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Abstract

:

This work proposes a new device for air treatment with dehumidification and water recovery/storage, with possible mitigation of indoor environmental conditions. The system is based on Peltier cells coupled with a horizontal earth-to-air heat exchanger, it is proposed as an easy-to-implement alternative to the heat pumps and air handling units currently used on the market, in terms of cost, ease of installation, and maintenance. The process provides the water collection from the cooling of warm-humid air through a process that leads to condensation and water vapor separation. The airflow generated by a fan splits into two dual flows that lap the two surfaces of the Peltier cells, one flow laps the cold surfaces undergoing sensible, latent cooling with dehumidification; the other flow laps the hot surfaces and heats up. The airflow undergoes thermal pre-treatment through the underground horizontal geothermal pipe that precedes the Peltier cells. In the water storage tank, which also works as a mixing chamber, the two air streams are mixed to regulate the outlet temperature. The system can be stand-alone if equipped with a photovoltaic panel and a micro wind turbine, able to be used in places where electricity is absent. The system, with different configurations, is modeled in the African city Kigali, in Rwanda.
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1. Introduction


Climate change has led to multiple effects on natural and human systems on all continents, worsening living conditions [1]. Water is a vital resource for human life, but over time this resource is gradually decreasing and has become one of the main challenges to sustainable development in the framework of climate change [2]. This phenomenon is causing many social and environmental problems, including the scarcity of potable water [3], the reduction of agricultural productivity [4], and the degradation of water quality [5], leading to inevitable serious consequences to socioeconomic development as well [6]. A clear picture of savings in water consumption is becoming increasingly important to ensure the sustainability of buildings and districts [7,8]. The main causes of water scarcity include rapid population growth, lack of adequate government planning, the presence of many rural communities far from typical urban water sources, and an increase in hot weather and drought. It is necessary to identify effective solutions to combat this crisis.



In recent years, a great concern about the implementation of energy efficiency devices in South Africa’s residential sector has been developed [9]. Growth and innovation are key aspects of South Africa’s development, which can lead to efficient, sustainable, and equitable management of water resources. Approximately 80% of the South African population includes poor people who experience low household water security [10]. In addition to the residential sector, water scarcity also threatens productive sectors. The long experience with water scarcity and urgent water supply challenges have led to numerous studies for water sector innovation [11]. The current state of drinking water networks in most African countries highlights the need to have effective management methods for physical and financial operations. Innovative technologies can bring operational and financial risks for water utilities, especially for completely new platforms [12]. In addition, poor maintenance, and lack of adequate investment in the already old water storage, distribution, and treatment infrastructure can lead to inadequate water supply [13].



Salehi et al. [14] conducted a comprehensive overview of the most prominent emerging technologies for water production.



Although innovative, affordable, and more portable new water technologies have been developed [15,16,17], their energy consumption may still be too high, leading to many environmental pressures.



An important advancement with strong potential to counter the problem of water scarcity is the Atmospheric Water Generator (AWG), which permits the production of water from the air. Specifically, AWGs extract water molecules from the air, leading to a phase change from vapor to liquid [18].



Shourideh et al. [19] proposed a small-scale AWG prototype using the Peltier effect for cooling. Water efficiency increases with relative humidity. Increasing the current of the individual thermoelectric cooler (TEC) increases the water generation rate, resulting in higher specific energy consumption as a result of the decrease in COP (Coefficient of Performance).



Liu et al. [20] implemented a portable water generator with two thermoelectric coolers (TECs). The results showed that the amount of water generated, and the condensation rate increased with increasing RH (Relative Humidity). This system had a small size and could work at small airflow rates, which was suitable for outdoor applications. Although many experimental studies have been performed on vapor treatment [21,22], another method of collecting water is through underground condensation which results in a simple process for producing water from humid air. In this approach, through the intake system, the air is directed underground where it cools rapidly due to the different temperatures between the surface and underground sections. The water is stored in underground reservoirs, and a water pump enables the water to be pumped up to the surface for agricultural and irrigation purposes [23,24].



Objective and Novelty of the Project


This study presents a hypothetical solution useful to combat water scarcity. The new water collection system is based on the condensation process achieved by coupling Peltier cells to a horizontal earth-to-air heat exchanger (EAHX). The system involves exploiting the ground temperature, which is almost constant, with small and slow fluctuations throughout the year, lower than the outdoor temperature in summer and higher in winter [25]. The airflow is so pretreated before meeting the Peltier cells.



The novelty of this study is the combination of geothermal systems with Peltier cells, both of which are widely studied individually but never coupled to implement water harvesting and air conditioning. This innovative system is totally new and has never been presented in the literature.



The designed system involves a simple construction with low costs, realizable on-site, and reduced environmental impact, being built with easily available materials, such as plastic pipes (for the construction of geothermal pipes) and Peltier cells (for example recovered from the dismantling of old computers or portable refrigerators). It is also a simple alternative to heat pumps and air handling units currently on the market, in terms of cost, ease of installation, and maintenance. As the scientific and industrial community is increasingly interested in the use of renewable energy sources as an alternative to conventional, more expensive, and highly polluting generators [26], the proposed system can be considered in line with this trend, as in addition to the use of geothermal, can also become stand-alone when coupled with a hybrid system, and thus can also be widely used in remote areas not connected to the grid [27].



