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Abstract: Earth—Air Heat Exchange (EAHE) systems are an eco-friendly and energy-efficient
technology as pre-heating or pre-cooling systems in civil buildings. Technically, the per-
formance of the EAHE system is influenced by properties associated with the technology.
In this paper, the focus is placed on the properties covered by the published literature to
understand how they impact the efficiency of these systems. The review scrutinizes the
implication of pipe properties such as the material type (steel, Polyvinyl Chloride [PVC],
concrete, or high-density polyethylene), diameter and length, and depth in the context of
modern building design and energy conservation. Other properties considered in this work
are air velocity and the bonding of pipes with the soil. The EAHE systems’ performance is
not significantly influenced by the pipe material, unlike the pipe length and diameter. It
is reported that longer pipes enhance the cooling output in the EAHE system. The pipe
length positively correlates with the in-pipe air temperature. An increment in the pipe
diameter led to a drop in the in-pipe air temperature. An indicative report states that an
increasing air flow velocity can lead to thermal losses from pipes to their surrounding soil.
The addition of sand below and above the pipe enhances the thermal conductivity, just as
an increase in the moisture content of the soil will contribute. There are attempts to use
additives, construction waste, graphite, and fly ash as a backfill material, but with opposing
economic feasibility. Construction waste could help the EAHE system to improve by 80%.
A combination of graphite and fly ash as a backfill material is cost-effective. Research on
the pipe material type and standards development are limited. Overall, the pipe material
type and length to adopt for an EAHE system are based on the funds’ availability for
the construction.

Keywords: ambient thermal comfort; passive cooling and heating; efficiency of energy;
EAHE technology; geothermal energy

1. Introduction and Background Analysis

Passive systems are valued due to their ability to minimize energy usage for cooling
and heating in buildings. They can achieve interior thermal comfort using natural energy
resources. The growing need for energy-efficient and sustainable building solutions has
given significant attention to Earth—Air Heat Exchangers (EAHE). The system has been
identified as a feasible option for conventional cooling and heating systems. Potentially,
it can help reduce heat consumption when coupled with traditional air conditioning
systems. This technology is a green and energy-efficient way to heat or cool indoor
environments based on geothermal energy. An Earth-to-Air Heat Exchanger could be
efficiently integrated into Heating Ventilation and Air Conditioning (HVAC) systems for
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significant energy savings [1]. EAHE systems provide a cost-effective solution that reduces
the energy consumption of typical air conditioning appliances. Generally, it exploits the
stable sub-surface temperature.

1.1. Geothermal Energy

Geothermal energy (GE) is the natural heat associated with the Earth. It drives
geological activity on a global scale. GE is both renewable and sustainable. It has many
applications including district heating, the space cooling and heating of buildings, power
generation, etc. It has significant potential to meet countries’” energy demands [2]. GE is
a measure of how the surface temperature of the Earth increases with depth. According
to Cadelano et al. [3], geothermal systems can improve HVAC energy efficiency and
renewable energy use in museums without compromising indoor conditions. The ground
temperature at relatively shallow depths can already reach a level that is greater than the
atmospheric temperature in winter and lower in summer. Beyond a depth of 10 m, this
temperature remains relatively constant throughout the year. The most common way to
classify geothermal resources is by geothermal fluid’s enthalpy. It transfers heat from deeply
embedded hot rocks to the surface of the ground [4]. Using this classification, Trota et al. [5]
assessed the feasibility of geothermal power at two sites in Portugal. They confirmed both
the low- and high-enthalpy geothermal resources. The heat capacity of the Earth for air
conditioning buildings is more effective in regions with large temperature variations, either
daily (like in desert environments) or seasonally (like in temperate climates) [6].

1.2. Recent Applications of Geothermal Systems

There have been efforts to generate energy-efficient and ecologically friendly geother-
mal solutions. First, an Italian project entitled GEOGRID was developed to create novel
methods and structures for the sustainable use of GE throughout enthalpy sources that
are low, moderate, and high [7]. The outcomes of the GEOGRID initiative have resulted
in an extension of research towards international applications. It was to provide cooling
to Emirates through the utilization of GE of low enthalpy [8]. Second, Battaglia et al.
presented a framework for measuring GE communities on a worldwide scale [9]. In their
study, a network of four-pipe district cooling and heating was installed and linked to a
plant of an Organic Rankine Cycle (ORC). This application uses GE from the Solfatara
region, to offer residential facilities such as hot water and direct heating in the cold season.
The establishment of geothermal plants, like other forms of energy facilities, may have a
considerable economic influence on regional or local economies. Both economic and envi-
ronmental development strategists will be interested in the scales of these consequences.
GE is relatively easy to utilize and available. Pishkariahmadabad et al. [10] worked on
an economic—thermal analysis of a ground heat pump used domestically for geothermal
technologies” economic aspects by using different working fluids. The study deduced
that decreasing the cycle evaporator pressure will lower the cost for generating a unit of
energy. Another economic and energetic investigation conducted by D’Agostino et al. [11]
compared the Air-to-Air and Earth-to-Air heat exchangers’ performance as HVAC systems
for office buildings in Italy. They analyzed the lowered payback durations of both systems
and offered clues into their financial sustainability. Additionally, a techno-economic study
was undertaken to analyze the energy capacity extracted from the geothermal fluid. They
emphasized assessing the system’s energy and ecological effectiveness within the context
of renewable energy societies [9].

