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Abstract

This study proposes a new air treatment system that integrates dehumidification, cooling,
and water recovery using a Horizontal Air-Ground Heat Exchanger (HAGHE) combined
with Peltier cells. The airflow generated by a fan flows through an HAGHE until it meets
a septum on which Peltier cells are placed, and then separates into two distinct streams
that lap the two surfaces of the Peltier cells: one stream passes through the cold surfaces,
undergoing both sensible and latent cooling with dehumidification; the other stream
passes through the hot surfaces, increasing its temperature. The two treated air streams
may then pass through a mixing chamber, where they are combined in the appropriate
proportions to achieve the desired air supply conditions and ensure thermal comfort in
the indoor environment. A Computational Fluid Dynamics (CFD) analysis was carried
out to simulate the thermal interaction between the HAGHE and the surrounding soil.
The simulation focused on a system installed under the subtropical climate conditions of
Nairobi, Africa. The simulation results demonstrate that the HAGHE system is capable of
reducing the air temperature by several degrees under typical summer conditions, with
enhanced performance observed when the soil is moist. Condensation phenomena were
triggered when the relative humidity of the inlet air exceeded 60%, contributing additional
cooling through latent heat extraction. The proposed HAGHE-Peltier system can be easily
powered by renewable energy sources and configured for stand-alone operation, making it
particularly suitable for off-grid applications.

Keywords: geothermal energy; condensation process; heat transfer; HAGHE; Peltier cell