The behavior of the new device is shown by simulating its performance in Kigali, Rwanda. The results highlight the amount of water stored as the number of Peltier cells varies.





2. The Proposed System


Figure 1, Figure 2 and Figure 3 show the details of the different components that make up the system, while Figure 4 illustrates the states of the humid air along with the entire system and Table 1 makes it easy to identify system components and humid air states.



External ventilation air (state A) is passed through a geothermal probe, where it undergoes thermal pre-treatment, mainly pre-cooling (B). If the temperature falls below the dew point, condensation of the water begins in the geothermal probe itself. Next, the airflow meets the Peltier cell array, where the airflow is divided into two streams: the first laps the cold side of the Peltier cell cooling and dehumidifying (state C), the second laps the hot side heating (state D).



The condensed water accumulates in the tank, which also acts as a mixing chamber. If necessary, the two air flows can mix to regulate the temperature of the room (state E). The fans and Peltier cells can be powered by small photovoltaic panels and micro wind turbines, creating autonomous systems.



The air intake (component 1) is raised at least one meter above the ground to prevent dirt or dust from entering. The geothermal pipe (component 4), approximately 20 m long, is laid at a depth of 1.2 m, with a slope of 0.5% in the direction of flow to facilitate the collection of condensation water. The soil on which the geothermal pipe rests must be well compacted to avoid subsidence and the formation of water pockets. The trench will then be filled with fine-grained, stone-free, and thoroughly compacted material to prevent the formation of air pockets.



As shown in Figure 2, the geothermal pipe (component 4) is followed by the Peltier cell array (component 8), where a planar septum (7) is positioned to split the entire volume longitudinally into two half-cylinders.



The blue arrows indicate the flow of air that laps the cold side, cooling and dehumidifying, and the red arrows represent the flow that laps the hot side, heating.



The result of this process is the formation of condensation on the cold side. Condensate water falls downward by gravity, where it is collected in a tank (component 13), shown in Figure 3. The dimensions of the square-based tank are width 1.25 m, height 3.30 m, of which 2.30 m are underground.



Depending on seasonal requirements, it is possible to choose to supply fresh or warm air into the home through the opening or closing of the grille (12), shown in Figure 3. Specifically, when the grille is open (Figure 3a) hot air flows outside, when it is closed (Figure 3b) it mixes with cold air through the space between the septum and the tank closure. The opening and closing of the grille are managed directly from the outside allowing the temperature to be regulated inside the home.



In other words, looking at Figure 4, the two flows can then proceed separately or give rise to adiabatic mixing. If the objective is to maximize the cooling component, the flow in condition (C) is sent directly into the room to be conditioned (Figure 4a), whereas if a post-heating is required, the two flows, cold (C) and hot (D) are mixed again before being sent into the room to be conditioned (Figure 4b).



The system can be equipped with a photovoltaic panel and a micro-wind turbine, making the system adaptable even in places where there is no electricity. It can be susceptible to many modifications, all components can be customized and are replaceable with other technically equivalent elements, depending on the context in which the system operates.



2.1. Peltier Cells


Peltier cells can be considered as a reversible thermoelectric device, consisting of two external plates [28]. The Peltier cell is essentially a solid-state heat pump with the appearance of a thin plate; one of the two surfaces absorbs heat while the other emits it. The direction in which the heat is transferred depends on the direction of the direct current applied to the ends of the plate itself. A common Peltier cell consists of two N-doped semiconducting materials and P-type semiconductors, connected by a copper strip. If a positive voltage is applied to type N and a negative voltage is applied to type P, the upper strip cools while the lower strip heats up. By reversing the voltage, the thermal energy shift is correspondingly reversed. On the market, there are isolated Peltier cells and non-insulated Peltier cells, the former (Figure 5) is coated with ceramic material on the top and at the bottom and guarantees higher yields than the latter. The device is powered by a constant current.



The common use of the cell involves the subtraction of heat by adhesion of the cold side to the body to be cooled; the subtraction of heat is favored by the creation of appropriate thermal bridges (thermo-conductive adhesives or, for a better thermal transfer, graphite sheets with a thickness of a few tenths of a millimeter) that allow the best conduction. The subtracted heat is transferred to the hot side together with the operating heat (this is most of it); on the hot side, the heat must be transferred to the external environment. The main problem is the control of the current intensity which corresponds to the subtraction of heat: if the thermal source changes in the value of heat emission, the subtraction carried out by the cell must also vary accordingly. If possible, this variation must be carried out with temperature detectors so that, using a special feedback circuit, the current intensity administered to the cell maintains its operation in the permissible temperature ranges. Peltier cells are used where small quantities of material need to be cooled quickly. Peltier cells are reversible due to the Seebeck effect: heating one side and cooling the other, an electric circuit connected to the cell heads will flow a direct current proportional to the difference in temperature between the two faces.



