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Abstract

:

This paper is focused on the resort to geothermal energy, through the employment of an Earth-to-Air-Heat Exchanger (EAHX) positioned upstream of the air-handling unit of an air conditioning system, for an office building in Naples (South Italy). The aim is to evaluate the energy performances of this unusual system compared to the common solution of external air directly entering the air-handling unit. The EAHX is extensively designed and two-dimensionally modeled, and the analysis is solved with finite element method. The model is validated with experimental data and this comparison shows good agreement. With the requirement of providing the building with 1300 m3 h−1 of external airflow, different design solutions for the EAHX are studied, by varying the diameter (in the range 0.2–0.5 m) and length (between 20 and 140 m) of the buried pipes. The results indicate that: smaller tube diameters enhance the heat transfer; a tube length between 80 and 100 m is recommended. Using the EAHX, the reduction of the thermal power of the coils in the air-handling unit is greater than 40% in most cases. Finally, the efficiency of the EAHX is assessed as a function of the tube length and diameter, reaching values up to 0.9.
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1. Introduction


1.1. Describing the Concepts


The growing interest in finding alternative to refrigeration and Heating, Ventilation & Air Conditioning (HVAC) systems based on vapor compression, has guided the scientific community in developing solutions based on renewable energies. Renewable energy refers to the supply of energy through renewable resources which are naturally produced faster than they are used. The most common are solar, wind, biomass, rain, tides, waves, and geothermal heat-based energies.



The systems exploiting geothermal energy take advantage of the temperature property of the ground to be constant after a certain depth. Indeed, they have the common denominator of use the ground to lessen the building cooling load in summer and heating load in winter. The soil becomes a heat source-sink for the heating and cooling of the built environment as well as for providing domestic hot water, with the result of preserving a certain amount of primary energy, thus lowering the environmental impact connected to polluting emissions, as summarized by Soni et al. [1] and Sarbu et al. [2] in their reviews.



Ground Source Heat Pumps (GSHPs) and Earth-to-Air Heat eXchangers (EAHXs) are among the most used ground coupled systems. GSHP systems are heat pumps that contemplate the circulation of the heat transfer fluid in a buried pipe exchanging heat with the ground, taking advantage of the fact that the undisturbed soil temperature is approximately constant and therefore is higher than the outside air in winter and lower in summer.



EAHX systems are heat exchanging systems formed by buried tubes. The heat transfer fluid is commonly air, which is blown inside the buried pipes to reach a temperature close to that of the ground: this pretreated air can be used to help meet cooling and heating needs of the building. Earth-to-air heat exchangers can be open/closed-loop based systems. In the open loop system, a continuous supply of external air is pumped inside the buried pipe where it is treated thanks to the interaction with the soil and no recirculation systems are envisaged. On the other side, in the closed loop the air flowing into the tube cyclically re-circulates into the system from the building to the EAHX and the other way around. An EAHX based system can be designed with both vertical and horizontal tubes, and the number of pipes could typically varies depending on different factors, such as the available installation space, the required volumetric airflow rate and thermodynamic optimization factors. The vertical-pipes EAHXs usually require higher installation and maintenance costs than the horizontal-pipes ones.



As a matter of fact, different factors influence the performances of the earth-to-air heat exchangers, such as: shape and diameters of the pipes, fluid velocity, burial depth and number of the pipes, intensity of the solar radiation, as well as the ground thermodynamic characteristics and the moisture content of the soil. The combinations of such factors could carry to optimize different aspects of the EAHX, like the soil-air heat exchange, trying to amortize its purchase and installation costs. The EAHX could be employed in many different applications: the more suitable concerns about it are inserting of this component inside the mechanical ventilation system or the air conditioning system. Indeed the EAHX could be identified as a pre-heating or pre-cooling component of the outside air to be introduced directly into the building, for energy saving purposes with respect to a simple system which not presents this geothermal component.




