
Review Article
Study on Calculation Models of Earth-Air
Heat Exchanger Systems

Trilok Singh Bisoniya, Anil Kumar, and Prashant Baredar

Energy Centre, Department of Mechanical Engineering, Maulana Azad National Institute of Technology, Bhopal 462051, India

Correspondence should be addressed to Trilok Singh Bisoniya; tsbisoniya@gmail.com

Received 12 May 2014; Accepted 11 July 2014; Published 4 September 2014

Academic Editor: Mohamed Benghanem

Copyright © 2014 Trilok Singh Bisoniya et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

Modeling is very useful tool in order to predict the effect of the operating parameters like pipe length, radius, depth of burial and
air flow rate on the thermal performance and heating/cooling capacity of earth-air heat exchanger (EAHE) systems. Till date many
researchers have carried out a number of studies on calculation models for earth-air heat exchanger systems.The analysis of EAHE
systems started with the development of one-dimensional models. The two-dimensional models came into practice during the
1990s and were replaced by three-dimensional models in recent years. Latest models are dynamic and technically more advanced
which can provide room for all types of grid geometry to produce detailed thermal analysis of EAHE systems. This paper reviews
on calculation models of EAHE systems as of the end of March, 2014.

1. Introduction

The present world energy scenario indicates that the con-
ventional energy sources are depleting and per capita energy
consumption is indication of living standard of a nation so, it
becomes very important to find and explore nonconventional
energy sources to meet the energy requirement of the society.
The nonconventional energy sources are better option of
clean and sustainable energy.This kind of energy is, at princi-
ple, inexhaustible and can be found and exploited equally well
on the planet [1]. Nowadays, air conditioning is commonly
used in buildings, residential places, offices as well as in
industries to achieve comfort conditions. The conventional
air conditioners working on vapor compression refrigeration
cycle are effective and most widely used means to achieve
comfort conditions. The chlorofluorocarbons (CFCs) which
are used as refrigerants in these machines result in depletion
of the ozone layer and global warming. In order to save
our planet from hazardous effects of UV rays by minimizing
depletion of the ozone layer, the world scientific community
has developed eco-friendly refrigerants. To minimize deple-
tion of the ozone layer and global warming and to reduce high
grade energy consumption, numerous alternative techniques

are being currently explored [2, 3]. One of the promising
techniques is earth-air heat exchangers.

It is seen that the temperature of ground at a depth of
about 1.5 to 2m remains constant around the year and is equal
to the annual average temperature of a particular locality.
This constant temperature (earth’s undisturbed temperature)
remains lower than ambient temperature in summer season
and vice versa inwinter.The earth-air heat exchanger (EAHE)
is basically a series ofmetallic, plastic or concrete pipes buried
underground at a particular depth through which the fresh
atmospheric air flows and gets cooled in summer and vice
versa in winter. It is a device which utilizes heat capacity of
earth effectively. The soil at the depth of burial of pipes of
EAHE acts as heat source in winter and as sink in summer
for air which is used as heat transfer medium in the system.
The EAHE system can effectively meet the heating/cooling
requirement of the building if the temperature of air at outlet
of the system is sufficiently high/low enough. Otherwise,
additional heating/cooling of the outlet air may be achieved
by passing it through the conventional air conditioners. The
EAHE used in either way can result in reduction of high
grade energy consumption. Many researchers have denoted
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that the earth-air heat exchangers (EAHEs) connected with
buildings are effective and passive energy source for space
conditioning of buildings [4–6]. The behavior of an EAHE
system is mainly affected by surface conditions, temperature,
and moisture distribution in the ground [7].

The classification of site for installation of EAHEs was
done on the basis of geological properties of particular
location. The information of physical and thermal properties
of soil (diffusivity, density, thermal conductivity, etc.), depth
to water, depth of bedrock, and type of soil guides the
designer in choosing correct type of EAHE system and in
the design of the system [8–16]. The EAHE systems were
mainly classified as open loop EAHE and closed loop EAHE
system. In open loop EAHE system, fresh ambient air is
drawn through buried pipes which gets moderated to the
earth’s undisturbed temperature and finally is supplied to
the building to meet the heating/cooling requirement of the
building as shown in Figure 1 while in closed loop EAHE
system recirculation of the air from building through the
buried pipes is done as shown in Figure 2.

The closed loop EAHE system is not preferred over open
loop EAHE system because it does not meet the building’s
fresh air requirement.

One of the major reasons behind nonrecognition of
EAHE systems even today is lack of knowledge of how to
design an efficient system besides the other disadvantages
related to them like poor air quality with prolonged use,
higher setup cost, growth of harmful microorganisms, and so
forth. The need of the hour is to generalize the use of EAHE
systems so that the use of renewable and sustainable energy
technologies can be promoted. This paper aims to review the
current state of the art regarding calculationmodels of EAHE
systems by going through research publications in scientific
journals and conferences.

The structure of the paper is as follows. The first section
includes the introductory part; studies conducted on calcu-
lation models of EAHE systems including one-dimensional
models, two-dimensional models, and three-dimensional
models are investigated in the second section, and the last
section concludes.

2. Studies Conducted on Calculation Models of
EAHE Systems

The parameters like pipe material, length of pipe, diameter of
pipe, spacing between pipes, number of pipes, soil type, depth
of burial, and air flow rate are mainly considered for proper
designing of effective EAHE system. The EAHE system if
properly designed can be feasible and economical option to
replace conventional air-conditioning systems as there is no
need of compressors, burners, or chemicals and only blowers
are required to move the air. The EAHE systems have many
advantages over other passive heating/cooling techniques.
Themain advantages includeminimized air pollution, higher
COP, simpler design, lowmaintenance, and operational costs
[17]. In the last two decades, a lot of research has been done
to develop analytical and numerical models for analysis of
EAHE systems. The performance analysis of EAHE involved

either the calculation of conductive heat transfer from the
pipe to the ground mass or the calculation of convective heat
transfer from the circulating air to the pipe and changes in
the air temperature and humidity.

A number of computer modeling tools are commercially
available. EnergyPlus and TRNSYS have EAHE modules
that work well; however these are analysis tools and are
not quickly used for design. Presently, computational fluid
dynamics (CFD) is very popular among researchers for mod-
eling and performance analysis of EAHE systems because
the CFD employs a very simple rule of discretisation of
the whole system in small grids and governing equations
applied on these discrete elements to get numerical solutions
concerning flow parameters, pressure distribution, and tem-
perature gradients in less time and at reasonable cost because
of reduced required experimental work [18, 19]. Many other
papers on different design methods of EAHE systems have
been published. As the one-dimensional heat conduction
problem is simple and fast to give results, the majority of
papers were based on discretisation of one-dimensional heat
transfer problem in the pipes. Two-dimensional and three-
dimensional models which are more dynamic and complex
in nature were also found but not found suitable for being
ready to use by designers.