Peltier cells have some significant disadvantages that limit their use. The efficiency of the Peltier cell is very low, the electricity input is much greater than the thermal energy taken from the cold side, leading to poor efficiency. This means that the amount of heat dissipated by the cell on the hot side is much greater than that which can be removed from the cell on the cold side or that, in the reverse use, only a small fraction of the thermal energy that passes into the cell is transformed into electricity. This limits the use of the Peltier cell to applications where power use is low.



Since the cell has a heat flow between the two sides, to maximize the temperature difference between the cold side and the environment and, at the same time, avoid damage to the cell on the hot side (which usually occurs around 90 °C), it is necessary to remove the heat generated using heat sinks, radiators or heat pipes which are usually larger and heavier than the cells themselves. This means that the size of a thermal system based on Peltier cells depends mainly on the cooling system of the cells. In the case study, heat is removed through a flow of air from the geothermal system which passes over the hot side of the cell.




2.2. Horizontal Earth-to-Air Heat Exchanger


A horizontal earth-to-air heat exchanger (EAHX) consists of an underground pipe usually installed near the building and connected to it [29]. One of the advantages of this system is the exploitation of the ground temperature for the treatment of the air passing through the pipe. Therefore, specifically, the ground can be used to pre-cool (in summer) or pre-heat (in winter) the air passing through the pipe. The exiting air can be used for ventilation and to handle partially or totally the thermal loads [30]. Clearly, the physical properties of the ground and the climatic conditions of the site need to be considered for optimal system design, as they affect system performance [31]. The pipe can be installed vertically or horizontally [32]. When the exterior building area is small, it is preferable to install the pipe vertically, in order not to have space problems. About the depth at which the pipes are buried, it should be noted that a greater depth allows the system to be less affected by external temperature fluctuations. In horizontal systems, to avoid interaction between the pipes, it is recommended that the pipes be spaced at least 1.5 m and buried at a depth of 1.2 m to 1.8 m [33]. There are clear advantages in using the earth-to-air heat exchangers in buildings located in hot climates during the summer season, already with short pipes, while in winter the benefits of the system are just for few hours during the day. In the paper [34], it was investigated how geometric configuration, soil thermal conductivity, heat transfer fluid velocity, and installation depth affect the behavior of earth-to-air heat exchangers, using CFD simulations. In addition, the paper [35] shows the impact of the unsaturated ground on the performance of the ground heat exchanger as the depth varies through numerical simulation. The results showed that the performance under unsaturated soil conditions decreased up to 40% compared to that under fully saturated ground conditions. In this regard, the study [36] has given a complete database on transient ground temperatures, which was acquired by surveying a case study located in southern Brazil. Regarding outdoor climate conditions, the study [37] considers different climate zones in China, showing higher energy savings of the system application in warm climates.





3. Calculation


The numerical analysis carried out for the simulation of the system consists of three phases:




	(1)

	
Calculation of the geothermal heat transfer and determination of the thermohygrometric conditions at the outlet of the geothermal probe;




	(2)

	
Calculation of the thermal power exchanged on the cold and hot sides with the Peltier cell array;




	(3)

	
Calculation of the indoor air intake conditions with or without adiabatic mixing.









Given the conditions of the external air entering the system and the characteristics of the soil for calculating the heat exchange with the geothermal probe, the dry bulb temperature, relative humidity, and absolute humidity after passing through each component of the system were calculated.



3.1. The Geothermal System


The geothermal system is modeled considering all the characteristics of the pipe, installation, climate, and soil. There are several widely used software programs for modeling geothermal systems, including GAEA [38,39] Energy Plus [40], Fluent [41], TRNSYS tool [42]. This study involved the use of GAEA software, developed by the University of Siegen, which provides a simple and effective approach to dimension and evaluate the energy contribution of an EAHX system [43], especially during the preliminary design phase. The system is tested in the city of Kigali, Rwanda, classified as Aw, Tropical Savanna Climate [44,45], in Koppen Climate classification. Climate data are imported from the Meteonorm meteorological data file and processed with a 1-h step for 8760 h (one year).



The air geothermal pipe is generally made of high-pressure cross-linked polyethylene (in PE-Xa) and non-cross-linked polyethylene (in PE 100). The thermal conductivity of the pipe has little influence on the overall heat transfer, whereas the thermal conductivity of the ground is of particular importance. The influence of the soil thermal conductivity was not investigated and therefore an average reference value of 1.28 W/mK was taken.



GAEA, knowing the climatic conditions, the characteristics of the ground, and the geothermal pipe, returns the temperature of the air leaving the pipe (state B). This temperature was then compared with the dew temperature of the inlet conditions (state A) to determine any condensation that may have occurred in the geothermal probe. Table 2 reports all technical parameters useful for the simulation in GAEA software.




3.2. The Peltier Cell Array


Given the thermo-hygrometric conditions exiting the geothermal pipe and the thermal powers exchanged on the hot and cold sides of the Peltier cell, it was possible to use the Ashrae diagram to calculate the final conditions of the air passing through the series of Peltier cells.



As reported in Table 3, the maximum cooling capacity of the Peltier cell is assumed to equal 0.340 kW, detailed Peltier cell technical data can be seen in [46]. However, for a reliability calculation, the maximum nominal cooling power of the Peltier cells is not taken into account, but the calculation value was chosen on the operating conditions, as shown in the diagrams of Figure 6 relating to the performance behavior of the Peltier cell. In fact, the first hypothesis is that the Peltier cell will work with an amperage similar to that of a photovoltaic panel, i.e., around 10–12 A.