1.2. State of the Art And Research Gap


Scientists who assess the health of our planet see indisputable evidence that Earth has been getting warmer, in some cases rapidly. Most believe that human activities, in particular the burning of fossil fuels and the resulting build-up of greenhouse gases in the atmosphere, have influenced this warming trend [2,3,4,5]. The 21st century has witnessed a remarkable increase in the energy demand: the worldwide annual per capita energy consumption climbed from 1400 kWh in 1975 to 3200 kWh in our days, as documented by the World Bank Open Data [6]. This need for energy touches all the sectors [7]. Among the most crucial ones are the heating, cooling, and air conditioning fields, to which more than 20% of the total all-over the world energy consumption is attributed [8]. A drastic “change of course” is necessary, starting from mutating the concepts of energy sources and the way we conceive cooling and air conditioning. Brown et al. [9] in their perspective review underlined the main applications alternative to vapor compression technology for refrigeration and air conditioning up to 2012. Subsequently, Brown and Domanski explored alternative solutions to vapor-compression in the cooling field [10], whereas Goetzler et al. focused on air-conditioning technologies different from vapor compression [11].



In 2013, Rosiek and Batlles [12] proposed different solutions based on the use of renewable energy to supply a HVAC system of an institutional building located in Spain. Specifically, they investigated three possible solutions for implementing a HVAC system through renewable energy: (i) a solar absorption-based system; (ii) a solar-geothermal electric vapor compression system and (iii) a solar electric vapor compression based HVAC system. Moretti et al. [13] introduced two pilot systems to improve the energy saving in two non-residential buildings located in Umbria (Italy): in both the edifices photovoltaic plants were installed to supply electrical energy coming from renewable source. Furthermore, two different HVAC systems were installed: in a building the air conditioning is based on a geothermal heat pump; in the other one a biomass boiler is coupled with an absorption chiller machine. Pajak et al. [14] reviewed about the low enthalpy solutions for using geothermal energy to obtain energy saving in heating systems of Urban districts.



Geothermal energy has been exploited for electricity supply since 1913; for the next forty years the total amount of geothermal power intended for both electricity generation and direct use was on a scale of hundreds of MW. In the 1970s the geothermal energy demand grew fast and in the 2000s geothermal resources are exploited in more than 80 countries all over the world. Nowadays, the use of ground coupled systems exploiting geothermal energy is increased worldwide: they are mainly applied for air conditioning, domestic water heating, farming drying, etc. Indeed, the worldwide exploitation of geothermal energy amounts to 50 TWh yr−1 for electricity and 54 TWh yr−1 for direct supply, as summarized in the inherent reviews provided by Fridleifsson [15] and Tester et al. [16].



As asserted by Cadelano et al. [17], with reference to a case study relative to a museum, the use of geothermal sustainable systems can enhance the energy efficiency of HVAC plants together with improving the renewable energy source utilization without affecting the indoor environmental conditions. Trota et al. presented [18] an estimation of the geothermal power potential with reference to two sites located in Portugal, characterized by different geological and geodynamic settings, based on a Monte Carlo approach. As a result, they confirmed the well-known potentiality of geothermal energy both for a low and a high enthalpy geothermal soil.