1. Introduction

Geothermal energy constitutes a particularly compelling form of renewable energy,
primarily due to its inherent capacity to deliver a continuous, stable supply of thermal
energy throughout the entire year [1]. Unlike solar or wind energy, geothermal systems
remain largely impervious to climatic variability and seasonal fluctuations, thus positioning
them as a highly reliable and sustainable energy source [2]. Among the various techno-
logical implementations of geothermal energy, geothermal heat pump (GHP) systems,
particularly ground source heat pumps (GSHP), emerge as a prominent application [3].
These systems exploit the Earth’s relatively constant subsurface temperatures to provide
efficient heating and cooling for buildings and indoor environments. For example, in the
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study presented by Ben et al. [4], the feasibility of decarbonising buildings by applying
an adaptive thermal comfort strategy in combination with a closed-loop deep geothermal
system was studied. In a comprehensive study, Violante et al. [5] provided an in-depth
comparison between GSHP systems and conventional heating and cooling technologies,
particularly in the context of decarbonising the thermal energy sector. Their findings
underscore the energy efficiency and reduced greenhouse gas emissions associated with
geothermal systems, thereby highlighting their strategic importance in meeting sustain-
ability targets. GSHP systems have also been applied in the city of Dushanbe, through the
project of Bina et al. [6]: the research used numerical simulations validated with real data
recorded in the field and provides a comprehensive analysis of both short- and long-term
performance by implementing the model using FEFLOW (Finite Element subsurface FLOW
system, 8.1) software version 8.1. While Li et al. [7] used a predictive model to analyse
the performance degradation of the GSHP system induced by thermal imbalance in the
soil. The performance of such systems can also be influenced by other parameters, such as
soil temperature: this is the case in the study by Zhou et al. [8]. The relationship between
soil temperature variation and depth was analysed, as well as the impact of geological
distributions in a simulation environment to test certain hypotheses that emerged from the
analysis of monitoring data. Beyond overarching comparisons, numerous studies have
delved into the nuanced technical aspects of geothermal system design and operation. In
a related line of inquiry, Bhutta et al. [9] demonstrated the efficacy of CFD as a powerful
analytical tool for the simulation and performance enhancement of diverse heat exchanger
designs. Another investigation [10] presented the experimental validation of a CFD-based
mathematical model developed using Fluent. This model was specifically tailored to simu-
late thermal exchange within a Horizontal Air-Ground Heat Exchanger (HAGHE) system
deployed in conjunction with GSHPs. Validation was achieved through comparison with
empirical data obtained from a real-world installation located in Rubiana (Turin, Italy).
In the HVAC (Heating, Ventilation, and Air Conditioning) sector, horizontal ground heat
exchangers are a significant component in achieving energy requirements. In the work of
Bordignan et al. [11], a complex system was realised consisting of an air-to-air heat pump
coupled with a heat recovery unit capable of pre-heating the outside air and contributing
to the production of domestic hot water. The horizontal ground heat exchanger, indeed,
had a complex heat transfer mechanism, so in a study [12], a hybrid numerical model
was created to provide efficient modelling and dynamic optimisation support. Additional
advancements in geothermal system design have been proposed by Lamarche et al. [13],
who introduced innovative methodologies for the configuration of geothermal boreholes.
Additional advancements in geothermal system design have been proposed by Lamarche
et al. [13], who introduced innovative methodologies for the configuration of geothermal
boreholes. Their work emphasised the critical role of borehole characteristics and utilised
the g-function approach—a sophisticated modelling technique—for capturing the dynamic
thermal behaviour of underground piping systems. Similarly, Priarone et al. [14] employed
the Finite Line Source (FLS) model within the COMSOL 2008 Multiphysics environment
to simulate heat transfer processes, incorporating a broader set of variables to reflect real-
world operating conditions with greater fidelity. A similar approach has recently been
used to model a new horizontal geothermal exchanger system integrated with a borehole
thermal energy storage [15]. Misra et al. [16,17] performed CFD simulations to assess the
influence of operating time and soil thermal conductivity on the effectiveness of earth—air
heat exchange systems (also known as earth—air tunnels). These systems were utilised for
both cooling and heating applications and present an environmentally sustainable alterna-
tive for climate control in buildings. However, recent studies focused on another type of
heat exchanger. Chiesa [18] presented a method for analysing the potential of this technique
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at specific sites, to optimise it and verify its ability to meet the building’s expected energy
demand as soon as possible, by developing three key performance indicators (KPIs). The
method could be a suitable solution for utilising low-temperature ground in summer, but
the performance of the EAHX system in different climates has not been assessed. Therefore,
Li et al. [19] evaluated the energy-saving potential of the EAHX system in a multi-story
building with the Passivhaus standard in different cities in China with different climatic
conditions. They investigated GSHPs and ASHPs (Air Source Heat Pumps) in six different
cities in Morocco and found that the application of these systems can provide significant
energy savings, mainly in colder regions [20]. The use of earth-to-air heat exchangers
(EAHXSs) can be a supporting tool for ventilation in buildings, with the aim of improving
thermal comfort and reducing dependence on conventional Heating, Ventilation, and Air
Conditioning (HVAC) systems [21]. Wakil et al. [22] proposed an optimisation algorithm
under different seasonal conditions. Ghosal et al. [23], on the other hand, developed a
thermal model to study the potential of utilising the thermal energy stored in the soil for
greenhouse heating and cooling, using an earth-to-air heat exchanger (EAHX) system inte-
grated into a greenhouse located in India. An additional frontier in thermal management
and energy efficiency lies in the application of thermoelectric technologies, particularly
Peltier cells. These solid-state devices, which resemble compact plates, operate based on the
thermoelectric effect, enabling heat to be transferred from one surface to another. As such,
they offer a highly versatile solution for localised heating and cooling. Mannella et al. [24]
supported the design of temperature control systems by simplified modelling of heat trans-
fer dynamics with Peltier cells. Casano et al. [25] conducted an experimental investigation
to characterise the performance of thermoelectric modules used for power generation on a
range of different resistive loads. In contrast, Shi et al. [26] used a different number of Peltier
modules to experimentally study the air-cooling process: in this way, an optimised number
of modules can be selected for large-scale cooling through the simultaneous optimisation of
multi-efficiency and cooling. Freire et al. [27] derived an extensive performance evaluation
of Peltier modules, revealing their significant potential to enhance energy efficiency across
various system configurations. Innovative implementations of Peltier technology have also
been proposed in the domain of environmental control. For example, Nihat Dipova [28]
developed an alternative humidity regulation system incorporating both Peltier modules
and infrared heating elements. This novel device introduces new possibilities for humidity
and temperature management in both industrial and residential environments. Congedo
et al. [29] showed for the first time a conceptual design of the integration of the Peltier cells
with the geothermal system. Lastly, Baglivo et al. [30] explored the integration of Peltier
elements with EAHX systems, using a hybrid 3D + 1D FEM approach in COMSOL. The
present study provides a preliminary CFD investigation of the thermal performance of
a HAGHE operating under the subtropical climate conditions of Nairobi, Africa. First,
the geothermal system is modelled through a three-dimensional CFD simulation in An-
sysFluent 2023 R1, based on a numerical model previously developed and validated by
the authors. The integration with Peltier cells is then analysed separately during the
post-processing phase, using thermodynamic calculations based on the results of the CFD
simulation. The proposed combined solution is further supported by the possibility of
utilising recovered components from discarded electronic equipment, such as Peltier cells
and heatsinks salvaged from end-of-life personal computers, thereby reducing costs and
promoting circular economy practices. Additionally, the HAGHE-Peltier system can be
easily powered by renewable energy sources and configured for stand-alone operation,
making it a low-cost, easy-to-implement alternative that is particularly well-suited for
sustainable air conditioning applications in developing countries.