The second hypothesis is that the airflow coming from the geothermal probe is split into two flows at the same temperature that lap, respectively, the hot and cold sides of the cells. Therefore, it is expected that the Peltier cell will work with a hot-side temperature of about 50 °C and small temperature differences on the hot-cold side (about 15–20 °C), with a cold airflow that is cooled with a cooling power of about 0.267 kW for each cell and a hot airflow that is heated with a heating power of about 600 W for each cell.




3.3. Adiabatic Mixture


As mentioned above, the two flows exiting the Peltier cell section can proceed separately or result in adiabatic mixing. In the results section the thermo-hygrometric conditions for state E, following the possible adiabatic mixing of the two moist air streams, are shown. The calculation is omitted as it is widely found in the literature.





4. Results


The results, in terms of the thermo-hygrometric conditions of the humid air, such as dry bulb temperature, relative and absolute humidity, and heat exchanged, are reported for each passage through each component of the system.



4.1. Monthly Trends of Temperatures Along the Length of the Pipe


Figure 7 shows the temperature trends of the soil, the outer side of the pipe, and the air flowing inside the pipe, for the entire length of the geothermal pipe (20 m in length), resulting from the simulations performed in the GAEA software. The technical parameters of the geothermal system set in GAEA are shown in Table 2. To provide an annual overview of temperature trends along the length of the pipe, trend values are plotted considering the 15th of each month at 12:00 noon.



Peltier cells were not simulated in GAEA because the airflow exiting the geothermal laps the Peltier cells after the 20-m pipe. In fact, the simulations performed in GAEA are used to only compute the pre-treatment provided by the geothermal system. Next, the Ashrae diagram is used to quantify the amount of condensed water.



As it is evident from the graphs, from June to October the three trends are very close, while in the other months they are more distanced, reaching the maximum distance in February. In July and August, although very close, the three curves show a reversal of trends with the soil temperature greater than the temperature inside the pipe. In other months, however, the temperature inside the pipe, being greatly influenced by the outside temperature is higher than the temperature of the soil.




4.2. Thermohygrometric Analysis and Calculation of Collected Water


The psychometric graph was used to calculate the amount of water collected. The complete process for calculating the amount of water relative to January 15 is shown as an example. The conditions of the external air entering the geothermal pipe are temperature equal to 34.3 °C, and relative humidity of 83.5%, which correspond to external air content of 29.28 g/kg, and enthalpy of 108.246 kJ/kg.



The total mass flow rate (Qm), corresponding to the mass of fluid flowing through a section in the unit, is calculated as follows:


   Q m  = ρ ·    Q v   



(1)




where     ρ   is the fluid density (kg/m3) and    Q v    is the volume flow (m3/s).



The chosen fan has dimensions equal to 120 mm × 120 mm × 38 mm and a capacity of 234 m3/h (corresponding to Qv), thus the    Q  m , t o t     value is:


   Q  m , t o t   =  (  234 · 1.225  )  / 3600 = 0.07963   kg / s  



(2)







The output values of temperature and relative humidity are exported from the simulations performed in GAEA software.



By calculating the changes in relative humidity entering and exiting the geothermal pipe, the amount of water condensed in the geothermal has been determined (   q  H 20 , g e o    ) as the difference between the inlet and outlet title (   X 1  −  X 2   ) in the geothermal pipe, multiplied by the total mass flow rate   (  Q  m , t o t    ).


   q  H 2 O , g e o   =  (     X 1  −  X 2   )  ·  Q  m , t o t    



(3)







As the number of cells can be variable the corresponding cooling power value (𝑃n𝐶𝑒𝑙𝑙 𝑃𝑒𝑙𝑡𝑖𝑒𝑟) is calculated by multiplying 𝑃𝐶𝑒𝑙𝑙 𝑃𝑒𝑙𝑡𝑖𝑒𝑟 for the number of cells.



The mass flow rate in a single cooling section (𝑄𝑚, 𝑠) is 0.03981 Kg/s. The enthalpy output from Peltier cells is ℎ3, calculated as the difference between the enthalpy input to Peltier cells and the subtracted enthalpy.



The condensed water in the Peltier section is given by:


   q  H 2 O , P e l t i e r   c e l l   =  Q  m ,   s   ·  (   X 2  −  X 3   )   



(4)




where:



	●

	
m is the mass flow value of the only cooling section (m3/h),




	●

	
   X 2    is the title corresponding to the output values from the geothermal system (g/kg),




	●

	
   X 3      is the title corresponding to the output values of the section Peltier (g/kg).







The amount of collected water can be calculated as the sum of the water condensed in geothermal plus the water condensed in the Peltier cell array.



As an example, the treatments of humid air on the ASHRAE diagram in January in Figure 8 and in August in Figure 9 are reported.