1.3. Energy Consumption in Buildings

Buildings are the world’s greatest energy consumer and account for over one-third of
the total power consumption. They are equally a crucial source of carbon dioxide (CO;)
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emissions [12]. Significant energy and carbon reductions in the building or housing sector
are a difficult but attainable policy aim. In Europe, buildings account for about 40% of the
total national primary energy consumption. A significant portion of the residential building
stock is distinguished by outdated technical and thermal design elements. In effect, lower-
ing the usage of energy in buildings would result in significant energy savings. Natural
gas, coal, and crude oil are among the non-renewable energy sources used worldwide.
Annually, natural gas constitutes over 50% of the energy that buildings consume. Therefore,
the savings to be realized by an increase in the energy performance within buildings will
have a major impact on natural gas imports [13]. The discussion above contributes to the
justification of increased global concern and interest for energy-efficient buildings.

Traditional systems for cooling and heating rely largely on fossil fuels. This depen-
dency results in substantial environmental implications, despite the high energy costs. The
environmental challenges include continued the global temperature rise, the worsening
of greenhouse and urban heat island impacts, the deterioration of interior air quality, and
carbon dioxide (CO;) emissions [14]. A potential solution to ameliorate the challenges is
to develop and use renewable energy-based technologies centered on geothermal, wind,
solar, and biomass resources [15,16]. GE has been in use for several decades, especially
beyond the global crisis for crude oil in 1973 [17]. Regarding heating/cooling, many pas-
sive approaches are employed such as wind towers, Trombe/solar walls, solar chimneys,
cross-ventilation, phase change materials (PCM), evaporating cooling, heat insulation,
etc., [18]. The ground-coupled systems can be effectively used for both purposes (cooling in
summer and heating in winter) and depict the operation of some passive heating/cooling
systems. Among the many promising solutions, the Earth-to-Air Heat Eexchanger (EAHE)
has become an alternative for enhancing buildings’ energy efficiency.

1.4. Geothermal Role in EAHE

Geothermal energy has a unique advantage. The temperature of the soil at a specified
depth, where an EAHE can be installed, remains relatively stable throughout the year [19].
The soil temperature changes both daily and seasonally, mainly influenced by sun radiation
and an atmospheric temperature. During daylight, the ground surfaces absorb energy
from the sun, causing the temperature to rise. Some of this thermal power is re-emitted
into the air through evaporation and convection, while the remainder is transferred to the
subsurface. Due to the temporal delay of temperatures between the subsoil and ground
surface, there is temperature stability in the subsoil year-round [20]. The fluctuations in the
ground temperature are not as significant as the seasonal fluctuations in the external air
temperature. Moreover, to mitigate these fluctuations, which can affect the operation of
geothermal systems, there are regulatory strategies that focus on HVAC systems, rather
than being specific to these systems. Furthermore, the ground temperature within deeper
depths roughly equals the air’s yearly mean temperature. Winter temperatures are higher
than those at the surface of the Earth, but summer temperatures are lower than those at
the surface [21]. This accounts for the soil’s double function as a source and heat sink even
though it functions both as a cooling and heating medium [22].

1.5. EAHE Systems’” Component and Operation

The EAHE origins date back to ancient civilizations that recognized the Earth’s ther-
mal properties and used them for several purposes [23]. In the building sector, EAHE
systems are widely used in both residential and commercial properties. They are used for
ventilation [24], agricultural climate control, process cooling [25], and space heating and
cooling [26]. An EAHE system utilizes below-ground soil for a heat exchange using air as
the transfer medium. In the cold season, it releases heat into the subsoil, while in the hot
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season, it extracts heat from the subsoil, taking advantage of the Earth’s stable subsurface
temperature [27]. An EAHE system consists of a subterranean duct and a ventilation shaft
with a filter system that regulates the air temperature. A fan directs the heated or cooled air
into the room. By conditioning the incoming air, EAHE systems help decrease the load on
traditional HVAC systems, Figure 1. They also enhance the indoor air quality by supplying
fresh and filtered air. EAHE systems are generally categorized into two types: (1) open-loop
systems [28], where fresh outdoor air is either precooled or preheated by passing through
pipelines hidden underground, and (2) closed-loop systems [29], where air from within the
building flows through pipes buried underground and circulates between the interior and
the subsurface.
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Figure 1. EAHA system for pre-cooling and pre-heating the outdoor air in summer and in
winter season.