Energies 2025, 18, 4115

40f17

2. Materials and Methods

Figure 1 presents a summary diagram of the HAGHE-Peltier system, illustrating the
logical sequence of the steps followed in the methodology, along with the corresponding
inputs and outputs of the problem.
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Figure 1. Flowchart of the HAGHE-Peltier system.

In particular, the input data concern the climate data and the boundary conditions.

The reference city is Nairobi, for which climate data (T j, and RH ;,) were extrapolated
through Meteonorm, on an hourly and yearly basis.

The boundary conditions were defined by applying Kosuda’s equation (Equation (1)),
using the soil properties A, p, ¢p, & in order to calculate the ground temperatures T y,p and
T gown at different depths, in particular, temperatures of the lowest and highest horizontal
surfaces of the calculation domain by the CFD code Fluent. The HAGHE system was
simulated in order to calculate the thermo-hygrometric outlet conditions T oyt and hoyt of
air from the geothermal probe, thus representing the air pre-treatment phase.

Later, in the Peltier section, the air flow is split into two flows, one laps the cold side
and the other laps the hot side. Using the thermal power exchanged with both sides of the
Peltier cells, the enthalpy variations of both flows are calculated by the use of the ASHRAE
psychrometric diagram.

Finally, the idea is to use the correct mixing of the two flows to obtain the thermal
comfort conditions in the conditioned room.

2.1. Pre-Treatment Phase: The HAGHE Model

The analysis employs a numerical approach based on CFD analysis, implemented
using the CFD code Ansys Fluent 2023 R1, to model the complex thermal interactions
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occurring within the system. The HAGHE system shows a geometrically symmetrical
configuration. This symmetry-based modelling strategy, illustrated in Figure 2, permits a
significant reduction in the computational cost of the simulations, both in terms of time and
processing resources. The specifications of the computational system used for this study
are summarised in Table 1.

Figure 2. Geothermal thermal exchanger model.

Table 1. Mesh size in Ansys analysis software.

Cells Faces Nodes
2,814,400 8,531,488 2,903,730

The air duct in expanded polystyrene (EPS) has a semi-cylindrical geometry, with a
wall thickness of 20 mm and a base surface area of 0.0157 m2. The pipe is embedded within
a defined computational domain shaped as a parallelepiped, with dimensions of 5.0 m in
length, 2.0 m in width, and 4.0 m in depth, as schematically depicted in Figure 3.The inlet
and outlet sections are indicated in red and blue respectively, while the symmetry section
of the object is indicated in yellow.

In CFD simulations, the accuracy in defining numerical models has a significant impact
on the ability to correctly represent the phenomenon of thermal energy storage. With this
objective, a computational model was developed that includes an extensive solid domain
(the ground) surrounding the geothermal probe.

Moreover, the thermal capacity of the soil is considerably higher than that of air; as a
result, the temperature gradient within the various soil layers is primarily influenced by
the temperatures at the upper and lower boundaries of the domain, rather than by the heat
exchange with the geothermal probe itself, which is consistent with what occurs under real
operating conditions.