Figure 8 shows the treatment of the air on 15 January where it goes from state A to state B directly in the geothermal pipe. In other words, by starting the condensation of water vapor directly in the geothermal pipe, the airflow here is subject to pre-cooling and initial condensation of the vapor. However, the condensation phenomenon is not always triggered in the geothermal pipe, it depends on the climatic conditions, so the transformation represented with the orange line may take place in the geothermal pipe or be the first part of the treatment that takes place in the cold side of the Peltier cell section. In this case, as the external temperatures are high, there is no subsequent adiabatic mixing, but the flow that laps the cold side of the Peltier cells is sent directly into the room. The representative diagram of the system is shown in Figure 4a.



Figure 9 shows the Ashrae diagram for August 15. Specifically, the treatment of moist air begins as it passes through the geothermal probe, which does not produce a substantial temperature change from state A to state B. Subsequently, the airflow splits into two streams: the first laps the cold side of the Peltier cells passing from state B to state C, the second laps the hot side passing from state B to state D. The power exchanged with the hot side is about two-three times the power exchanged with the cold side.



The two flows are then mixed adiabatically, since the two flows have the same flow rate, the representative point of the final state is E, the midpoint of segment C-D.




4.3. Optimization by Changing the Number of Peltier Cells


The amount of water collected through the contribution of the geothermal pipe alone (   q  H 2 O , g e o    ), thus not using Peltier cells, is shown in Table 4. The wet-bulb temperature, relative and absolute humidity data of the inlet A and outlet B states from the geothermal pipe are also reported in the table.



Table 5, Table 6, Table 7 and Table 8 show the amounts of condensed water (   q  H 2 O , P e l t i e r   c e l l    ) using 1,3,5,7 Peltier cells respectively, and the total value of condensed water (   q  H 2 O , t o t    ) obtained by summing the contribution of the geothermal probe    q  H 2 O , g e o    .



All calculations are conducted considering the total volume flow rate   (  Q v  )     equal to 234 m3/h, the total mass flow rate (   Q m  )     of 286.65 kg/h, and the mass flow rate in a single cooling section   (  Q  m ,   s   )     of 0.040 kg/s. The flow rates are consistent with the diameter of the geothermal probe chosen and with the optimization of heat exchange with the ground. Any request for higher flow rates requires the addition of new geothermal probes.



From the analysis of Table 5, Table 6, Table 7 and Table 8, it can be seen that increasing the number of Peltier cells leads to a substantial increase in the temperature exiting the hot side of the Peltier cell section (state D). In the cases with 5 and 7 Peltier cells, the temperature (state D) reaches about 80 °C. The same temperature is, however, drastically reduced with the adiabatic mixing with the flow of air that laps the cold side of the cells. Therefore, the inlet temperature in the conditioned environment (state E) is lowered in the most critical cases up to 50–55 °C. This may suggest using the whole Peltier cell array in the air cooling and condensing phase and reducing the number of Peltier cells in the air post-heating phase.



Figure 10 illustrates how the grams of water produced increase as the number of Peltier cells increases and indicates that the maximum amount of water will be produced in March. The figure also shows the collected water by the use of the only geothermal system (geo), without the application of Peltier cells.



August is the month with the lowest production, as it is the month with low temperature and relative humidity values that do not favor condensation. The results showed that under the most favorable climatic conditions (March), for example with 3 and 7 Peltier cells, it is possible to condense about 1800–2900 g/h, respectively, while under the most unfavorable conditions (August) about 350–800 g/h.




4.4. System Electrical Consumption


Table 9 shows the final electrical consumption of the system for the different configurations. Future development of this study will include a thorough and detailed analysis of the installation and maintenance costs of the entire system, with particular attention to local labor costs.





5. Conclusions


The availability of water resources, especially in areas of hot climate and drought, is becoming increasingly problematic. Natural reserves are gradually reducing, and water is not available in abundance in every part of Rwanda.



This work proposes a new simple and innovative water-harvesting device, based on the water vapor condensation process achieved by coupling Peltier cells to an underground geothermal pipe used for air pre-treatment. The behavior of the system has been simulated in Kigali, Rwanda.



The system focuses on the specificity of Peltier cells that require two airflows, one hot and one cold, on its surfaces. The airflow generated by a fan, pre-treated in the geothermal probe, is separated into two streams that lap the two surfaces of the Peltier cells, one stream lapping the cold surfaces, undergoing sensible and latent cooling with dehumidification, the other stream lapping the hot surfaces, heating up.



The results showed that, under the most favorable climatic conditions (March), for example with 3 and 7 Peltier cells, it is possible to condense about 1800–2900 g/h, respectively, while under the most unfavorable conditions (August) about 350–800 g/h.



In the water storage tank, which also serves as a mixing chamber, the two air streams mix adiabatically to regulate the temperature entering the conditioned environment. In remote areas, where there is no electrical distribution network, the fan and Peltier cells can be powered by small photovoltaic panels and micro wind turbines.



The results show that as the number of Peltier cells used increases, the water produced increases but, conversely, the temperature exiting the hot side of the Peltier cell (state D) increases significantly. In cases with 5 and 7 Peltier cells, the temperature (state D) reaches about 80 °C. The same temperature decreases drastically with adiabatic mixing with the airflow lapping the cold side of the cells. Therefore, the inlet temperature in the conditioned environment (state E) drops in the most critical cases to 50–55 °C. This may suggest using the entire Peltier cell array in the air cooling and condensing phase and reducing the number of Peltier cells in the air post-heating phase.