The EAHEs mainly find their applications in green-
houses, livestock houses, commercial and residential build-
ings, and so forth for space conditioning. The various
researchers made different assumptions for modeling and
writing energy balance equations for EAHE systems. The
major hypothesis made by researchers for modeling of EAHE
systems connected to greenhouses includes the following.

(i) The greenhouse is in a quasisteady-state condition
[20–24].

(ii) Radiative heat exchange between the greenhouse
walls and the roof is neglected due to its small value
[20, 22, 24].

(iii) Relative humidity inside the greenhouse does not
vary with height [21].

(iv) Specific heat of plants in the greenhouse has been
taken to be the same as that of water [20, 21].

(v) Heat capacity of air inside the greenhouse is neglected
[20, 21].

(vi) Flow of air is uniform along the length of buried pipes
[22, 24].

(vii) There is no radiative heat exchange between the sides
of the buried pipe [22, 25].

(viii) The heat extraction does not disturb the temperature
distribution of the surrounding earth [22].

(ix) Depth of immersion is constant throughout thewhole
length of the trench [20].

The assumptions generally considered for modelling and
thermal performance analysis of EAHE systems used for
heating/cooling applications of buildings are as follows.

(i) The pipe used in EAHE is of uniform cross section
[26].
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(ii) The thermal resistance of pipe material is negligible
(thickness of pipe is very small) [26].

(iii) The soil surrounding the pipe is isotropic, with
homogenous thermal conductivity in all ground
strata [26–28].

(iv) Thermal effect of soil surrounding the pipe is negli-
gible after a distance “𝑟” from the pipe outer surface,
where “𝑟” is the pipe radius [26].

(v) There is no evaporation or freezing in soil; vapor and
air in the pore space are assumed to be ideal gases [26,
27].

(vi) The effect of moisture condensation on the cooling
capacity of EAHE can be ignored especially when
the dew point temperature of air at inlet of EAHE is
higher than the lowest temperature of air along the
pipe system (generally the lowest temperature occurs
at the pipe outlet) [29].

(vii) Pressure in the soil is considered to be atmospheric
[23].

(viii) The surface temperature of the ground can be approx-
imated to the ambient air temperature, which equals
the inlet air temperature [26, 27].

(ix) The temperature profile in the pipe vicinity is not
affected by the presence of the pipe. As a result,
the pipe surface temperature is uniform in the axial
direction [30].

(x) Solar radiation is assumed to be constant [27].
(xi) Possible latent heat exchanges are not accounted for,

which means that no water infiltration is at work and
that the air temperature is supposed to remain above
its dew point [27, 28].

The studies conducted oncalculation models of EAHE
systems are divided into three categories, namely, one-
dimensional models of EAHE systems, two-dimensional
models of EAHE systems, and three-dimensional models of
EAHE systems.

2.1. One-Dimensional Models of EAHE Systems. Modeling is
very useful tool in order to predict the effect of the operating
parameters like pipe length, radius, depth of burial, and air
flow rate on the thermal performance and heating/cooling
capacity of EAHE systems. Till date many researchers have
carried out a number of studies on calculation models for
earth-air heat exchanger systems. The analysis of EAHE
systems started with the development of one-dimensional
(1D) models. In one-dimensional model the description of
the pipe to derive a relation between its inlet and outlet
temperature was used. Tzaferis et al. studied eight models
[31]. It was found that all thesemodels gave approximately the
same results.This indicated that performance of the earth-air
heat exchangers may be characterized by a steady-state one-
dimensional model. Mihalakakou et al. [32], Bojic et al. [33],
Ghauthier et al. [34], and Hollmuller and Lachal [35] have
published papers on more complete and dynamic models for
earth-air heat exchangers.

Cooled/heated
air to room

Ground level

Ambient airinlet

Blower

EAHE

Figure 1: Open loop earth-air heat exchanger.

Cooled/heated air to room

Air from room
Ground level

EAHE

Figure 2: Closed loop earth-air heat exchanger.

Kabashnikov et al. [36] presented an effective mathemat-
ical model for calculating the temperature of the ground
and air in a ground heat exchanger for ventilation systems.
The model was based on the representation of temperature
in the form of the Fourier integral. Parametric study was
performed to analyse performance behaviour of EAHE by
taking into account the air flow rate, variation in length,
diameter of tubes, depth of burial, and spacing between tubes.
The results of calculations agreed with the experimental data.
The developed model was simple and easy to calculate and
can be referred for design considerations.

Santamouris et al. [37] presented a new integrated
method to calculate the contribution of the earth-to-air heat
exchangers to the cooling load of the buildings. The method
was based on the principle of balance point temperature
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and permitted the calculation of the hourly value of the
balance temperature of the building as well as the daily
cooling load and the contribution of the buried pipes. An
extensive validation procedure has been followed using data
from an extended version of TRNSYSwhich includes detailed
routines to simulate dynamically the performance of earth-
to-air heat exchangers. It was found that the method is of
sufficient accuracy and, therefore, can be used during the
predesign and design phase for the dimensioning of the
buried pipes.

In order to predict the variation of the ground surface
temperature for bare and short-grass covered soil Miha-
lakakou et al. [38] developed a mathematical model based
on heat conduction equations and on the energy balance at
the ground surface. The model showed very good agreement
between the measured and predicted temperature values
of two extensive sets of experimental data for Athens and
Dublin. It was concluded that the model can predict ground
temperature at the surface and at various depths with suffi-
cient accuracy as predicted by other models based on Fourier
analysis.

Ben JmaaDerbel andKanoun [39] presented amathemat-
ical model predicting the subsurface soil temperature of the
region of Sfax, Tunisia, and validated it by measured ground
temperatures. An earth fluid pipe model has been developed.
Then, the subsurface temperature model has been used in
conjunction with the earth fluid pipe model to predict the
energy transfer performance. Effects of the earth fluid pipe
depth, radius, and length have been investigated. The earth-
air-pipe model has been validated against the experimental
study done by Thanu et al. [40]. The validation process
showed that the proposed model agreed with experimental
results with respect to the given input parameters.

Ozgener et al. [41] presented an improved model for
predicting daily soil temperatures depending on depth and
time. Transient heat flow principles were used with assump-
tions of one-dimensional heat flow, homogeneous soil, and
constant thermal diffusivity. Measured and predicted soil
temperatures at depths 5 cm, 10 cm, and 300 cm were com-
pared with experimental field results to validate the accuracy
of the proposed model. For an annual cycle, at depths of
5, 10, 20, and 300 cm, the average maximum percentage of
errors was 10.78%, 10%, 10.26%, and 14.95%, respectively.
For more accurate predictions of performance, the use of
measured daily soil surface temperatures instead of daily air
temperatures and measured soil thermal diffusivities should
be used if such data sets are available.