To enable a reliable and efficient simulation, the domain was discretised using a non-
uniform, structured mesh composed of hexahedral cells. The mesh density is highest close
to the pipe, where thermal gradients and flow dynamics are most pronounced, and becomes
progressively coarser with increasing distance from the buried pipe. The meshing strategy
reflects the curved geometry of the semi-cylindrical surface while gradually transitioning
into a regular grid structure in the surrounding soil. This graded meshing approach
enhances numerical stability and accuracy, optimising the resolution of temperature and
velocity fields while minimising computational overhead. The continuous equations are
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us 2
T(Z depth tyear) = Tmean — Tamp X eXp{*Zdepth(W) } X COS{ 365 [tyear — shift — T2
oi

approximated to discrete points within the mesh. In particular, the Navier-Stokes equations,
averaged according to the Reynolds approach, were solved using an implicit second-order
transient scheme, integrated with the k-¢ turbulent model, including wall treatment and
thermal effects. The k-¢ model was adopted to simulate internal surface-adherent flows
characterised by weak pressure variations. As for the calculation method, the SIMPLE
algorithm (Semi-Implicit Method for Pressure-Linked Equations) was used, which allows
the coupling of pressure and velocity mainly for applications with incompressible flow.

Figure 3. Representation of the complete geometric model in Ansys.

The assumption of incompressible air is justified by the low flow velocity (Mach < 0.3),
which makes compressibility effects negligible. Density variations due to temperature
and pressure are minimal, and the use of the SIMPLE algorithm ensures computational
efficiency. This approach is widely validated in HVAC and geothermal applications, where
thermal effects dominate over compressibility.

From a thermodynamic standpoint, the inlet boundary conditions are defined based
on meteorological data obtained from Meteonorm [31-33] for the city of Nairobi, reflecting
the local climatic conditions under which the system would operate in a real-world scenario.
The airflow entering the pipe is set at a mass flow rate of 284.4 kg /h, simulating the forced
convection of air through the buried exchanger.

To model the temperature profile in the soil as a function of depth (Zgepm) and time
(tyear), Kosuda’s equation was used in Equation (1):

3 2£ Zdepth 365 %

Tt&X50il

)

where

- Tmean is the average annual temperature.

- Tamp is the annual temperature range/2.

- tgnift is the days with the lowest temperatures.
- tyear is the hours of the year in question.

- ®goil is the diffusivity of the soil.

- Zgeptn s the burial depth.

- 7Tis the period of the sinusoid.
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This equation assumes a fundamental character for evaluating the temperature varia-
tions on the upper and lower surfaces of the model in contact with the ground. The burial
depths considered were 1 m and 5 m, respectively. To perform the calculation, the parame-
ters and soil properties indicated in Tables 2 and 3 are used. These values are representative
of a medium conductivity soil as reported in [34]. In particular, the soil under consideration
is a high-moisture silty-sandy type, with a thermal conductivity of 2.0 W/m-K, which is
consistent with high saturation conditions. It exhibits an average porosity ranging from 35%
to 40%, and a volumetric water content of 28-30%, resulting in a relative saturation between
0.75 and 0.85. The dry bulk density is estimated at approximately 1700-1900 kg/m?3, and
the high moisture content enhances its thermal transfer capacity, making it suitable for
interaction with geothermal exchange systems. The soil structure is compact and stable,
with good granulometric continuity and no significant organic content.

Table 2. Parameters of the soil profile.

P A Cp Ksoil
[Kg/m3] [W/m-K] [J/kg-KI] [m?/day]
1850 2.00 1340 6.97 x 1072
Table 3. Thermal parameters.
Tmean Tamp tshift T
K] K] [Day] [Day]
292.02 293.9 359 365

As can be seen from Figure 4, the temperatures of the soil undergo slight variations
throughout the year at a depth of 1 m, peaking near 300 K. As the depth increases, the
oscillations are stabilised, leveraging the characteristics of the soil and contributing to a
nearly constant temperature trend throughout the entire year.