The presented design is both environmentally friendly and economically viable. The system is simple and can be realized with elements easily available even in disadvantaged areas, such as plastic pipes for geothermal probes, and the recovery of Peltier cells, for example, from the disassembly of old computers.
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Figure 1. Details of the air intake. 
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Figure 2. Application of Peltier cells inside the pipe. 
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Figure 3. Tank for water collection: open grille (a) and closed grille (b). 
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Figure 4. The entire system: open grille (a) and closed grille (b). 
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Figure 5. Peltier cells. 






Figure 5. Peltier cells.



[image: Energies 14 04507 g005]







[image: Energies 14 04507 g006 550] 





Figure 6. Performance of the Peltier cell selected. 
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Figure 7. Trends of temperatures along the length of the pipe. 
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Figure 8. Transformation on the Ashrae Diagram (15 January). 
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Figure 9. Transformation on the Ashrae Diagram (15 August). 
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Figure 10. Annual overview of the total condensed water. 
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Table 1. Labeling used for the description of the components of the system and moist air conditions in Figure 1, Figure 2, Figure 3 and Figure 4.
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	System Components



	1
	Air intake system



	2
	Filter



	3
	Fan



	4
	EAHX



	5
	Curved connecting element



	6
	Pipe extension with Peltier cell placement



	7
	Septum



	8
	Peltier cell



	9
	Hot side of Peltier cell



	10
	Fan



	11
	Cold side of Peltier cell



	12
	Grille



	13
	Tank



	14
	Tank inspection chamber



	15
	Extension of the pipe for supplying air treated in the environment



	
	Moist air states



	A
	External air entering the geothermal pipe



	B
	Air exiting the geothermal before meeting the Peltier cells



	C
	Air exiting from cold side of Peltier cell



	D
	Air exiting from hot side of Peltier cell



	E
	Adiabatic mixing of hot and cold air flows
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Table 2. Technical parameters of the geothermal system.
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Elements

	
Descriptions

	
Values






	
Pipe

	
Number of pipes

	
1




	
Length of pipes

	
20 m




	
Diameter of pipes

	
200 mm




	
Burial depth

	
1.2 m




	
Soil

	
Type of soil

	
Clay




	
Density

	
1500 kg/m3




	
Heat capacity

	
0.88 kJ/kgK




	
Thermal conductivity

	
1.28 W/mK




	
Soil water level

	
20 m




	
External temperature

	
Max. monthly value

	
32.4 °C




	
Yearly mean temperature

	
20.9 °C




	
Min. monthly value

	
9.4 °C




	
Building

	
Volume

	
100 m3




	
Air change rate

	
2.34 1/h




	
Ventilation flow

	
234 m3/h




	
System control

	
Set point temperature

	
20 °C




	
Boundary value for heating

	
18 °C




	
Boundary value for cooling

	
25 °C




	
Flow

	
Constant pressure drops

	
50 Pa




	
Pressure drops in pipes

	
0.47 Pa/m




	
Total pressure drops

	
59.43 Pa




	
Fan efficiency

	
0.4




	
Fan power

	
9.66 W




	
Specific energy consumption

	
0.041 Wh/m3




	
Geothermal parameters

	
Heat gain

	
678.6 kWh




	
Hear loss

	
675.3




	
Yearly max. inlet air temperature

	
38.4 °C




	
Yearly max. outlet air temperature

	
33.6 °C




	
Yearly min. inlet air temperature

	
3.4 °C




	
Yearly min. outlet air temperature

	
8.0 °C




	
Efficiency factor heating

	
2.65




	
Efficiency factor cooling

	
5.86
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Table 3. Peltier cell technical details.
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	Technical Data
	Values





	Power (𝑃𝐶𝑒𝑙𝑙 𝑃𝑒𝑙𝑡𝑖𝑒𝑟)
	0.340 kW



	Voltage
	≈25 V



	Maximum absorbed current
	15.4 A



	Maximum differential between hot and cold side temperatures
	68 °C



	Maximum supply voltage
	35.9 V



	Max hot side temperature
	90 °C



	Size
	52 mm × 52 mm × 3.5 mm



	Max mounting pressure
	1.5 MPa
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Table 4. Calculation of condensed water in the geothermal system.
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	Month
	TA (°C)
	RHA (%)
	XA (g/kg)
	TB (°C)
	RHB (%)
	ΔRH (%)
	XB (g/kg)
	    q  H 2 O . g e o      (g/h)
	HB (kJ/kg)