All over the world scientists investigated the performances of Earth-to-Air Heat eXchangers by means of different numerical models or computational methods, in a wide number of distinguished scenarios: the results carried out are well summarized by Bordoloi e al. in their review [19], where all the main EAHX-based systems are classified and compared up to the year 2018. Furthermore, among the new works on the EAHX, particularly noteworthy is the parametric study of Zhao et al. introduced in 2019 [20], where a 1:20 scaled experimental model is created to study the influence of the different parameters on thermal performances (mainly, the tube length and diameter, and the inlet air velocity). The authors evaluated the temperature extraction efficiency η, defined as the outlet-inlet temperature span up to the difference between the soil and the inlet air. They detected that η increases with augmenting the tube length, while it reduces following an increase in both the pipe diameter and the inlet air velocity. They reported that for a 20 mm pipe diameter, an increase of the air velocity from 0.5 m s−1 to 3 m s−1 carries to a η decrement of 0.33 in summer and 0.13 in winter. Moreover, for this experiment the highest η of 0.96 was detected for an air velocity of 0.5 m/s and a pipe diameter of 20 mm in summer. The cooling and heating capacities were 21.17 kW and 21.72 kW, respectively. Furthermore, they observed that the effect of the burial depth of the tube on the heat transfer is not easily predictable below 4 m. In 2020, Lin et al. [21] studied the influence of the soil moisture on the long-term energy performances of an EAHX system at dry, partially and fully saturated conditions, through an analytical approach. The computational method was experimentally validated for a condition of a middle saturation. A very small impact of soil moisture content was detected in the air flows with low velocity but a strong difference among the three cases up to 40% between dry and fully saturated conditions on long-term energy performances of the system was appreciated, specifically if the air flux reaches the turbulent flow. Therefore, they prescribed that the maximum recommended air velocity should not be greater than 4.0 m s−1. Among the latest published works, in April 2020, Skotnicka-Siepsiak [22] introduced a comparison between numerical and experimental results related to a ground-to-air heat exchanger for a mechanical ventilation system in a building of Poland. The comparison was perpetuated continuously in the whole summer season and the author detected that the model was able to correctly predict the thermal performances of the ground-to-air heat exchanger only in some of the analyzed months. Anyhow, the experimental results revealed that during summer season, the system reached a total cooling saving of 115.6 kWh, where sensible cooling capacity accounted for 54% and latent cooling capacity for 46% of the overall energy balance. Among the conclusions the author also asserted that the cooling performance of an earth-to-air heat exchanger is also related to the relative humidity of the entering air and to moisture condensation. The latter observation found confirm in the work of Díaz-Hernández et al. [23], published in March 2020, where an experimental investigation on the thermal performances of an earth to air heat exchanger placed in warm humid climatic conditions was presented. Considering 27 °C as ground temperature, the system worked as cooler during office daytime (from 9:00 to 18:00), with a maximum of temperature cooling gain of 5.5 °C in January and an average of 2.8 °C in August. Authors supposed that the characteristics of the warm humid climate and the ground allow to reduce the temperature of the airflow, but considering that the EAHX could be used as a cooler in places where activities are scheduled in a limited time during day, as for example in offices. Benrachi et al. [24] in 2020, introduced a numerical investigation on a novel EAHX supposed to be designed in spiral-shape specifically to be placed in hot and arid climate regions (Algeria). Through ANSYS FLUENT software, a three-dimensional model was developed, solved with the finite volume method and validated with experimental results published in open literature. In the parametric analysis the effects of the pipe pitch, depth and length, as well as airflow velocity, were analyzed. They detected that for a pitch space variation between 0.2 and 2 m, inlet-outlet temperature span increases of 6 °C. An air velocity increment from 2 to 5 m s−1 carries to mean decrements of the efficiency from 60% to 33% and of the COP from 2.84 to 0.46.



In addition to optimizing the heat exchange regarding the EAHX, another research topic concerned the more suitable inserting of this component inside the mechanical ventilation system or the air conditioning system. The most common applications of the earth-to-air heat exchanger identify it as a pre-heating or pre-cooling component of the outside air to be introduced directly into the building (by a mechanical ventilation system), so the energy savings related to the EAHX inserted upstream of a mechanical ventilation system were often evaluated by comparing this solution to a simple mechanical ventilation system without EAHX [25].



Li et al. [26] introduced an evaluation of the annual performances of a mechanical ventilation system provided with an EAHX and an air-to-air heat recovery unit (the two exchangers are in series) compared to a heat pump coupled to a primary air-handling unit. The analysis was conducted in severe cold regions, and energetic, economic and environmental aspects were evaluated. The authors detected that the innovative system carries a considerable economic and environmental benefit compared to the traditional solution. Specifically, the static and dynamic payback periods when using the system with the EAHX were about 2.1 and 2.4 years (return rate of 8%); from the point of view of greenhouse gas emissions, there was a reduction of 17%. In this article, the depth of two buried pipes was 2.5 and 5 m and a parametric analysis was carried out by spacing the pipes both at 2 m and at 5 m, showing that the useful effect is greater the more the two pipes are distant.



Another strategy consists instead in inserting the EAHX in a hybrid air conditioning system [1,19]. However, the configuration with the EAHX upstream of the air handling unit (AHU) was rarely analyzed in the previous literature works [27,28,29].



Other studies investigated the benefits that EAHX brings to a building in relation to different climatic conditions [27,30] or based on the type of soil [31] without specifying how this system was integrated into the HVAC system.