1.6. Application and Benefits of EAHE

There are research studies on the integration of the EAHE system with civil buildings
and with greenhouses. Chel and Tiwari [30] implemented an EAHE system inside an
earthen home. The author found that in winter, the indoor air temperature was 5-15 °C
more than the temperature of the ambient air. The integration of the EAHE system also
resulted in a yearly energy saving estimate of 5375 kWh. Rodrigues et al. [31] found that
integrating an EAHE system with PCM reduced room temperature instability by 47%.
Deglin et al. [32] highlighted the importance of factors such as the soil type, air speed,
and pipe parameters. These characteristics significantly affected the efficiency of the heat
exchange between the soil and the air in motion within the pipes. In Taiwan, Hsu et al. [33]
analyzed a monitoring study of an EAHE system which has seven underground pipes for
the long term with a length of 50 m and a diameter of 0.24 m in a restaurant building. The
results demonstrated that the technique achieved a yearly coefficient of performance (COP)
of 27.

Boutera et al. [34] examined the effectiveness of an EAHE to improve indoor condi-
tions for industrial-scale poultry farms, alongside the assessment of its energy-economic
advantages. Li et al. [35] applied an evolutionary algorithm to optimize different param-
eter sets for EAHE-integrated buildings combined with thermoelectric and photovoltaic
technologies. The outcomes indicated that the combinations of the improved technology
parameters were suitable for the cases. Additionally, for the Algerian semi-arid climate,
Belloufi et al. [36] investigated the EAHE’s behavior functioning in the cooling mode un-
der transient situations. The system featured a single horizontal coil, 53 m in length and
with a surface area of 85 m?. Their findings indicated that the EAHE was able to achieve
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an air temperature difference of nearly 10 °C, dropping the temperature of the air to
30 °C. Maerefat and Haghighi [37] explored passive cooling for buildings by combining
an Earth-to-Air Heat Exchanger with solar chimneys during hot seasons. Aslan et al. [38]
conducted a one-year monitoring of a geothermal district heating system in Turkey. The
authors reported that the energy efficiency ranged from 36% to 57%, while the exergy effi-
ciency varied between 41% and 56%, depending on the operating conditions. Soni et al. [39]
observed that in Bhopal, India, the ground temperature stayed stable at around 30 °C
beyond 2.6 m.

Ahmed et al. [40] set up 20 horizontal pipes (7.5 m long and 0.7 m deep) overan 8 x 2m
area to compare conventional and heat exchanger-ventilated systems. The maximum
difference in temperature was 2 °C once the temperature outside was above 34.1 °C. Oz-
gener [41,42] evaluated the exergoeconomic and exergetic efficiency of the subterranean
air tube system used for cooling and heating the greenhouse. Qi et al. [43] introduced
an indicator (1) that combines the heat transfer efficiency and pressure drop to assess the
overall performance of a multi-pipe EAHE in enhancing the greenhouse thermal environ-
ment. Florides and Kalogirou [44] reviewed ground heat exchanger systems, covering
various types, models, and applications. They discussed different system configurations
and calculation methods. Gan [45] studied how atmospheric conditions and heat exchanger—
environment interactions influence the system’s efficiency. In [46] and [47], the authors
used TRNSYS to analyze a hybrid system with a solar chimney, an EAHE, and fan, showing
it could lower indoor temperatures by 8-9 °C below ambient, especially at sunset.

