Zg £ 3 m [37,57,79]);

¢  For a given pipe length and flow rate, an EAHE with a larger radius (lowering airflow
velocity and increasing air residence time within the ground).

In addition to these conclusions of a geometric nature and related to the installation
(depth) of the EAHE, the results of the sensitivity analysis also made it possible to conclude:

¢  The low sensitivity of the cooling loads removed by the EAHE to: (i) variations in soil
thermal diffusivity; (ii) the depth at which the EAHE is buried given Zj £ 3 m; and
(iii) (for dry climates) latent heat exchanges.

This last conclusion is particularly relevant as it justifies the use of the developed
computational model at the design stage despite uncertainties in soil properties, in the
installation depth (provided it remains below a given threshold), and for locations with
dry climates despite the lack of quantitative validation of the phase-change model. This
conclusion also explains why simplified models, including steady-state and graphical
approaches, have been successfully employed by other authors to analyze the thermal
behavior of EAHEs [34,38,48,55].

On the other hand, for humid climates, the results highlight the fundamental im-
portance of correctly modeling latent heat exchanges. Indeed, since the conditions that
favor EAHE operation in standalone cooling mode are the same as those that contribute
to the occurrence of condensation in humid climates, this reinforces the importance not
only of modeling but also validating the phase-change model. As shown, the increase in
condensation leads to a reduction in the sensible thermal load removed, and condensation
can compromise the quality of the air supplied to the rooms (through the entrainment of
fungal spores and bacteria that develop on wet surfaces [9,19]), something that should be
anticipated and prevented at the design stage.

4. Conclusions

In this article, a numerical model was developed using a free and open-access sci-
entific programming language to describe the thermo-hygrometric behavior of EAHE
systems used for space cooling. The application of the numerical model led to the con-
clusion that EAHESs can realistically operate in standalone cooling mode, removing up to
20 kWh/m? of sensible load, thus making the use of mechanical cooling systems unneces-
sary and, consequently, contributing to more ecological office cooling solutions. Addition-
ally, it is concluded that, in the design of EAHEs operating in standalone cooling mode,
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high airflow velocities should be avoided; instead, designs should promote lower outlet
air temperatures.
In practice, projects of EAHESs for standalone cooling should prioritize:

*  Geometries with greater length;

*  Burial depths that allow taking advantage of the seasonal phase shift of ground
temperature (more than 3 m);

*  Lower airflow velocities (favoring the air residence time within the ground), which
can be achieved through larger EAHE radii (or by distributing the flow across multiple
pipes, as in the case studied in this article, which uses two pipes with 0.5 m radius).

Moreover:

¢ High precision in defining soil properties or in determining the burial depth of the
EAHE is not required (provided it is below a given threshold depth);

¢  For dry climates, moisture mass transfer phenomena have a negligible effect on EAHE
performance;

e For humid climates (with median relative humidity values during the cooling season
of 75% or higher), due to the prevalence of condensation on the inner surface of the
EAHE, the use of an EAHE operating in standalone cooling mode is not recommended.

Based on the successful validation of the numerical model against monitoring data in
a region with hot and dry summers, both the investment analysis and the design of large-
diameter EAHEs—operating in standalone cooling or precooling mode—can be carried
out using free and open-source scientific programming languages. As demonstrated,
these languages enable high-level symbolic representations, namely the definition of the
problem using the syntax of the mathematical formulation, and provide access to tools
that automatically generate meshes, perform the necessary discretization, and obtain
the numerical solutions of complex problems. These languages therefore represent an
alternative to commercial tools, making EAHE analysis and design accessible to a larger
number of engineers and researchers and, in this way, paving the way for reducing reliance
on mechanical refrigeration for office cooling, with resulting environmental benefits.

Limitations and Future Work

Although the computational model achieves a good fit to the analytical solutions
considered, experimental and quantitative validation of the condensate mass based on
monitoring data obtained in a humid climate is still lacking.

As the results of this article show, humid climates are not favorable for EAHE operation
in standalone cooling mode. However, if one intends to study precooling operation or
the use of EAHESs for latent heat load removal, it is important to validate the latent heat
exchange model used in this study. Indeed, according to [80], the fit of the mass transfer
model depends on the selection of either saturated or unsaturated condensation models
and, naturally, on the validated coefficients used in Equation (1). Thus, a relevant research
topic consists of using monitoring data obtained in humid climates for the validation of
latent heat transfer in large-diameter EAHEs.

Additional relevant research topics include: (i) expanding the sensitivity analysis to
present results that consider the combined effect of multiple parameters; (ii) coupling the
developed model with building energy simulation models; and (iii) taking into account fu-
ture climatic uncertainties, which point toward elevated annual air temperatures and more
frequent weather anomalies, with a consequent increase in cooling demand. Given the criti-
cal need to guarantee cooling during catastrophic events involving power grid disruptions,
continuing to design and develop alternatives to mechanical air conditioning systems, such
as an EAHE operating in standalone cooling mode, emerges as highly relevant.
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Nomenclature
Cp specific heat capacity, ]/ (kg K)
E temperature error, °C
F(Le) Lewis function, nondimensional
h specific enthalpy of moist air, J /kg
ha heat transfer coefficient at the EAHE inner surface, ]/ (kg K)
hm mass transfer coefficient at the EAHE inner surface, kg/ (m? s)
i point/index along the longitudinal EAHE direction, nondimensional
j point/index along the radial EAHE direction, nondimensional
k index of an ordered sequence, nondimensional
L length of the EAHE, m
Ly latent heat of vaporization (water), J/kg
m mass flow rate, kg/s
upper limit of an ordered sequence, nondimensional
N number of discretization points, nondimensional
Nu Nusselt number, nondimensional
Pr Prandtl number, nondimensional
Q cooling load, kWh
r radial position, m
R soil radius thermally disturbed by the presence of the EAHE, m
Re Reynolds number, nondimensional
70 EAHE inner radius, m
Sw source term related to moisture mass transfer at the EAHE inner surface, kg, /s
t time, s
T temperature, °C
period of oscillation, hours
v velocity, m/s
\% airflow rate, m3/s
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position (longitudinal; along the EAHE), m;

* variable used in the study, none
z depth below the soil surface, m
Z depth below which the soil is undisturbed by seasonal weather changes, m
Zy depth at which the EAHE (centerline) is buried, m
o thermal diffusivity, m?/s
0% penetration depth (soil region that is thermally disturbed by the EAHE), m
r effective area coefficient of moisture transfer at the EAHE
inner surface, nondimensional
A gradient (of a variable), nondimensional
0 temperature amplitude, °C
A thermal conductivity, W/(m K)
0 density, kg/m?
¢ relative humidity, %
Q phase shift, radians
w humidity ratio, kg/kg
Subscripts
1 denotes initial value
a denotes air
a0 denotes air entering the EAHE
alL denotes air leaving the EAHE
ref denotes a reference value
s denotes room setpoint
s denotes soil
sat denotes saturated moist air
v denotes (water) vapor
Superscripts and Abbreviations
) denotes average value
analyt denotes analytical solution
AHU air handling unit
EAHE earth-air heat exchanger
HVAC heating, ventilation and air conditioning
lat denotes latent (heat transfer)
MOL method of lines
monit denotes monitoring data
num denotes numerical result
ODE ordinary differential equation
PDE partial differential equation
rm denotes running mean
RMSRE root-mean-square relative error
sens denotes sensible (heat transfer)
8) denotes upper (setpoint)
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