External and Soil temperatures trends
310

305
300
295

290 \

285

Temperature [K]

280

275

0 600 1200 1800 2400 3000 3600 4200 4800 5400 6000 6600 7200 7800 8400 9000
Time [h]

— T up —— T_down T in —T _av,in —T _av,up ——T_av,down

Figure 4. External and Soil Temperature trends.
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When comparing the temperature variations in the soil with loss of the external air
(T_in), it can be concluded that the average temperature of the soil (T_ayup and T .y down)
coincides with the annual average temperature of the inlet air (T 5yin).

2.2. Post-Treatment Phase: The Peltier Cells

To complete the air conditioning treatment, the Peltier cells section follows the geother-
mal system. These devices, known for their ability to generate a thermal flux in response
to an electric current, play a key role in amplifying the heat transfer initiated within the
geothermal probe. At the outlet of the geothermal probe, a septum divides the pipe into
two equal sections. Peltier cells that are activated according to a modulated sequential logic
are sequentially installed on it so as to gradually increase the thermal power available in
the system. In particular, four different configurations with increasing numbers of Peltier
cells were considered: 1, 3, 5, and 7 cells.

Each Peltier module receives a cooling power of 0.083 kW on its cold side, while the
hot side is subjected to a thermal power of 0.187 kW. Additionally, all cell-related quantities
used in Table 4 are listed.

Table 4. Peltier cell parameters.

Operating Temperature —150 °C to +200 °C
External Depth 3.3 mm
External Length/Height 40 mm
O max 83 W
Tmax 73 °C
Internal Resistance 2.44 Q) + 10%
Imax 6.7 A
Vimax 20V
Solder Melting Point 232 °C
Max Compress. 1 MPa

The airflow within the duct is thus split: one stream passes through the cold side of
the Peltier cells, undergoing further temperature reduction and more effective dehumidi-
fication; the other stream flows along the hot side, benefiting from the heat generated to
increase the air temperature. If the incoming air temperature drops below the dew point,
condensation of moisture is triggered directly within the probe. This occurs specifically in
the airstream that passes through the cold side of the Peltier cells, as a result of the cooling
and dehumidification process, with the condensate collected by gravity in a dedicated
storage tank located at the base of the system.

This tank can also function as a mixing chamber where, by adjusting the two air
flow rates, the desired thermal comfort conditions can be achieved in the conditioned
environment.

Figure 5 reports the trend of the COP. of a Peltier cell as a function of AT. The
theoretical cooling Coefficient of Performance (COP.) of the Peltier cell is defined as
follows:

COPc = Qc/W (2)

e Q. cooling power transferred from the cold side of the Peltier cell (W).
o  W:electrical power absorbed by the module (W).
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Trying to make a comparison with conventional heat pumps, Peltier modules generally
have much lower COP, values (0.30.7) compared to vapour—compression refrigeration
cycles, especially when operating with large temperature differences.

The COP, decreases as the temperature difference (AT) between the hot and cold sides
increases. Performance can be improved by optimising the cooling of the hot side and
reducing the input current to operate the module within its most efficient range.

Although an optimal value is not achieved, the device offers positive potential in
terms of responding to the needs of thermal comfort.

Coefficient of Performance Trend

0.8

COP.. (Coefficient of Performance)

0.6

0 10 20 30 40 50 60 70

AT [OC] (Thot - Teora )

Figure 5. COP trend of a Peltier cell as a function of AT.

3. Results and Discussion
3.1. Analysis of the HAGHE System

Figure 6 shows the inlet and outlet temperatures of the air passing through the probe,
resulting from the CFD analyses. The results show a significant damping in the most
extreme temperature variations.

Looking at Figure 6, in the geothermal probe crossing, there is a decrease in the
maximum outlet temperature, which increases from 304.2 K to 300.79 K, and an increase in
the minimum temperature value, which increases from 280.6 K to 284.15 K.

Leaving aside the extreme values, the trend shows almost uniform outlet temperatures,
with no particularly marked distinctions between the different months of the year. This ther-
mal behaviour is a clear consequence of the mild climatic conditions in the city of Nairobi
and confirms the effectiveness of the probe in mitigating seasonal thermal fluctuations and
ensuring more stable operating conditions.