	15 January
	34.3
	83.5
	29.28
	30.2
	100.0
	16.5
	27.50
	510.2
	100.69



	15 February
	36.6
	73.5
	29.48
	32.3
	94.1
	20.6
	29.48
	0
	107.38



	15 March
	35.9
	87.5
	33.7
	32
	100.0
	12.5
	30.62
	882.8
	110.58



	15 April
	32.3
	71.5
	22.28
	29.6
	82.9
	11.4
	22.28
	0
	85.57



	15 May
	27.0
	79.0
	17.91
	25.6
	93.5
	14.5
	17.91
	0
	75.22



	15 June
	20.9
	80.0
	12.43
	20.9
	80.0
	0
	12.43
	0
	52.42



	15 July
	16.2
	88.5
	10.18
	17.1
	84.2
	−4.3
	10.18
	0
	43.10



	15 August
	13.8
	64.5
	6.34
	14.9
	59.2
	−5.3
	6.34
	0
	30.68



	15 September
	14.5
	72.0
	7.41
	15.2
	68.2
	−3.8
	7.41
	0
	33.76



	15 October
	18.0
	92.0
	11.89
	17.7
	94.5
	2.5
	11.89
	0
	48.09



	15 November
	23.6
	84.0
	15.46
	21.9
	94.3
	10.3
	15.46
	0
	61.60



	15 December
	29.4
	87.5
	22.94
	26.4
	100.0
	12.5
	21.86
	309.5
	82.28










[image: Table] 





Table 5. Calculation of condensed water using 1 Peltier cell.
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	Month
	Cooling Power (kJ/kg)
	HC

(kJ/kg)
	XC

(g/kg)
	    q  H 2 O . P e l t i e r   c e l l     

(g/h)
	    q  H 2 O . t o t     

(g/h)
	TC (°C)
	RHC (%)
	TD (°C)
	RHD (%)
	TE (°C)
	RHE (%)





	15 January
	6.706
	93.98
	25
	358.3
	868.5
	29.84
	93.2
	44.33
	46.55
	37.085
	65.18



	15 February
	6.706
	100.67
	27
	355.4
	355.4
	31.33
	92.2
	45.83
	45.9
	38.58
	64.45



	15 March
	6.706
	103.87
	28.4
	318.2
	1201.1
	30.96
	98.79
	46.06
	47.04
	38.51
	67.39



	15 April
	6.706
	78.86
	20.8
	212.1
	212.1
	25.67
	99.59
	42.82
	41.68
	34.245
	62.98



	15 May
	6.706
	68.51
	17.7
	30.1
	30.1
	23.32
	98
	43.73
	31.62
	33.525
	54.5



	15 June
	6.706
	45.71
	11.5
	133.3
	133.3
	16.5
	98.13
	35.36
	33.82
	25.93
	57.23



	15 July
	6.706
	36.39
	9.26
	131.9
	131.9
	12.93
	99.8
	31.91
	34.52
	22.42
	57.6



	15 August
	6.706
	23.97
	6.48
	0
	0
	7.63
	99.99
	29.38
	25.14
	18.505
	48.6



	15 September
	6.706
	27.05
	7.13
	40.1
	40.1
	9.05
	99.82
	29.72
	28.61
	19.385
	52.1



	15 October
	6.706
	41.38
	10.4
	213.6
	213.6
	15
	97.89
	32.5
	38.89
	23.75
	60.79



	15 November
	6.706
	54.89
	13.9
	223.6
	223.6
	19.51
	97.84
	36.71
	39.83
	28.11
	61.51



	15 December
	6.706
	75.57
	19
	409.9
	719.5
	26.92
	84.75
	40.72
	44.92
	33.82
	61.28
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Table 6. Calculation of condensed water using 3 Peltier cells.
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	Month
	Cooling Power (kJ/kg)
	h3

(kJ/kg)
	X3

(g/kg)
	    q  H 2 O . P e l t i e r   c e l l     

(g/h)
	    q  H 2 O . t o t     

(g/h)
	TC (°C)
	RHC (%)
	TD (°C)
	RHD (%)
	TE (°C)
	RHE (%)





	15 January
	20.119
	80.57
	21.0
	931.6
	1441.8
	26.82
	93.94
	72.78
	12.23
	49.8
	31.23



	15 February
	20.119
	87.26
	23.3
	885.7
	885.7
	27.59
	99.23
	74.15
	12.34
	50.87
	32.12



	15 March
	20.119
	90.46
	24.3
	905.8
	1788.7
	28.21
	99.71
	75.86
	12.7
	52.035
	31.18



	15 April
	20.119
	65.45
	16.9
	771.1
	771.1
	22.34
	99.45
	71.54
	10.53
	46.94
	29.34



	15 May
	20.119
	55.10
	14.0
	560.4
	560.4
	19.46
	98.77
	72.69
	8.11
	46.075
	25.12



	15 June
	20.119
	32.30
	8.3
	591.9
	591.9
	11.31
	99.74
	64.62
	8.08
	37.965
	25.25



	15 July
	20.119
	22.98
	6.2
	570.4
	570.4
	7.36
	97.57
	61.31
	7.72
	34.335
	24.45



	15 August
	20.119
	10.56
	3.9
	349.7
	349.7
	0.8
	97.62
	59
	8.64
	29.9
	19.75



	15 September
	20.119
	13.64
	4.5
	419.9
	419.9
	3.59
	82.02
	59.27
	6.2
	31.43
	20.17



	15 October
	20.119
	27.97
	7.3
	657.9
	657.9
	9.54
	98.91
	61.8
	8.79
	35.67
	26.54



	15 November
	20.119
	41.48
	10.5
	710.9
	710.9
	14.85
	99.77
	65.8
	9.48
	40.325
	27.73



	15 December
	20.119
	62.16
	15.9
	854.2
	1163.8
	21.62
	97.91
	69.46
	11.31
	45.54
	30.41
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Table 7. Calculation of condensed water using 5 Peltier cells.
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	Month
	Cooling Power (kJ/kg)
	h3