Ghosal et al. [25] developed a complete numerical model
to predict and compare thermal performance of two buried
pipe systems, that is, ground air collector and EAHE, inte-
grated with the greenhouse located in the premises of Indian
Institute of Technology Delhi, India, for choosing a suitable
heatingmethod in the composite climate of India. It was con-
cluded that the temperatures of greenhouse air with ground
air collector were observed to be 2-3∘C higher than those
with EAHE and the temperature fluctuations of greenhouse
air were also less when operated with ground air collector
as compared to EAHE. A fair agreement was observed
between predicted and computed values of greenhouse air

temperatures in both systems. Finally ground air collector
was chosen as a suitable option for heating of greenhouse in
the composite climate of India.

Su et al. [42] developed a numerical simulating model
for the deeply buried air-earth- (rock-) tunnel system, in
which a 1D implicit transient convection-diffusion submodel
describes the air temperature and humidity, and a 1D tran-
sient explicit heat conduction submodel computes the rock
temperature. The accuracy of this numerical model has been
verified by comparisons of temperatures of the air and rock
and the relative humidity between numerical results and the
test data. The maximum error of the air temperature is 1.4∘C
and the maximum error of the relative humidity is 10% in
most cases.

Sehli et al. [43] proposed a one-dimensional numerical
model to check the performance of EAHEs installed at
different depths. The effects of Reynolds number, installation
depth, and form factor on the performance of an earth-to-
air heat exchanger (ETHE) system were investigated through
the parametric analysis. The form factor was defined as the
ratio of length of pipe to diameter of pipe. It was observed that
with increase in installation depth and form factor the outlet
air temperature decreases while with increase in Reynolds
number the outlet air temperature increases. Finally, they
concluded that EAHE systems alone are not sufficient to
create thermal comfort but can be used to reduce the energy
demand in buildings in south Algeria, if used in combination
with conventional air-conditioning systems.

Kumar et al. [44] developed a transient implicit numerical
model based on coupled simultaneous heat andmass transfer
equations to describe the thermal performance of EAHE
system. The numerical model incorporates greater number
of parameters than the previous models, such as humidity
variations of circulating air, natural thermal stratification of
the ground, latent and sensible heat transfer, and ground sur-
face conditions. The model was developed within the scope
of numerical techniques of finite-difference and FFT (MAT-
LAB). The results indicated very good agreement between
the measured results andmodel predictions.Theminor error
in the range of ±1.6% was observed between simulated and
experimental data. The present model can be easily coupled
to different greenhouse and building simulation codes.

De Paepe and Janssens [45] presented a one-dimensional
analytical method to analyze the influence of the design
parameters of the heat exchanger on thermohydraulic perfor-
mance.Three dimensions have to be determined: tube length,
tube diameter, and number of parallel tubes.Thermal perfor-
mance and pressure drop both growwith length. Smaller tube
diameters give better thermal performance but also larger
pressure drop. More tubes in parallel both lower pressure
drop and rise thermal performance. A relation was derived
for specific pressure drop, linking thermal effectiveness with
pressure drop of the air inside the tube. The relation was
used to formulate a design method which can be used to
determine the characteristic dimensions of the earth-air heat
exchanger in such a way that optimal thermal effectiveness
was reached with acceptable pressure loss. The choice of
characteristic dimensions became thus independent of the
soil and climatological conditions. This allowed designers to
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choose the earth-air heat exchanger configuration with the
best performance.

Hollmuller [28] presented the complete analytical solu-
tion for the heat diffusion of a cylindrical air/soil heat
exchanger with adiabatic or isothermal boundary condition,
submitted to constant airflow with harmonic temperature
signal at input. Analytical results were validated against a
finite-difference numerical simulation model and against an
experimental setup. Cucumo et al. [46] approximated the
performance behavior of EAHEs buried at different depths.
With suitable assumptions, the model permitted calculating
the length and humidity ratio at the outlet section of a buried
pipe at different depth of installation and to evaluate the
performance of a buried pipe of assigned length. The model
was developed by the solution of heat and mass balances for
air through the buried pipe, taking into account a suitable
temperature profile in the ground. This was determined
by two methods: the first is based on Green’s functions
and the second, simplified, was based on the principle of
superposition. A very satisfactory agreement was observed
between the numerical and the experimental data.

Pfafferott [17] presented a paper which deals with the
performance of three EAHXs for mid-European office build-
ings in service, with the aim of characterizing their efficiency.
A general method to compare EAHEs in operation was
introduced. First, the temperature behavior was described
by plots over time and characteristic lines and compared by
standardized duration curves. Second, the energy gain was
illustrated by standardized graphs.Third, a parametric model
was used to provide general efficiency criteria. Thermal
efficiency should be defined by both the dynamic temperature
behavior and the energy performance. An important charac-
teristic for passive cooling applications was the temperature
ratio RT which described the temperature damping between
inlet and outlet temperature. The smaller RT implied that
the more cooling energy was supplied to the building. It
was concluded that if the EAHE aimed at a high specific
energy performance, a small specific surface area should
be reached using fewer pipes and if the EAHE aimed at a
high temperature ratio, a high specific surface area should be
reached using more pipes.

Common configurations of a heat exchanger usually
consider one single layer of pipes requiring a large installation
area. This major drawback can be overcome using a multiple
layer configuration. De Jesus Freire et al. [47] presented a
study considering the use of a heat exchanger with a multiple
layer configuration, namely, comparing it with a single layer
of pipes and describing the major performance differences. A
parametric analysis was also performed and it was concluded
that the heat exchanger power increases with the layers depth
until 3m and that the more efficient distance between layers
should be kept at 1.5m. It was found that a one-dimensional
discrete model can respond satisfactorily to a performance
analysis of compact buried pipes systems, producing results
significantly faster than the bidimensional model, within a
good accuracy. When the multiple layer configurations are
adopted, it was verified that maintaining similar transfer
areas and velocity flows incurs a decrease of 3–6% in the
duty delivered by heat exchangers with two and three layers,

respectively, when compared to heat exchangers with a single
layer. However, this corresponds to a decrease of 50% and
67% in the area needed, respectively. This factor is very
attractive given the current limitations in urban spaces.