Of the two flow rates, we will focus on the cooling treatment and subsequent conden-

sate production.

3.2. Analysis of the HAGHE—Peltier System

This section investigates the mechanisms governing the formation and subsequent
collection of condensate water resulting from the phase transition of water vapour to liquid
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within a humid air mixture. This evaluation aims to quantify the mass flow rate of the
condensed water and to determine the corresponding outlet air temperatures under varying
operating conditions. The system under consideration introduces wet air at a total dry flow
rate of 284.4 kg /h, which is symmetrically divided between two parallel branches of a duct
system, thereby delivering 142.2 kg /h of air to each branch. Using prescribed values for
temperature and relative humidity, the fundamental psychrometric properties of the air are
determined, including specific humidity, dew point temperature, and specific enthalpy.

@) Trend from 15 January to 315 March
305
300
— 295
=)
2 |
g
2
£ 20
[_4
285
280
0 300 600 900 1200 1500 1800 2100
—T _in —T_out Time ]
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Temperature [K]

280
2160 2460 2760 3060 3360 3660 3960 4260

—T in —T out Time [h]

Figure 6. Cont.
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©) Trend from 1% July to 30™ September
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Figure 6. Full-year temperature trends: (a) 1 January-31 March; (b) 1 April-30 June; (c) 1 July-30
September; and (d) 1 October-31 December.

Starting from the temperature and relative humidity values coming out of the geother-
mal probe, the thermo-hygrometric quantities of the humid air are calculated. In particular,
the value of enthalpy is determined in order to proceed, then, to the subtraction of cold heat
power by the Peltier cell sequence. If the final temperature exiting the Peltier cell section
goes below the dew temperature of the outside air, the phenomenon of condensation
is generated.

Figure 7 shows the complete cooling process as an example. The first section A-B is
the cooling in the geothermal probe, followed by the transition to the Peltier cell section. It
can be seen that, in order for condensation to occur, seven cells must be operational in this
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case. In addition, the total heat contribution has been plotted, divided into the proportion
of sensible heat and latent heat. At the bottom right, on the other hand, the contribution

due to

dehumidification is shown.

P! )
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Figure 7. Psychometric chart of the process considering 1st January.

In general, dynamic simulations were performed throughout the year in order to
obtain the values of condensed water flow rate. In fact, the trend is shown in Figure 8. The
analysis indicates a fluctuating condensation trend with one, three, and five Peltier cells,
alternating between no condensation and gradual increases, reaching up to 168.25 g/h
with one cell. With seven Peltier cells, condensation increases significantly, peaking at
632.05 g/h in May at 3343 h.
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Figure 8. Condensation water production trend.
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Similarly, the temperature variations at the outlet of the Peltier cell section were
systematically analysed, the results of which are illustrated in Figure 9. With one Peltier
cell, the outlet air temperatures vary from approximately 293.08 K to 280.47 K (considering
the extreme values), reflecting a modest cooling effect. As the number of active Peltier cells
increases, the system demonstrates a progressively greater cooling capacity, with outlet
temperatures decreasing accordingly.

Temperature Trend
300

295

Temperature [K]

270

265

260

0 600 1200 1800 2400 3000 3600 4200 4800 5400 6000 6600 7200 7800 8400 9000
Time [h]
—N.1 Peltier Cell ——N.3 Peltier Cell ——N.5 Peltier Cell ——N.7 Peltier Cell

Figure 9. Outlet temperature profile after the Peltier cell section.

In intermediate configurations, such as the one utilising five Peltier cells, the cu-
mulative cooling power becomes sufficient to reach minimum temperatures of 276.23 K,
indicating a significant removal of thermal load from the airflow. With seven Peltier cells,
the outlet temperature approaches zero Kelvin, specifically reaching 273.89 K, effectively
avoiding the presence of ice that could compromise the structural integrity of the system
presented. In any case, it is worth emphasising that this progressive thermal behaviour
confirms the direct correlation between the number of Peltier cells installed and the extent
of temperature reduction achieved in the system.