1.7. General Analysis of the Geothermal Energy Systems

There are many technologies that exploit geothermal energy. In fact, it can be used
for Ground Source Heat Pump (GSHP) and Earth—Air Heat Exchanger (EAHE) systems.
These systems use shallow-soil geothermal energy as a heat source and heat sink for winter
and summer air conditioning, respectively. The system is also known as a ground-source
heat exchanger (GSHP) or ground-coupled heat exchanger (GCHE) when air runs into
underground ducts for both cooling and heating. The foundation pathways engaged with
air conditioning from geothermal energy are (i) the GSHP system and (ii) the EAHE system
for supplying interior thermal comfort. When compared to the air temperature, some
scientists discovered that over a depth of 3.1 m, the ground keeps a temperature which
is steady, known as the undisturbed temperature of soil [48]. The EAHE system relies
on air as the working fluid, which permits the circulation via tunnels dug at a level of
roughly 2.2-3.1 m [49]. Otherwise, the GSHP system utilizes liquid (water/anti-freezing
liquid/refrigerants) as the dynamic medium [50]. Generally, EAHE pipes are often put
horizontally at a depth of 2-5 m, whereas GSHP pipes are typically erected vertically at a
depth of 20-200 m [51,52]. However, there are lower-depth GSHP technologies, utilizing a
parallel duct arrangement at a depth of between 1.9 and 5.1 m from the soil. A pipe with a
vertical arrangement can also be employed for EAHE systems with depths greater than
4 m. Therefore, the size of the available land area and the installation expenses determine
the preference [53,54]. In this paper, the focus will be on the EAHX and its proprieties. This
present study is an attempt to highlight updated knowledge regarding the performance of
the EAHE system.

2. Methodology

This review article dives into scientific databases on the EAHE from 1981 to the present,
covering journal publishers such as Springer, Scopus, Web of Science, etc. Additional
literature was taken from books, theses, and conference proceedings. The searches were
carried out using related keywords or phrases to the topic. They included earth—air heat
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exchangers, earth tube air heat exchangers, earth pipe air heat exchangers, buried pipe
systems, ground-to-air heat exchangers, and underground air tunnels.

Presented in the earlier chapter is the overview of the EAHE system as a sustainable
green technology. This work continues in the next chapters to cover the individual proper-
ties with potential influence on the performance of EAHE. It outlines subsections on pipes’
description and their impact, the system’s air velocity, bonding of installed pipes, and soil
with backfilling materials. This review concludes with a summary of key points from the
literature cited and a provision of perspective.

3. Pipes in Earth-to-Air Heat Exchange Systems

The pipe acts as a medium for heat exchange, linking the passing fluid (e.g., antifreeze
or water) within the pipe and the backfill or surrounding soil. Its substance may possess
thermal conductivity that is high for improving the efficiency of transferring the heat in both
directions. Additionally, to be durable, easy to install, robust, adaptable, and cost-effective,
the pipe should be versatile and flexible as well as able to withstand wear, damage, and
leaks [55]. The geometric configuration and thermal properties of the pipe are crucial factors
that significantly impact the behavior of an EAHE system. A properly functioning EAHE
system takes several factors into account. These include the pipe material, length, diameter,
spacing, number, soil type, burial depth, and air flow rate. There are no compressors,
burners, or chemicals required for the EAHE system. The system just uses blowers to
circulate the air, it is a feasible and economical option for replacing conventional air-
conditioning systems. Heat is transferred between the air and soil by the pipes within the
Earth—Air Heat Exchange systems. Generally, pipes are constructed of materials that have
high thermal conductivity, are resistant to corrosion, and are durable. Typical components
for Earth—Air Heat Exchanger pipes are PVC (Polyvinyl Chloride), Ductile Iron, and HDPE
(High-Density Polyethylene) [56]. Geothermal systems operate most efficiently while the
circuit’s pipes are placed in the ground, having significant thermal conduction and excellent
heat transfer properties. Thus, it is essential to choose a geographical location that has
favorable condition characteristics, like sandstone, wet, or sandy soil to ensure the best
system efficiency [57]. The local climate, the conditions of the soil, and the availability of
resources all influence the choice of material.

3.1. Impact of Pipe Properties on EAHE Technology

The geometrical characteristics include the pipe spacing and arrangement type (helical,
vertical, horizontal, and spiral), the type of material, the pipe diameter, and the length.
These are fundamental parameters that influence the output of the EAHE system. The next
subsections have a short view of these parameters.