Lee and Strand [30] developed a new module and
implemented it in the EnergyPlus program for the simulation
of earth tubes. A parametric analysis was carried out using
the new module to investigate the effect of each parameter
on the overall performance of the earth tube under various
conditions during cooling season. Pipe length and pipe depth
turned out to affect the overall cooling rate of the earth tube,
while pipe radius and air flow rate mainly affect earth tube
inlet temperature. It was concluded that if properly designed
an earth tube can save more than 50% of the total cooling
load in the cases presented in their paper, depending on the
weather and soil conditions. However the earth tube alone
cannot replace conventional air-conditioning system in these
case studies; it can considerably reduce the cooling load in
buildings. The model was validated against the data from
other theoretical and experimental studies and showed good
agreement with both theoretical and experimental data.

Al-Ajmi et al. [26] developed a theoretical model of an
EAHE for predicting the outlet air temperature and cooling
potential of these devices in a hot, arid climate. The model
was validated against three other studies: Mihalakakou et
al. [48], Dhaliwal and Goswami [49], and Shingari [50] and
has shown good agreement. A building model representative
of a typical Kuwaiti dwelling has been implemented and
all the models have been encoded within the TRNSYS-
IISIBAT environment. It was concluded that the EAHE
system alone cannotmaintain indoor thermal comfort within
the acceptable range (22–27∘C), but it could be used to reduce
energy demand in domestic buildings in Kuwait if used in
conjunction with an air-conditioning system and have the
potential for reducing cooling energy demand in a typical
house by 30% over the peak summer season.

Sethi and Sharma [20] developed a thermal model for
heating and cooling of an agricultural greenhouse integrated
with an aquifer coupled cavity flow heat exchanger system
(ACCFHES).TheACCFHES works on the principal of utiliz-
ing deep aquiferwater available at the ground surface through
an irrigation tube well already installed in every agricultural
field at constant year-round temperature of 24∘C. Using
the derived analytical expressions, a computer program is
developed inC++ for computing the hourly greenhouse plant
and room air temperature for various design and climatic
parameters. Developed thermal model for the greenhouse
integrated to the ACCFHES can be used to predict the plant
and room air temperature for any size of greenhouse, time of
year, and location. Experimental validation of the developed
model was carried out using the measured plant and room
air temperature data of the greenhouse (in which Capsicum
is grown) for the winter and summer conditions of the year
2004-2005 at Chandigarh (31∘N and 78∘E), Punjab, India. It
was observed that the predicted and measured values were
in close agreement. They concluded that, for a greenhouse of
24m2 area, the ACCFHES with air and water contact area of
12.63m2 and air mass flow rate of 0.47 kg s−1 was sufficient
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to lower the inside room air and plant temperature by 6-
7 K and 5-6K below ambient air, respectively, in extreme
summer conditions and was also capable of increasing the
same by 7-8K and 5-6K above the ambient air conditions,
respectively, in extreme winter conditions. A summary of
one-dimensional calculation models is given in Table 1.

2.2. Two-Dimensional Models of EAHE Systems. The two-
dimensional models of EAHE systems came into practice
during the 1990s. Two-dimensional (2D) models allow cal-
culation of ground temperature at surface and at different
depths. The finite element programs are used in 2D models
to solve two-dimensional conduction problems of EAHE
systems. Badescu [51] presented a simple and precise ground
heat exchanger model. The thermal behaviour of the heat
exchanger was modelled by means of a numerical transient
bidimensional approach. The boundary condition at ground
surface was derived from an energy balance equation involv-
ing the convective energy exchange between air and soil; the
solar radiation was absorbed by the ground surface; the latent
heat flux due to evaporation at the ground surface as well
the long-wave radiation. This approach allows to computing
the ground temperature profile at the surface and at various
depths. The performance evaluation of the system was done
under real climatic conditions. The energy delivered by the
ground heat exchanger depends significantly on different
design parameters like pipe’s depth, diameter, and material.

Zhao et al. [52] presented a study to examine the thermal
performance of saturated soil around coaxial ground-coupled
heat exchanger (GCHE). The experimental investigation was
conducted by means of artificial glass microballs as porous
medium.A theoreticalmodelwithDarcy’s natural convection
was developed and numerical solutions were obtained by
using Keller’s shooting method. There was a better coinci-
dence between experimental and numerical results, which
further verified the validation of theoretical model. The
results indicated that heat transfer mainly happens near the
outer wall of coaxial GCHE and inclines to stabilization at
far-field. The inlet temperature, initial temperature of porous
medium, and the flow rate were major factors affecting heat
transfer. There was a linear relationship between dimension-
less temperature gradient along the outer wall of GCHE and
the dimensionless height.

Li et al. [27] presented an inner heat source model of
underground heat exchanger based on the heat and mass
transfer theory in soil. A number of factors such as moisture
movement in soil, soil type, and soil property were taken
into account in the model. The underground heat exchanger
was simplified as the equivalent inner heat source term in
the model. The software of Autough2 was used to conduct
the numerical simulations. The analyses on the influences of
different soil properties and different operationmodes on the
underground temperature field around the single U-vertical
underground heat exchanger were presented in this paper.

Kumar et al. [7] presented the concept of artificial
neural network and a computer design tool that can help
the designer to evaluate any aspect of earth-to-air heat
exchanger and behaviour of the final configuration. The

study was mainly focused on those aspects related to the
passive heating or cooling performance of the building.
They have developed two models for this purpose, namely,
deterministic and intelligent. The deterministic model was
developed by analyzing simultaneously coupled heat and
mass transfer in ground whereas the intelligent model was a
development of data driven artificial neural network model.
Length, humidity, ambient air temperature, ground surface
temperature, ground temperature at burial depth, and air
mass flow rate were taken as variables influencing the
thermal performance of the earth-to-air heat exchangers.
The model was validated against experimental data sets. The
intelligentmodel predicted earth-to-air heat exchanger outlet
air temperature with an accuracy of ±2.6%, whereas the
deterministic model showed an accuracy of ±5.3%.

Tittelein et al. [53] presented a new numerical model
of earth-to-air heat exchangers. The discretised model was
solved using response factors method in order to reduce
computational time. Each response factor was calculated
using a finite elements program that solves 2D conduction
problems. Advantages of the model include the fact that
calculation time was reduced by the use of response factors
(compared to other similarly accurate methods); it was
precise for a short solicitation period (1-day) and a long
solicitation period (1-year) as the system was discretised into
“𝑛” sections perpendicular to the exchanger pipe that was
not the case for the models based on a discretisation of the
ground in concentric cylinders and axial meshes and every
kind of soil characteristic (inhomogeneous, anisotropic, etc.)
and of geometry can be considered due to the response factor
calculation in a 2D finite elements program (not as analytical
models). A summary of two-dimensional calculation models
is given in Table 2.