(kJ/kg)
	X3

(g/kg)
	    q  H 2 O . P e l t i e r   c e l l     

(g/h)
	    q  H 2 O . t o t     

(g/h)
	TC (°C)
	RHC (%)
	TD (°C)
	RHD (%)
	TE (°C)
	RHE (%)





	15 January
	33.532
	67.16
	17.4
	1447.6
	1957.8
	22.76
	99.72
	80
	9
	51.38
	31.82



	15 February
	33.532
	73.85
	19.3
	1459.0
	1459.0
	24.54
	99.09
	80
	9.69
	52.27
	32.85



	15 March
	33.532
	77.05
	19.1
	1651.1
	2534.0
	28.09
	99.53
	80
	10.05
	54.045
	30.63



	15 April
	33.532
	52.04
	13.2
	1301.4
	1301.4
	18.46
	99.24
	80
	7.4
	49.23
	29.1



	15 May
	33.532
	41.69
	10
	1133.7
	1133.7
	16.29
	86.72
	80
	5.99
	48.145
	25.9



	15 June
	33.532
	18.89
	5.45
	1000.4
	1000.4
	5.18
	99.74
	80
	4.19
	42.59
	22.35



	15 July
	33.532
	9.57
	3.79
	915.8
	915.8
	0.32
	99.86
	80
	3.44
	40.16
	19.8



	15 August
	33.532
	−2.85
	2.72
	629.2
	629.2
	−7.65
	99.28
	80
	2.16
	36.175
	13.5



	15 September
	33.532
	0.23
	2.33
	728.1
	728.1
	−5.54
	99.52
	80
	2.52
	37.23
	17.02



	15 October
	33.532
	14.56
	4.65
	1037.7
	1037.7
	3.02
	98.15
	80
	4.02
	41.51
	21.2



	15 November
	33.532
	28.07
	7.35
	1162.4
	1162.4
	9.51
	99.74
	80
	5.19
	44.755
	24.42



	15 December
	33.532
	48.75
	12.3
	1370.2
	1679.8
	17.49
	98.48
	80
	7.27
	48.745
	28.42
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Table 8. Calculation of condensed water using 7 Peltier cells.
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	Month
	Cooling Power (kJ/kg)
	h3

(kJ/kg)
	X3

(g/kg)
	    q  H 2 O . P e l t i e r   c e l l     

(g/h)
	    q  H 2 O . t o t     

(g/h)
	TC (°C)
	RHC (%)
	TD (°C)
	RHD (%)
	TE (°C)
	RHE (%)





	15 January
	46.945
	53.74
	13.6
	1992.2
	2502.5
	19.13
	98.03
	80
	9.07
	49.565
	39.68



	15 February
	46.945
	60.43
	15.5
	2003.7
	2003.7
	20.93
	99.62
	80
	9.81
	50.465
	40.52



	15 March
	46.945
	63.63
	16.4
	2038.1
	2921.0
	21.81
	99.74
	80
	10.05
	50.905
	40.85



	15 April
	46.945
	38.62
	9.8
	1788.7
	1788.7
	13.78
	99.86
	80
	7.4
	46.89
	38.71



	15 May
	46.945
	28.27
	7.4
	1506.3
	1506.3
	9.58
	99.92
	80
	5.99
	44.79
	38.1



	15 June
	46.945
	5.47
	3.11
	1335.8
	1335.8
	−2.28
	99.9
	80
	4.19
	38.86
	37.86



	15 July
	46.945
	−3.85
	2.86
	1196.8
	1196.8
	−8.35
	100
	80
	3.44
	35.825
	27.03



	15 August
	46.945
	−16.27
	1.55
	794.0
	794.0
	−17.5
	100
	80
	2.16
	31.25
	16.72



	15 September
	46.945
	−13.19
	1.32
	918.7
	918.7
	−15.1
	100
	80
	2.52
	32.45
	19.29



	15 October
	46.945
	1.14
	2.46
	1351.6
	1351.6
	−4.96
	99.45
	80
	4.02
	37.52
	37.96



	15 November
	46.945
	14.65
	4.66
	1547.9
	1547.9
	2.96
	99.84
	80
	5.19
	41.48
	37.76



	15 December
	46.945
	35.33
	9.01
	1841.7
	2151.3
	12.52
	99.84
	80
	7.27
	46.26
	38.48
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Table 9. Final electrical consumption of the system.






Table 9. Final electrical consumption of the system.





	Configuration
	Peltier Cell Absorbed Power (W) (220 W Each One)
	Total Power Consumption of Two Fans (W) (9.2 W Each One)
	Total Power Consumption (W)





	Only Geothermal system
	0
	18.4
	18.4



	1 Peltier cell
	220
	18.4
	238.4



	3 Peltier cells
	660
	18.4
	678.4



	5 Peltier cells
	1100
	18.4
	1118.4



	7 Peltier cells
	1540
	18.4
	1558.4
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