3.1.1. Pipe Material Type

Regarding EAHE pipes, several materials such as rough-cast iron, aluminum, polyethy-
lene, plastic, and concrete may be useful [58,59]. The material of the gas duct in several
technologies such as a thermoelectric converter unit influences energy saving [60]. Many
studies have evaluated the influence of internal and external pipe parameters on the per-
formance of EAHEs during the summer and winter seasons. However, the impact of the
pipe material was explored less thoroughly than the other parameters [61]. Rosa et al. [62]
studied the effects of the pipe spacing, pipe diameter, and air velocity. They discovered
that the key criteria influencing the EAHE performance are the pipe diameter and the
air velocity. Furthermore, the distance between the two pipes may be lowered to 0.5 m.
Bansal et al. [63] investigated the heating capacity and assessed the potential of cooling
and heating for two EAHEs made from mainly steel and Polyvinyl Chloride (PVC) ma-
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terials. The authors concluded that the material of pipes possessed no influence of the
EAHE system efficiency. Serageldin et al. [64] evaluated the thermal performance of an
EAHE system developed and installed to offer heat and cooling for Egyptian premises.
It studied how various operation parameters and designs, such as the airflow velocity,
distance between pipes, length of pipe, duct material, and diameter of the pipe influence
the performance of the system. The findings indicate that several of these characteris-
tics have a discernible effect on the temperature of the air. When the diameter of a pipe
rises, the temperature of the air drops. For instance, as the pipe diameter increases from
50.8 mm to 76.2 mm, the air temperature output drops from 20 °C to 18.6 °C. In addition,
if the pipe length increases, so does the outlet air temperature. A pipe length increment
from 5 m to 7.1 m causes a rise in temperature from 19.6 °C to near 20 °C. When the pipe
spacing is increased (20-50 cm), the exit air temperature barely changes (19.6 °C to 19.7 °C).
Rosa et al. [65] investigated the impact of various design characteristics, including the
material of the pipe. They observed that the pipe had no meaningful effect after upgrad-
ing from PVC to steel. Therefore, according to the literature, the pipe material does not
affect the EAHE performance, making cost-effective options like PVC a suitable choice for
EAHE systems [66].

3.1.2. Effect of Pipe Length and Diameter

The initial investment of an EAHE system can be significant owing to the need for
longer pipes and greater excavation costs. The expenditure of digging the trench ac-
counts for around 25-30% of the entire cost of installing an EAHE system [66,67]. To
maximize the economic sustainability of an EAHE system, the trench and pipe lengths
must be reduced. The pipe length needed for the construction of any EAHE system
may greatly decrease with enhancing the heat conductivity of the soil surrounding the
pipe [66]. The thermal conductivity of the soil near a pipe could be enhanced with the
use of soil that has better thermal conductivity (not natural soil) as the material for back-
filling (BFM) or by raising the moisture content of the soil. Bansal et al. [68] conducted a
thermal performance analysis for various EAHE pipe lengths in India. Their study also
considered the influence of soil thermal conductivity and the time duration of continu-
ous EAHE operation. The pipe diameter also has a significant impact on the thermal
efficiency of eco-friendly technology [47]. A study on system behavior was conducted by
Agrawal et al. [67] using pipe sizes of 50 mm, 75 mm, and 100 mm. They discovered
that after 6 h of continuous operation, a reduction in the temperature of the air with a
length of 30 m was 13 °C, 11.4 °C, and 8.6 °C for GAHE with soil that was dry; 13.2 °C,
12.2 °C, and 11 °C for GAHE with soil that was wet (a moisture content of 5% [MC]);
and 13.4 °C, 12.7 °C, and 11 °C for soil with 20.2% MC with pipes with a 50, 75, and
100 mm diameter, respectively. The outcomes demonstrate that increasing the pipe diame-
ter reduces the decrease in the temperature of the air, achieved with a length of 30 m. This
may be attributed to the fact that increasing the diameter of the pipe increases the distance
between the soil layer and the center of the pipe. An extended pipe length enhances the
cooling efficiency by increasing the duration of air contact with the pipe’s surface, allowing
for a greater heat exchange, as observed in EAHE systems [69].

3.1.3. Pipe Depth

Knowledge of the distribution of the subsoil temperature and its fluctuation with
depth is essential in constructing the EAHE system. The mechanical qualities and layout of
the soil, as well as the cover of the soil surface, all have an impact on the dispersion of soil
temperatures [44]. An increment in depth narrows the variation in the ground temperature.
The ground level temperature changes according to daily time (seasonal and diurnal). The
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stable temperature of the ground is typically determined for a 1.9 to 4.1 m depth. However,
in certain locations, it may be greater than 4.1 m. A prediction of the soil thermal property
is feasible at various depths by adopting Equation (1) [70] and the temperature of the soil
surface at any latitude by Equation (2) [71]:

7t 05 27 z 3650\
Tz,t:Tm—ASexp(—z(%S) )cos<365<t—t0—2( 71) )) (1)

where T}, is the mean annual ground surface temperature (K); A; is the surface temperature

amplitude (K); z is the depth (m); « is the soil thermal diffusivity (m2/h); t is time referring
to the beginning of the year (days); and f; is the phase constant.