2.3. Three-Dimensional Models of EAHE Systems. The three-
dimensional (3D) models become more popular in recent
years because these models are dynamic and technically
more advanced which can provide room for all types of
grid geometry to produce detailed thermal analysis of EAHE
systems. In order to make the performance analysis of EAHE
systems using 3D heat transfer and energy balance equations,
the computational fluid dynamic (CFD) played a key role.
CFD is a popular and a powerful method to study heat and
mass transfer formany years. CFD codes are prepared around
the numerical algorithms that can tackle fluid flow problems.
The partial differential equations governing airflow and heat
transfer can be solved numerically in a discretised form with
CFD. The complex fluid flow and heat transfer processes
involved in any heat exchanger can be examined by CFD
software, FLUENT6.3. Someof the commercial CFDcodes in
use are FLUENT, CFX, STARCD, FIDAP, ADINA, CFD2000,
PHOENICS, and others [54].

Bansal et al. [2, 3] published papers on performance
analysis of earth-pipe-air heat exchanger (EPAHE) systems
for winter heating and summer cooling. It was found that
EPAHE can be used to reduce the heating load of buildings
in winter and can also be used to reduce the cooling load of
buildings in summer.A transient and implicitmodel based on
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Table 1: One-dimensional calculation models of EAHE systems.

Authors/type Methodology
Comparison between
experimental and
simulation results

Reference

Santamouris et al. (1995),
earth-to-air heat
exchanger

A mathematical model
based on the principle of
balance point
temperature within the
TRNSYS environment

Sufficient accuracy
observed [37]

Mihalakakou et al.
(1997), the variation of
the ground surface
temperature for bare and
short-grass covered soil

A mathematical model
based on heat
conduction equations
and on the energy
balance at the ground
surface

Very good agreement
found [38]

Kabashnikov et al.
(2002), soil heat
exchanger

Mathematical model in
the form of Fourier
integral

Close agreement
observed [36]

De Paepe and Janssens
(2003), earth-air heat
exchanger

One-dimensional
analytical model

No such comparison
available [45]

Hollmuller (2003),
cylindrical air/soil heat
exchanger

Analytical solution with
harmonic temperature
signal at input

Good agreement
against a
finite-difference
numerical simulation
model and against an
experimental setup

[28]

Pfafferott (2003),
earth-to-air heat
exchanger

Thermal efficiency
characterization of
EAHE by using
parametric model and
standardized graphs

No such comparison
available [17]

Ghosal et al. (2005),
ground air collector and
earth-air heat exchanger,
integrated with the
greenhouse

A complete numerical
model was developed

Fair agreement
observed [25]

Al-Ajmi et al. (2006),
earth-air heat exchanger

Theoretical model
within the
TRNSYS-IISIBAT
environment

Good agreement
showed [26]

Sethi and Sharma
(2007), aquifer coupled
cavity flow heat
exchanger system
(ACCFHES)

Thermal model for
heating and cooling of
greenhouse solved
within C++

programming

Close agreement
observed [20]

Lee and Strand (2008),
earth tubes

A new module was
developed for and
implemented in the
EnergyPlus program

Good agreement with
both theoretical and
experimental data
showed

[30]

Cucumo et al. (2008),
earth-to-air heat
exchanger

One-dimensional
transient analytical
model

A very satisfactory
agreement observed [46]

Ben Jmaa Derbel and
Kanoun (2010), earth
fluid pipe system

A mathematical model
validated by measured
ground temperatures

Good agreement
showed [39]

Sehli et al. (2012),
earth-air heat exchanger

One-dimensional steady
numerical model

Satisfactory
agreement observed [43]
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Table 1: Continued.

Authors/type Methodology
Comparison between
experimental and
simulation results

Reference

Su et al. (2012), air-earth-
(rock-) tunnel system

1D numerical simulating
model

Max. error:
temperature = 1.4∘C;
R. humidity = 10%

[42]

De Jesus Freire et al.
(2013), compact buried
pipes system

One-dimensional
discrete model simulated
within TRNSYS
environment

Good accuracy
observed [47]

Ozgener et al. (2013),
geothermal (ground)
heat exchangers

One-dimensional
transient heat flow
model

Good accuracy
observed [41]

Table 2: Two-dimensional calculation models of EAHE systems.

Authors/type Methodology
Comparison between
experimental and
simulation results

Reference

Li et al. (2005),
underground heat
exchanger (UHE)

Inner heat source model
of (UHE) solved by
Autough2 software

No such comparison
available [27]

Kumar et al. (2006),
earth-to-air heat
exchanger

Artificial neural network
(ANN) using
deterministic and
intelligent models

Good agreement showed [7]

Badescu (2007), ground
heat exchanger

A numerical transient
bidimensional model

No such comparison
available [51]

Zhao et al. (2008),
ground-coupled heat
exchanger
(GCHE)

A theoretical model
solved by Keller
shooting method

Good agreement showed [52]

Tittelein et al. (2009),
earth-to-air heat
exchanger

Finite elements program
that solves 2D
conduction problems

No such comparison
available [53]

CFD was developed to forecast the thermal performance and
heating/cooling capacity of EPAHE systems. The FLUENT
simulation program was used to develop the model. The
model developed was validated against experimental inves-
tigations on an experimental setup in Ajmer, western India.
Effects of the operating parameters (i.e., the pipematerial and
air velocity) on the thermal performance of earth-air-pipe
heat exchanger systems were studied. For the pipe of 23.42m
in length and 0.15m diameter, temperature rise of 4.1–4.8∘C
has been observed in winter and cooling in the range of 8.0–
12.7∘C has been observed in summer for the flow velocity
ranging from2 to 5m/s. Investigations on steel andPVCpipes
have shown that performance of the EPAHE system is not
significantly affected by the material of the buried pipe.

Bansal et al. [55] revealed that the performance of simple
earth-air-tunnel heat exchanger (EATHE) was enhanced by
integrating an evaporative cooler at the outlet.Themultiphase
CFD modelling with FLUENT software (version 6.3) was
used for carrying out year-round hourly analysis of the
integrated system for hot and dry climatic conditions of

Ajmer, India. It was observed that during summer season a
simple EATHE system provides 4500MJ of cooling effect,
while 3109MJ of additional cooling effect can be achieved
by integrating evaporative cooler with the EATHE. Anal-
yses of the 8760 h showed that the EATHE system was
capable of providing 4856MJ equivalent of heating effect at
such locations. Results showed considerable improvement
in effectiveness of the EATHE system when integrated with
evaporative cooler in hot and dry climatic conditions.