The performances of the earth-to-air heat exchanger were sometimes analyzed by comparing it with the air-to-air heat exchanger, highlighting also in this case significant energy savings against higher economic costs [28,29]. About this kind of comparison (between the EAHX and the air-to-air heat recovery), also the research results reported in [32,33] can be useful. Zeng et al. [32] showed that the air-to-air heat exchanger coupled to an AHU leads to considerable savings. Furthermore, Kalbasi et al. [33] demonstrated how by coupling an air-to-air heat exchanger to an AHU, the cooling power decreases between 27% and 36% and the total required power decreases up to 11%.




1.3. Contribution Provided by the Performed Investigation


Considering the above introduced state of the art (specifically, the scientific community scenario on developing hybrid solutions of mechanical ventilation or air conditioning systems provided with EAHX), with our work we aim to fill the research gap. The main innovative elements proposed in this paper are the following:




	
the coupling of a double approach, i.e., the rigorous solution of the heat transfer problem related to the EAHX (through the development and experimental validation of a two-dimensional numerical model based on the finite elements method), and a more practical approach tending to evaluate the benefits obtaining for the air conditioning system;



	
the positioning of the EAHX upstream of the AHU, which represents a system configuration rarely analyzed in the previous literature works [27,28,29]. In this way, the EAHX is not a simple pre-treatment of the air to be introduced into the building by means of a mechanical ventilation system, but a component inserted in the air conditioning system;



	
the analysis of the power of the heating and cooling coils present in the air handling unit and the evaluation of the relevant reduction obtained for this power (with consequent significant decrease of the overall energy consumption).








As far as the authors are aware, these three aspects are not found in the available literature (in particular if considered all together), even in the previous works of the authors.



Specifically, in the present paper the results of an investigation conducted on a HVAC system for an office building, placed in the city of Naples (South Italy), are presented. Even if the study was conducted for the city of Naples, the interest toward this study is not limited for the local application but it concerns a broad international interest, since the results carried out can be extended to the entire C global climatic zone, according to Köppen climate classification [34]. Such classification identifies the locations belonging to this zone as characterized by mild temperate climates (monthly average temperature of the warmest month is equal or greater than 10 °C, monthly average temperature of the coldest month ranging from −3 °C to 18 °C).



As introduced previously, the system analyzed is composed by an Air Handling Unit (AHU) for the primary air coupled with a horizontal-pipes EAHX and fan-coil units. The EAHX is constituted by five circular horizontal buried pipes (for air flowing) installed between 2 m and 2.5 m deep. The distance between two adjacent pipes is 2.5 m, chosen to avoid the thermal interaction between the two elements. The model extensively two-dimensionally designed is constituted by one of the five circular horizontal buried pipes of the EAHX surrounded by a ground volume 20 m deep, and then the problem is solved with finite element method. The simulations on the EAHX are performed by varying the length and the diameter of the pipes; thus, also the air velocity is varied since the volumetric flow rate to be provided to the AHU must be kept constant. Once the outlet temperatures of the air at the exit of the buried tube have been assessed, the EAHX is thermodynamically connected with the AHU, i.e., the external air pre-heated or pre-cooled by the geothermal heat exchanger is not directly introduced into the building but it is sent to the AHU. Subsequently the energy performances of the above-mentioned HVAC system are analyzed, both in summer and in winter operation modes. Specifically, the reduction of the power of the heating and cooling coils in the AHU due to the pre-treatment of the air operated by the EAHX, the efficiency of the EAHX and the inlet-outlet temperature span are evaluated through a parametric analysis in which the length and diameter of the EAHX pipes are varied.




1.4. Organization of the Paper


In the following sections the paper is organized as follows:




	
in Section 2 the case study is widely described, together with an accurate analysis of the HVAC system and of all the components in dual configuration: with and without the implementation of the EAHX;



	
in Section 3 the methodology of the investigation and the developed two-dimensional model of the earth-to-air heat exchanger are reported;



	
in Section 4, after demonstrating the validation of the model with experimental data, the energy performances of the EAHX in terms of outlet temperature and efficiency are obtained and presented. Furthermore, the power of heating and cooling coils present in the air handling unit and the percentage reduction deriving from the introduction of the EAHX upstream of this air handling unit are shown and discussed widely;



	
finally, in the last section, the main conclusions about the results collected are drawn.