(STSIH’

—k (Sy

ly=0 = hsur[Ta — Tsur] + oS — mL— € AR )
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hsur - 05 + 12 (MOS)
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F(u) = 0.0168%s,,

in which the soil thermal conductivity is k, Ty, is the ground surface temperature, and
T, is the temperature of the air above the ground surface. The latent heat flow of ground
surface evaporation is (mL) , hsy,r is the soil surface’s convective heat transfer coefficient,
and S is the Earth’s surface’s incoming solar radiation. The absorptivity at the ground
surface is ag and € represents the Earth’s surface’s emittance, whereas AR is dependent on
the effective sky temperature, soil radiative characteristics, and the relative humidity of
the air above and below the ground. u is the wind speed above the surface of the Earth
and F(u) is determined by the wind velocity, Ps® is the saturation vapor pressure on the
ground’s surface, while P, is the vapor pressure on the surface above it.

The burial depth needs to be adequate to achieve a zone of a relatively steady tem-
perature while reducing digging costs [72]. With regards to this, there have been studies
targeted at finding the optimal buried depth of the pipe. Mihalakakou et al. [73] investi-
gated the pipe depth effect on the performance in a cooling mode using depths of 1 m,
2.1m, and 3.2 m. It was determined that a pipe at a depth of 3 m provided the best cooling.
Kaushal [28] found that increasing the burial depth beyond 3.5 m results in only marginal
performance improvements. However, the ideal depth depends on the specific location
and site conditions. A piece of research work run by Ahmed et al. [74] evaluated the
thermal performance of the horizontal earth pipe cooling system (HEPC) at pipe depths
of 0.6 m, 2 m, 4 m, and 8 m and found that the cooling effect is increased at an 8 m pipe
depth. Wu et al. [20] analyzed the thermal performance of an EATHE system by comparing
two burial depths (3.2 m and 1.6 m). They found that during summer cooling, the outlet air
temperature ranged from 25 °C to 30 °C at a depth of 3.2 m and 27 °C to 31 °C at a depth of
1.6 m. Depth variations are influenced by factors such as local ground temperature profiles,
soil properties, and climate conditions. Ref. [75] identified 1 m as the optimal depth in
Malaysia, whereas Khan et al. [76] recommended 4.5 m for Lahore, Pakistan.

4. Effect of Air Velocity

The reduction in the total temperature variation between in-flow and out-flow air
indicates that the air velocity within a pipe underground affects the operation of the
EAHE technology [77]. The capacity to cool/heat and the system’s performance are
mostly determined by the airflow rate [78,79]. The impact of a varied airflow velocity
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was studied using four different levels: 2, 5, 8, and 10 m/s [67]. This study found that as
the airflow velocity rises, there are thermal losses from the pipes to the surrounding soil,
altering the temperature noticeably. An increased soil moisture content, on the other hand,
mitigates the negative effects of the increased velocity of the airflow. Heat transmitted
to the surrounding ground layer is sustained by the moisture. Overall, this causes an
improvement in the energy efficiency. Another study indicated that during summer cooling,
the highest air temperature decrease was with an air velocity of 2.1 m/s and the maximum
hourly cooling was with 5.2 m/s [80]. Similarly, Wu et al. [20] reported a rise in temperature
for the out-flow air and conductivity as the velocity of air increased (starting with near to
0.9 until 4.2 m/s, caused by a higher flow rate of mass). There is around a 2-fold increase
in the coefficient convective thermal transfer when the air velocity goes up from 2 m/s
to 5 m/s, whereas the period of the remaining air in touch with the soil is reduced by a
factor close to 2.4. Dubey et al. [81] found that the temperature of the air lowered from
9 to 4.2 °C, while the coefficient of performance (COP) dropped from 6 to 3.7 when the air
speed increased from 4 to 12 m/s. Taking different stream speeds for cooling operation
(2.5,2,15,1,and 0.5 m/s), Niu et al. [82] discovered that the air temperature drop rate
was greatest for the lower velocity, which gives a longer interaction time between the pipe
and air. Abdelkrim et al. [83] used the number of Reynolds to evaluate the efficiency of an
EAHE system and concluded that the air residence time within the pipe decreases as the
Reynolds number increases, raising the out-flow air temperature in the case of the cooling
operation. A numerical parametric investigation was conducted by Ahmed et al. [74], using
four different air speeds to evaluate the air velocity effect on the thermal behavior of the
pipe-Earth technic during the cooling operation. An air flow of about 1.4 m/s was the best
option for the summer performance based on their report.