Bansal et al. [56] developed a transient and implicit
model based on computational fluid dynamics for evaluating
the energy saving obtained by the use of EATHE system
integrated with evaporative cooling system. The amount of
electrical energy saved (kWh/year) for producing the cool-
ing/heating effect by the proposed EATHE system has been
calculated with different types of blowers. It was found that,
with an energy efficient blower, the financial payback period
of integrated EATHE-evaporative cooling system is about 2
years while the systems with inefficient blower are financially
not viable due to much higher payback. It was noted that the
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amount of electrical energy saved is significantly dependent
on the electric tariff and the energy efficiency of the blower
used in the proposed EATHE system.

Bansal et al. [57] presented a new concept of “derating fac-
tor” for assessing decline in thermal performance of EATHE
under transient operating conditions in predominantly hot
and dry climate of Ajmer, India, using experimental and
CFDmodellingwith FLUENT software.The “derating factor”
was defined as the ratio of the difference between the drop
in air temperature obtained by EATHE in steady state and
in transient state and the drop in air temperature obtained
by EATHE in steady state. The derating factor was found
to be a function of thermal conductivity of soil, duration
of continuous operation of EATHE, and length of pipe.
It was concluded that higher thermal conductivity of the
soil situated in the immediate vicinity of the EATHE pipe
results in better thermal performance of EATHE and, during
optimization of the thermal performance of EATHE, derating
factor should be considered to ensure that the EATHE
would be able to give a consistent thermal performance for
longer period of operation. The greater decline in thermal
performance of EATHE was observed for higher values of
“derating factor.” It was found for different cases analyzed
that the range of derating varies from minimum 0.2% to
maximum as 68%, which if ignored while designingmay lead
to poor performance of EATHEs.

Misra et al. [58] evaluated thermal performance of
EATHE under transient operating conditions for predomi-
nantly hot and dry climate of Ajmer, India, using experimen-
tal and CFDmodeling.The following fundamental equations
of fluid flow and heat transfer have been used in the analysis.

Continuity equation:

𝜕𝑢

𝜕𝑥

+

𝜕V
𝜕𝑦

+

𝜕𝑤

𝜕𝑧

= 0; (1)

𝑥-Momentum equation:

[𝑢

𝜕𝑢

𝜕𝑥

+ V
𝜕𝑢

𝜕𝑦

+ 𝑤

𝜕𝑢

𝜕𝑧

]

= −

1

𝜌

𝜕𝑃

𝜕𝑥

+ 𝜗 [

𝜕
2

𝑢

𝜕𝑥
2

+

𝜕
2

𝑢

𝜕𝑦
2

+

𝜕
2

𝑢

𝜕𝑧
2

] ;

(2)
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Energy equation:
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In the above equations (1)–(5), 𝑢, V, and 𝑤 are the velocity
components in𝑥,𝑦, and 𝑧 directions,𝑝 and𝑇 are the pressure
and temperature of the flowing air, 𝜗 is kinematic viscosity,
and 𝛼 is soil thermal diffusivity.

It was found that the transient thermal performance of
EATHEwas significantly dependent on thermal conductivity
of the soil and duration of its continuous operation. The
effect of pipe diameter on thermal performance of EATHE
system due to its prolonged use was the least in case of soil
with higher value of thermal conductivity and an increase in
flow velocity leads to drop in thermal performance. Under
steady-state condition, drop of 18.8∘C in air temperature was
obtained, whereas under transient conditions cooling of air
reduced from 18.7∘C to 16.6∘C for soil thermal conductivity
of 0.52Wm−1K−1, after 24 h of continuous operation.

Bansal et al. [59] accomplished thermal performance
investigation for different pipe length of EATHE taking
into account the effect of soil thermal conductivity and
time period of continuous operation of EATHE. The main
purpose of the CFD study was to investigate the transient
behaviour of simple EATHE system used in continuous
cooling mode. The experimental setup has been developed
and validated for summer weather conditions for the month
of June, 2011, Ajmer, western India. A small difference (3.4–
8.0%) between the experimental and simulated values was
observed and hence the CFD model was valid. Maximum
air temperature drops of 15.6, 17.0, and 17.3 K were observed
for soil thermal conductivities of 0.52, 2, and 4Wm−1 K−1,
respectively. Maximum deterioration in the performance
in terms of temperature drop obtained during continuous
operation of 24 h was recorded as 2.9 K for soil with thermal
conductivity of 0.52Wm−1K−1. Thickness of soil annulus
surrounding the pipe up to which the thermal influence was
observed depended on the thermal conductivity of the soil
and period of continuous running of EATHE system. The
thickness of the soil annulus beyond which no significant rise
in temperature of soil was observed was equal to the pipe
diameter. It was concluded that soil properties play a key role
in design of EATHE system and the initial length of EATHE
pipe majorly contributes to thermal performance of EATHE
system and this contribution was larger for soil with higher
thermal conductivity.

Genetic algorithms (GAs) have emerged as powerful
optimization tool for analyzing the problem like earth-
to-air heat exchanger (EAHE) and consequently thermal
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performance of non-air-conditioned building. Kumar et al.
[60] proposed a new optimization method based on GA to
generate optimized EAHE design parameters. To determine
heating and cooling potential of an EAHE, deterministic
and intelligent models were employed. The GA designed
model comprises greater accuracy than the earlier models.
The proposed model explained natural thermal stratification
of the ground, humidity variations of circulating air, ground
surface conditions, latent and sensible heat transfer, and so
forth. The results showed very good agreement with the
experimental data and other model predictions.

Gustafsson et al. [61] studied groundwater filled borehole
heat exchanger (BHE) having common U-pipe arrangement
by a three-dimensional, steady-state CFDmodel.The numer-
ical model showed good agreement with theoretical studies
and experimental work. Wu et al. [29] developed a transient
and implicit numericalmodel based on coupled simultaneous
heat transfer and turbulent flow to predict the thermal
performance and evaluate the cooling capacity of earth-air-
pipe systems. The model incorporated the effect of turbulent
air flow on the thermal performance. It was observed that the
model predictions agree well with the experimental results.
Themodelwas developed inCFD (PHOENICSplatform).Al-
Khoury et al. [62] presented a finite element modeling tech-
nique for doubleU-tube borehole heat exchangers (BHE) and
the surrounding soil mass. The numerical analysis of a BHE
model was done to simulate three-dimensional heat transfer
processes in multiple borehole heat exchangers embedded
in a multilayer soil mass. A validation of computed results
with measured results was presented. Utilizing the model
for research works and designing optimization parametric
analyses were also presented. Vaz et al. [63] conducted
experimental and numerical analysis of an EAHE which was
used to reduce high grade energy consumption for space
conditioning of buildings by utilizing thermal potential of
soil. The numerical solution of the conservation equations
of the problem was performed with a commercial code
(FLUENT) which was based on the finite volume method
(FVM). Turbulence was tackled with the Reynolds stress
model (RSM). They did comparative study between the
numerical and experimental results of air temperature inside
the ducts. A maximum difference of less than 15% was found,
validating the numerical model proposed.