2. Case-Study


The case study is an office building, reported in Figure 1, that has rectangular shape; it extends over two floors for a total area of 260 m2 and a volume of 910 m3. The building is located in the city of Naples (South Italy, Lat. 40° 51′ 22.72″ N; Long. 14° 14′ 47.08″ E).



The HVAC system is based on a condensing boiler coupled to an electrical air-cooled chiller. These components are responsible for producing hot and cold water connected to an air handling unit (for primary air treatment) and fan-coil units located in each room of the building. The design thermo-hygrometric conditions to be guaranteed inside each room are:




	-

	
indoor air: temperature of 20 °C for winter and 26 °C for summer, relative humidity of 50% for both winter and summer;




	-

	
supply primary air: temperature of 20 °C for winter and 15 °C for summer.









The design external airflow to be conveyed in the AHU of the building is 1300 m3 h−1 (11 dm3/person) based on UNI 10,339 [35]. In this paper, two HVAC system configurations are proposed for the analyzed building (Figure 2). The first one is the common solution (without EAHX) in which the air, introduced into the AHU, is directly the external air. The second configuration consists in sending the pre-heated or pre-cooled air from the EAHX to the AHU.



As for the air handling unit, the system is composed of the following main elements:




	
filters;



	
pre-heating water coil;



	
cooling and dehumidifying water coil;



	
humidifying section;



	
re-heating coil;



	
supply fan.








The capacity of the coils is assessed by means of mass and energy balances on the control volumes coinciding with the volume of the batteries. As schematized in Figure 3, during the summer season the components of the HVAC system that are in operation are the cooling coil and the re-heating coil, whereas during winter the active components are the heating coil, the humidifier with liquid water and the re-heating coil.



With reference to the summer season, as shown in Figure 4a, the processes that the humid air undergoes are cooling and dehumidification (ϕ = 100%) from point e (external air conditions) to point A and subsequent re-heating from point A to point i (supply or introduction conditions). During winter, as clearly visible in Figure 4b, the processes of humid air are pre-heating from point e to point A, humidification with liquid water from point A to point B and post-heating from point B to point i.



It should be noted that although the processes of the humid air inside the AHU are considered ideal (by-pass factor of the cooling coil equal to 0 and saturation efficiency of the humidifier equal to 100%), the variations that more realistic air processes would entail on the coils’ power (reported successively) are negligible.



Below are reported the energy balance equations for calculating coil power when AHU operates in cooling mode (summer). The cooling coil power (control volume 1 of Figure 3) is calculated by means of Equation (1):


    Q ˙   C C   =    m ˙   (   h e  −  h A   )  −   m ˙   c o    h  c o    



(1)







The re-heating coil power (control volume 2 of Figure 3) is calculated by means of Equation (2):


    Q ˙   R e H   ~    m ˙   c p   (   T i  −  T A   )   



(2)







Below are the balance equations for calculating coil power when AHU acts in heating mode (winter). The pre-heating coil power (control volume 3 of Figure 3) is calculated by means of Equation (3):


    Q ˙   P R E   ~    m ˙   c p   (   T A  −  T e   )   



(3)







The mass flowrate of humidification water (control volume 4 of Figure 3)) is calculated by means of Equation (4):


    m ˙  w  =  m ˙   (   ω B  −  ω A   )  ,  



(4)







The re-heating coil power (control volume 5 of Figure 3) is calculated by means of Equation (5):


    Q ˙   R e H   ~    m ˙   c p   (   T i  −  T B   )  ,  



(5)







In the configuration of the HVAC system with EAHX (Figure 2b), the point “e”, which in the psychometric diagrams of the Figure 4 represents the design thermo-hygrometric conditions of the external air, is replaced with a new point characterized by the temperature of the air exiting from the EAHX, evaluated through the numerical simulations based on a developed numerical two-dimensional model solved with the finite element method.



Once the thermo-hygrometric conditions of this new point are obtained, the reduced power of the AHU coils are calculated both for summer and winter in the configuration with EAHX. Subsequently, the reduction of the coils’ power resulting from the introduction of the EAHX compared to the usual AHU without EAHX is evaluated. The reduction in coils’ power is assessed considering both each coil separately (pre-heating coil in winter and cooling coil in summer) and the total power of these coils (total power reduction taking into account summer + winter operation).