5. Bonding of Soil with Pipes

The practice of bonding soil with pipes, also known as a soil-pipe interaction, is a
crucial part of geotechnical and civil engineering. It entails connecting subterranean pipes
to the surrounding soil, assuring the stability and integrity of the buried infrastructure [84].
This bonding procedure is critical in avoiding pipe movement or damage, especially during
water supply, sewage, and utility applications. The soil-pipe interaction is influenced by
various factors, including the type of soil, pipe material, and installation techniques. A
strong bond between the pipes and the ground ensures an efficient energy exchange. The
pipes should have firm contact with the soil to avoid heat losses through debonding. Gaps
left around the pipe increase the resistance of heat and impedes a thermal transmission
from below ground to the installed pipe. Heat conduction between pipes and soil can be
improved by embedding pipes in materials whose properties facilitate the conduction of
heat. It is possible to enhance thermal contact by adding a layer of sand below the pipes
and above them [85].

A significant portion of EAHE efficiency is centered around the type of soil surround-
ing the pipe and the compaction procedure. Heat is transferred more effectively from
soil with higher moisture levels due to their greater thermal conductivity. Backfilling
the pipes properly eliminates air gaps [86], which can act as insulators and hinder a heat
transfer [87]. The material used for backfilling (sand and/or gravel) occupies the gap
left after pipe installation below ground. It can consist of natural soil, or a blend of addi-
tional materials designed to enhance the thermal connection between the EAHE and the
surrounding soil [88].

Some studies have investigated how the backfill material influences the performance
of green energy technology [89,90]. The authors emphasize the impact of incorporating
additives like graphite, cement, slag, and steel fibers into backfill materials to enhance their
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thermal and mechanical properties. However, as noted in [91], the high cost of materials
such as graphite and large quantities of steel fibers makes their use in backfill applications
economically unfeasible. Additionally, research nowadays is about the utilization of backfill
materials issued from solid industrial waste. The idea is to improve thermal effectiveness
for the EAHE while lowering the installation costs. A research study addressed the viability
of reusing manufacturing and construction waste products [92]. The findings demonstrated
that metallic waste products as the backfill had a greater thermal performance, almost
80%, compared to sand as the backfill. The observed improvement indicates a beneficial
compromise among the lifecycle cost (LCC) and thermal efficiency. A combination of
graphite and fly ash (FA) waste was used as a backfill material to increase the heat transfer.
The same study mentioned that it is a cost-effective alternative to traditional backfill
options [93]. Gluchowski investigated the possibility of obtaining backfill materials from
FA, recycled concrete aggregate (RCA), and its combination [94]. It was found that the
mixture of FA + RCA confirmed the thermal conductivity that was high with a negligible
error. This contributes to decreasing the system’s resistivity and led to cost saving over the
lifecycle of the system.

Jahanbin [95] found that the use of increased heat conductivity materials as the backfill
could raise the temperature at the surface of a system and reduce the heat resistance. En-
hancing the backfill material’s heat conductivity helps to reduce the temperature gradient
between the pipe and the surrounding soil, thereby improving the efficiency of the heat
exchange process [96]. Ma et al. [97] collected hydrological, geological, and geothermal
data using a heat response test designed for the field with a temperature sensor built on
distributed optical fibers. They created a numerical model to assess the heat transfer effi-
ciency of underground pipes throughout the heating season. The research investigates how
varied ground conditions impact the thermal conductivity and heat exchange efficiency.

Liu et al. [98] introduced the concept of ‘functional backfill” and categorized it into
three types: the cold load/storage function backfill, heat storage and release function
backfill, and cavity-building function backfill. These classifications illustrate several roles
that backfill materials may play in improving the durability and thermal performance of
the system. Smith and Perry [99] evaluated the backfill material effect on an efficiency heat
transfer. The findings suggested that enhancing the conductivity of heat for the backfill
material improves transferring heat. Debonding in the EAHE can occur for a variety of
causes, including nearby components’ thermal incompatibility, soil shrinkage, and poor
grout application. Philippacopoulos and Berndt [100] studied the impacts of soil and pipe
debonding. They found 66% of heat reduction attributed to 360° debonding at grout and
pipe contact. Table 1 shows the main key findings of the literature review.

Table 1. Summary of the key findings.