Mnasri et al. [64] presented the study of transient flow
under forced convection in buried coaxial exchanger. The
wall temperature and the wall heat flux and the heat transfer
coefficient were unknown. A hybrid model consisting of
a finite element method at the boundary (BEM) for the
heat transfer problem on the boundary and a finite volume
method (FVM) to solve the laminar flow inside solved this
problem.The development of the BEMmethod was based on
Green’s function theory. This conjugate method allowed one
to have fast results and to foresee the thermal behavior of the
exchanger. The heat transfer coefficients were investigated.
The results were compared to those obtained using the
commercial CFD package Fluent.

Khalajzadeh et al. [65] performed thermal performance
analysis of a novel hybrid system of ground heat exchanger
(GHE) and indirect evaporative cooler (IEC) in summer

conditions of Tehran, Iran. In order to have an accurate
prediction of the optimum performance of the ground-
coupled circuit, a three-dimensional computational fluid
dynamics simulation was run.The simulation results showed
that the hybrid system of GHE and ICE can easily provide
comfort conditions and gave cooling effectiveness more than
unity. The proposed hybrid system was able to do space
conditioning in summer conditions of Tehran, Iran.

Flaga-Maryanczyka et al. [66] presented the experimental
measurements and numerical simulation of a ground source
heat exchanger operating at a cold climate for a passive
house ventilation system. The investigated passive house is
located in the south of Poland. The calculations were made
with the CFD ANSYS FLUENT software package. The CFD
simulations performed for the ground source heat exchanger
operating for the passive house ventilation system for Febru-
ary, based on experimental data, showed good correlation
with the measured values.The calculated RMS error is 0.62%
which means that the difference between calculated and
measured values is 1.7 degree on average. Finally, it was
concluded that CFD tool is suitable for simulations of the
ground source heat exchanger operating at the cold climate
for the passive house ventilation system.

Ramı́rez-Dávila et al. [67] conducted a numerical study
for predicting the thermal behaviour of an earth-to-air heat
exchanger (EAHE) for three cities in México. A computa-
tional fluid dynamics code based on the finite volumemethod
has been developed in order tomodel the EAHE. Simulations
have been conducted for sand, silt, and clay soil textures
for the cities of Ciudad Juárez, México City, and Mérida,
respectively, and, also, for different Reynolds numbers, Re =
100, 500, 1000, and 1500 through one year. It was disclosed
in simulation results that the thermal performance of the
EAHE is better in summer than in winter, decreasing the air
temperature in an average of 6.6 and 3.2∘C for summer and
increasing it in 2.1 and 2.7∘C for winter, for Ciudad Juárez
and México City, respectively. On the contrary, EAHE had
its best thermal performance in winter, increasing the air
temperature in 3.8∘C for Mérida. It was concluded that the
use of EAHEs is suitable for heating or cooling of buildings
in lands of extreme and moderate temperatures where the
thermal inertia effect in soil is higher.

Mihalakakou et al. [68] presented a transient, numerical
model for the prediction of the ground temperature at various
depths below buildings. The proposed model was developed
by calculating the heat flow to the ground from a building,
which depends on the complicated three-dimensional ther-
mal process in the ground. The main difficulties in obtain-
ing manageable solutions of the heat flow problem were
the three-dimensionality of the thermal process, the strong
temporal variability of the outdoor temperature, and the large
number of parameters involved in describing the building
foundation geometry as well as the thermal insulation. The
techniques of superposition and numerical analysis were
used to cope with these difficulties. The model was validated
against experimental data and it was found that it could
accurately predict the ground temperature under a building.

Mihalakakou [69] presented a paper on the heating
potential of a single buried pipe using real climatic data. The
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system’s heating potential was calculated using an accurate,
dynamic, deterministic, numerical model.Multiyear ambient
air and soil climatic data for the city of Athens have been
used as inputs to the deterministic model and the results
were compared. A neural network approach was also used for
estimating the thermal performance of the system in heating.
The influence of several climatic parameters used as inputs
to the neural model such as the ambient air temperature, the
ground temperature, and the relative humidity is investigated
and analysed. Gauthier et al. [34] developed a numerical
model for the prediction of the thermal behaviour of a
soil heat exchanger-storage system (SHESS) designed for
reducing the energy consumption of greenhouses. The tran-
sient fully 3D heat transfer model was based on the energy
conservation equations for the soil and the circulating air.
The condensation and evaporation rates inside the pipes were
calculated by considering the nonhomogeneous properties
of the soil. The model was validated with experimental
data taken from a SHESS installed in a commercial type
greenhouse. It was concluded that burying pipes in deeper
underground allows more energy to be stored during the day
but less is recovered at night through the ground surface and
the overall performance declines.

Breesch et al. [70] applied natural night ventilation
and an earth-to-air heat exchanger in the low-energy
office building SD Worx, Kortrijk, Belgium. It was con-
cluded that these passive cooling techniques perform well
and create a good thermal summer comfort and save
conventional energy consumption for creating comfort
conditions. Simulations with the coupled thermal and
ventilation simulation model TRNSYS-COMIS demon-
strated that natural night ventilation was more efficient to
improve thermal summer comfort than an earth-to-air heat
exchanger.

Badescu and Isvoranu [71] proposed an analytical pneu-
matic and thermal design procedure for earth-to-air heat
exchangers (EAHEs) of registry type. The procedure allows
choosing between different EAHE geometrical configura-
tions and between the two usual air circulation paths inside
the EAHE (i.e., the Z- and Π-paths, resp.). The implementa-
tion of the design procedure is made for the EAHE of a large
passive house (PH) built near Bucharest, Romania (AMVIC
PH). A time-dependent simulation of EAHE’s operation was
performed. It allowed computing the soil temperature profile
at the surface and at various depths and the air temperature
distribution inside the EAHE. The simulation results were
validated against experimental results. The annual heat-
ing/cooling potential of EAHE was investigated. It was found
that the energy delivered by the EAHE depends significantly
on the geometrical configuration. For further checking the
results predicted by the design procedure a computational
fluid dynamics (CFD) analysis was performed. A good
agreement was observed between the outputs predicted by
the CFD model and existing measurements. From a thermal
point of view the Z-path EAHE is always preferable to theΠ-
path device.

A summary of three-dimensional calculation models is
given in Table 3.

3. Conclusions

The earth-air heat exchangers are promising and effective
technology for space conditioning of buildings. It is a device
which utilizes heat capacity of earth effectively. The EAHE
system, if properly designed, can be feasible and economical
option to replace conventional air-conditioning systems as
there is no need of compressors, burners, or chemicals and
only blowers are required to move the air. A well-designed
EAHE can reduce electricity consumption of a typical house
by 30%. Therefore modeling, simulation, and testing of
EAHE systems are very essential for getting optimum output.
EAHEs usually supply more heating and cooling energy than
the primary energy they use for power input for the fan or
pump.