3.3. Optimisation of Results: Regulation Technique

To improve efficiency and the quality of the results obtained, a rotary disc valve is
strategically employed to regulate and reduce the incoming airflow. This adjustment leads
to a substantial decrease in flow rate, specifically halving it to approximately 71.1 kg/h
on the cold side of the cell. As illustrated in Figure 10, this controlled reduction in airflow
initiates a more pronounced condensation phenomenon starting from the first configuration,
where condensation is observed almost throughout the year, with a peak of 124.24 g/h
during the month of February (1375 h). This value progressively increases in the subsequent
configurations, ensuring better and more frequent condensate collection, even in setups
involving a higher number of Peltier cells. Therefore, by using this regulation technique,
it is not possible to guarantee the presence of condensation during all hourly intervals
throughout the year in the four proposed configurations. However, the periods without
condensation are significantly reduced. This makes it possible to operate with a lower
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number of Peltier cells while still achieving substantial values, without necessarily having
to use seven Peltier cells (final configuration) as in the previous case.
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Figure 10. Trend of collected condensate in Regulation Mode.

Comparison of Figures 9 and 11 shows that as the flow rate is halved, there is a
decrease in the outlet temperature.
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Figure 11. Outlet temperature profile after the Peltier cell section in Regulation Mode.
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With only one Peltier cell, the minimum outlet temperature recorded is approximately
279.46 K. This temperature continues to decrease as the number of active cells increases: it
drops to 264.42 K when all seven Peltier cells are active.

Under these conditions, to ensure the integrity of the device, it is possible to provide
for the use of a thermostatic control device that, once the desired temperature is reached,
stops the air supply into the pipe.

4. Conclusions

This study investigated the thermal and fluid dynamic behaviour of a Horizontal
Air-Ground Heat Exchanger (HAGHE), with a focus on how environmental variables
such as temperature and humidity affect the heat exchange process and the occurrence
of condensation. The system integrates Peltier cells to enhance the cooling effect, and its
performance was evaluated under different boundary conditions through a combination of
analytical modelling and numerical simulations.

The results showed that the thermal behaviour of the soil significantly influences
the heat exchange rate and that the presence of moist air can trigger condensation within
the ducts, contributing to an additional latent heat sink. The simulations confirmed that
coupling thermoelectric modules with the geothermal probes leads to a measurable increase
in cooling efficiency.

Moreover, the analysis highlighted the potential of using recycled Peltier cells as a
low-cost solution to improve air treatment in warm and humid climates. The system’s
passive nature, minimal maintenance requirements, and compatibility with renewable
energy sources such as shallow geothermal energy make it a viable alternative or comple-
ment to conventional HVAC systems, particularly in contexts where energy efficiency and
sustainability are priorities.

In summary, the proposed HAGHE system demonstrates the feasibility of integrating
thermoelectric cooling with ground heat exchange to enhance the pre-conditioning of
ventilation air. Its adaptability, modularity, and environmental compatibility offer promis-
ing perspectives for further development and practical applications in energy-efficient
building systems.
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Abbreviations

Cp
9H20
Tmean
Tamp
tshift
tyear
Zdepth
Tmax
Imax

Vmax

Qmax
Greek letters

Ksoil
A

p

Specific heat of soil [J-kg~1-K~1]

Mass flow rate of water [g~h*1]

Annual average value of the air temperature [K]
Annual temperature range/2 [K]

Days with the lowest temperature [K]

Hours of the year [h]

Burial depth [m]

Max temperature difference at Imax, Vmax and Q =0 W [°C]
Max current at Trax [A]

Max voltage at Tmax [V]

Max cooling capacity at Imax,Vmax and T =0 °C [W]

Thermal diffusivity of soil [m2Z-s~1]
Thermal conductivity of soil [W-m 1K 1]
Density of soil [kg-m*3]

T Period of the sinusoid [day]
Acronyms
EAHX Earth-to-Air Heat Exchanger system

HAGHE Horizontal Air-Ground Heat Exchanger system
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