No. Property Findings References
Includes rough-cast iron, aluminum polyethylene, plastics, and concrete. [58,59]
1 Pipe material Comparatively less explored by research. [61]
Steel or PVC material had no effect. [65,66]
. Pipe length crucial. [66,68]
2 Pipelength pe ‘eng
tpelens Longer pipes enhance cooling efficiency. [69]
. . Pipe diameter crucial. [47,64,67,69]
p /64,67,
3 ipe diameter Raising heating/cooling capacity of EAH can be achieved by reducing pipe diameter.
Dispersion of below-ground soil temperature is influenced by soil characteristics and cover. [20,75]
: Variations in depth are determined by factors: soil characteristics, local ground temperature
4 Pipe depth

profiles, and climatic conditions.
Soil temperature can be relatively stable at depth not more than 3.5 m.
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Table 1. Cont.
No. Property Findings References
. . . Increasing pike spacing had no effect. [64]
5 Pipe spacing . Pipe spacing may be lowered to 0.5 m. [62]
. Air velocity within buried pipe is significant. [62,77]
6 Air velocity e Affects system’s capacity to cool/heat and performance. [64,78,79]
e  Increased air flow velocity leads to thermal losses from pipe to soil. [69,73,81,83]
e  Soil-pipe interaction assures stability and integrity. [84]
e  Adding sand below and above pipe enhances thermal contact. [68,85]
. : e Moist soil transfer heat effectively. [57]
7 E]?thr;gezf soil e  Adding additives to backfill materials is better but economically infeasible. [89-91]
pip e  Using construction waste as backfills is ideal to achieve 80% improvement to sand. [92]
e The use of graphite, fly ash, and combination of both is positive and cost-effective. [93,94]
. Debonding could cause loss of thermal energy up to 66%. [100]

6. Conclusions and Future Directions for Research

This review paper focused on EAHE properties that have the potential to influence
the system’s performance. Evidently, the type of material constituting the pipe, and pipe
characteristics such as the diameter, length, and burial depth have individual influences.
Other influencing properties include the system’s air velocity and the bonding of installed
pipes and soil with a backfilling material like graphite, sand, and fly ash. The extensive
evaluation of previous studies has underscored the intricate interplay between these factors
and their influence on the energy efficiency and environmental sustainability of EAHE
systems. The key findings of this review are as follows:

e  The local climate, especially temperature extremes, impacts the EAHE system’s ef-
ficiency. In colder regions, EAHEs may preheat the inflowing air, while in warmer
climates, they may pre-cool it. The temperature variation for the soil and inflowing air
determines the efficiency of pre-cooling or pre-heating.

e  The efficiency of EAHE systems varies with seasons. They tend to be more effective
during extreme weather conditions (winter and summer) when the temperature
differential between the external air and the subsurface is larger.

e  Materials with high thermal conductivity, such as High-Density Polyethylene (HDPE)
or PVC, are commonly used. The choice of material should consider factors like the
durability, corrosion resistance, and thermal properties.

e  The heat exchange capacity is influenced by the diameter and length of the pipes in
the system. Larger pipes (more than 30 cm diameter) with lengths between (80 m and
120 m) can exchange more heat, but they may occupy more space and incur higher
installation costs.

e  The cooling and heating capacity of an EAHE system enhances as the pipe depth in-
creases, until a specific point (about 3 m), beyond which no significant output occurs.

e  The difference in temperature for the air entering and exiting the pipe increases
per its length. However, it reaches a length (about 100 m) where no further effects
are observed.

e  The potential of the EAHE system to heat or cool a facility goes up by reducing the
pipe diameter (less than 20 cm) at a given airflow rate.

It is acknowledged that there are some potential barriers that need to be considered in
the specific design of the EAHE system. Key among the barriers are high initial costs, site
suitability and geological conditions, and regulatory and permitting issues. But government
incentives, site assessments, and the understanding of local regulations may overcome these
issues. Looking into the future, avenues for further research on EAHE systems are possible.
One such area of exploration will be the integration of this technology into common heating,
ventilation, and air-conditioning systems in civil buildings or greenhouses, to evaluate



Energies 2025, 18, 1759 12 of 16

whether it is possible to eliminate the need for an air-handling unit or to avoid a heating
or cooling coil maintaining indoor thermal comfort conditions. Additionally, to enhance
public acceptance and for the widespread adoption of EAHE systems, it will be essential
to develop standardized design guidelines. The document could take a holistic approach
to pipe the selection and system configuration. Furthermore, practical aspirations into
real-world applications need to be gathered through in-depth assessments of the system
performance and durability over time.

Achieving a more sustainable and energy-efficient built environment will ultimately
require interdisciplinary collaboration between geothermal engineering, materials science,
and sustainable building design. Research in these areas will contribute to an increasingly
greener and more energy-efficient future, as well as innovations in the EAHE system’s
design and implementation. Per this review paper, more research is needed to contribute
toward the following issues: to test the suitability of other pipe materials; establishing the
percentage contribution of each property to the performance of the EAHE; developing
guidelines and standards for designing the EAHE system for a peculiar environment
(Mediterranean, arid, Saharian, temperate. ..); and to consider a combination of EAHE
systems with other renewable energy systems to form an efficient hybrid system.
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