Modeling is very useful tool in order to predict the effect
of the operating parameters like pipe length, radius, depth
of burial, and air flow rate on the thermal performance and
heating/cooling capacity of EAHE systems. In the literature
several calculation models are found to simulate the ther-
mophysical behavior of earth-air heat exchangers. Different
parametric and numerical models for EAHEs have been
published in the last two decades. Simulation models can
be classified as models with an analytical or a numerical
solution of the ground temperature field and mixed models.
The analysis of EAHE systems started with the development
of one-dimensional models. The two-dimensional models
came into practice during the 1990s and were replaced by
three-dimensional models in recent years.

Three-dimensional models are dynamic and technically
more advanced which can provide room for all types of
grid geometry to produce detailed thermal analysis of EAHE
systems but their applicability for design is limited to the
people who are able to use the calculation codes. In 3D mod-
els finite volume method was used to solve 3D conduction
equations. Two-dimensional (2D) models allow calculation
of ground temperature at surface and at different depths.
The finite element programs are used in 2D models to solve
two-dimensional conduction problems of EAHE systems. In
one-dimensional model the description of the pipe to derive
a relation between its inlet and outlet temperature is used
and therefore it is very simple to solve and get the design
parameters. It can be concluded that 1D models are simplest
to solve within shortest time period but are not able to
analyze the EAHE system completely. In comparison to 1D
models, 2D and 3D models are time consuming but are able
to produce more accurate results. Presently, 3D models are
more popular among researchers as they are able to handle
any complex problem and provide complete thermal analysis
of the EAHE system.

The performance of EAHE system can further be
improved by integrating it with nonconventional energy
sources like solar, wind energy, and so forth. It may be con-
cluded that proficient use of EAHE systems in amalgamation
with renewable energy sources and newest technology will
play vital role in saving high grade energy consumption
and environment at global level. In this view, it is expected
by authors that this review paper will be very useful to
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Table 3: Three-dimensional calculation models of EAHE systems.

Authors/type Methodology
Comparison between
experimental and
simulation results

Reference

Mihalakakou et al.
(1995), ground
temperature prediction
at various depths

A transient numerical
model

An accurate agreement
observed [68]

Gauthier et al. (1997),
soil heat
exchanger-storage
system (SHESS)

A transient numerical
model simulated in
software FLOW3D
(AEA, 1992)

A remarkable agreement
observed [34]

Mihalakakou (2003),
buried pipe

(i) An accurate,
dynamic, deterministic,
numerical model
(TRNSYS)
(ii) A neural network
approach

Good agreement
observed [69]

Breesch et al. (2005),
earth-to-air heat
exchanger

Simulation model
TRNSYS-COMIS

No such comparison
available [70]

Wu et al. (2007),
earth-air-pipe systems

CFD platform,
PHOENICS

Good agreement
obtained [29]

Kumar et al. (2008),
earth-to-air heat
exchanger

The fully implicit,
transient model solved
in MATLAB (version
6.5) and validated with
numerical solutions
from FLUENT

Very good agreement
showed [60]

Bansal et al. (2009),
earth-pipe-air heat
exchanger (EPAHE)

A transient and implicit
model. CFD code:
FLUENT 6.3 (standard
k-e model)

Fair agreement observed [2]

Gustafsson et al. (2010),
borehole heat
exchangers (BHE)

Steady-state CFD model:
FLUENT

Good agreement
observed [61]

Al-Khoury et al. (2010),
borehole heat
exchangers (BHE)

A finite element
modeling (FEM)
technique used

Good agreement
observed [62]

Mnasri et al. (2010),
buried coaxial
exchanger

A hybrid model of finite
volume method (FVM)
and the boundary
element method (BEM)
is used

No such comparison
available [64]

Bansal et al. (2010),
earth-pipe-air heat
exchanger (EPAHE)

A transient and implicit
model. CFD code:
FLUENT 6.3 (standard
k-e model)

Good agreement
observed [3]

Vaz et al. (2011),
earth-air heat
exchanger

(i) Finite volume method
(FVM) code: FLUENT
(ii) Turbulence is tackled
with the Reynolds stress
model (RSM)

The highest difference
found was lower than
15%

[63]

Badescu and Isvoranu
(2011), earth-to-air heat
exchangers (EAHEs) of
registry type

Computational fluid
dynamics (CFD) model

A good agreement
observed [71]



Journal of Energy 13

Table 3: Continued.

Authors/type Methodology
Comparison between
experimental and
simulation results

Reference

Bansal et al. (2012),
earth-air-tunnel heat
exchanger (EATHE)

Multiphase CFD
modeling: FLUENT 6.3

Difference of DBT =
3.4–8.0%; RH =
2.5–6.4%

[55]

Bansal et al. (2012),
EATHE system
integrated with
evaporative cooling
system

Transient and implicit
model based on
computational fluid
dynamics

No such comparison
available [56]

Khalajzadeh et al. (2012),
ground heat exchanger
(GHE) and indirect
evaporative cooler (IEC)
hybrid system

Mathematical model
simulated in 3D CFD
software

No such comparison
available [65]

Misra et al. (2013),
earth-air-tunnel heat
exchanger (EATHE)

CFD code: FLUENT 6.3 The range of derating
min. 0% to max. 64% [58]

Bansal et al. (2013),
earth-air-tunnel heat
exchanger (EATHE)

CFD code: GAMBIT
version 2.3

Small difference
(3.4–8.0%) is observed [57]

Flaga-Maryanczyka et al.
(2014), ground source
heat exchanger

CFD ANSYS FLUENT
software package

Good agreement
observed [66]

Ramı́rez-Dávila et al.
(2014), earth-to-air heat
exchanger (EAHE)

A computational fluid
dynamics code based on
the finite volume
method

No such comparison
available [67]

researchers and scientists working in the field of modeling of
EAHE systems used for passive heating/cooling of buildings.

Abbreviations

EAT: Earth-air-tunnel
SHESS: Soil heat exchanger-storage system
FVM: Finite volume method
ACCFHES: Aquifer coupled cavity flow heat

exchanger system
IEC: Indirect evaporative cooler
GCHE: Ground-coupled heat exchanger
BEM: Boundary element method
BHE: Borehole heat exchanger
EAHE: Earth-air heat exchanger
CFCs: Chlorofluorocarbons
UAT: Underground air tunnels
CFD: Computational fluid dynamics
ANN: Artificial neural network
GA: Genetic algorithm.
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