3. Model Description of the EAHX and Methodology of the Investigation


To evaluate the influence of the earth-to-air heat exchanger, it was extensively designed and modeled two-dimensionally and then the analysis was solved with finite element method. The EAHX with horizontal-pipes has been chosen as the vertical-pipes EAHXs usually require higher installation and maintenance costs.



3.1. Model Design


The computational domain of the model is constituted by one of the five circular horizontal buried pipes (for air flowing) of the EAHX surrounded by a ground volume 20 m deep. According to literature studies [36,37], this value was chosen to ensure at this deepness the ground is not affected by the presence of the pipes, thus resulting undisturbed. The pipes are in PVC with a thermal conductivity equal to 0.16 W/mK. The distance d between two adjacent pipes is 2.5 m, chosen to avoid the thermal interaction between the two elements.



As shown in Figure 5, a horizontally oriented buried pipe is installed between 2 m and 2.5 m in the soil because, in agreement with other investigations [38], at depths of more than 2 m below the surface, the soil temperatures are almost constant and close to the annual mean values of the external air. Clearly although the yearly temperature excursion decreases with the depth, on the other hand the excavation costs increase. Therefore, interring the pipe between 2 m and 3 m is a good compromise [39,40]. The pipe has a diameter D and a length L. The modeled EAHX is open-loop, therefore the air entering the tube, with a velocity vector   v ⇀  , has temperature and relative humidity proper of the external air. Since the model is solved with finite element method, in the figure is shown also the computational mesh whose shape is triangular.




3.2. Mathematical Model


The domain described in Section 3.1 is the domain regulated by the set of the equations characterizing the mathematical model. The following assumptions were made:




	
the domain is two-dimensional;



	
only one pipe of the EAHX was designed (since it was assumed to extend the overall results to the five pipes);



	
a longitudinal section of the domain (composed by the ground and the pipe in which the air flows) was modeled since a symmetrical approach was considered;



	
the fluid flows with velocity values ensuring the full turbulent motion;



	
the air entering the model is humid air. Indeed, the model is able to provide punctually the typical parameters characterizing a humid air flow (dry and wet bulb temperature; relative and specific humidity) and the flow rate of the water eventually condensed;



	
the study is time-dependent and the model was run until reaching the steady-state;



	
the model is solved with finite element method: indeed the domain was divided in 70,625 triangular-shape elements; as visible from Figure 5, a higher concentration of elements is imposed inside and surrounding the pipe to represent more accurately the fluid domain and to evaluate precisely the temperature in the surrounding soil;



	
the final mesh adopted for the simulation was chosen with a fitting factor guaranteeing the accuracy of the results with a ±0.01 °C spatial convergence error;








The study aims to investigate the conjugate heat transfer between solid (soil) and fluid (humid air). Therefore, the equations governing the domain are reported below:




	
The mass conservation of the fluid is based on the Equation (6):


    ∂ ρ   ∂ t   + ∇  (  ρ  v ⇀   )  =   S ˙  m  ,  



(6)




where     S ˙  m    is the mass added or removed.



	
The conservation momentum of the fluid is guaranteed by the Navier-Stokes equations for turbulent flow and is based on the Equation (7):


  ρ   ∂  v ⇀    ∂ t   + ρ  (   v ⇀  · ∇  )   v ⇀  = ∇ ·  [  − p  I ⇀  +  (  μ +  μ T   )   [  ∇  v ⇀  +    (  ∇  v ⇀   )   T   ]   ]  ,  



(7)




where    μ T    is the turbulent viscosity modeled as reported in Equation (8):


   μ T  = ρ  C μ   K  ε ^   ,  



(8)




with    C μ    = 0.09, that is one of the constants of the K-  ε ^   model for turbulent flow [41].



	
The energy equation is solved through the entire domain. For the fluid, the relation reported in Equation (9) is considered:


    ∂  (  ρ E  )    ∂ t   + ∇ ·  [   v ⇀   (  ρ E + p  )   ]  = ∇ ·  [   k  e f f   ∇ T −   ∑  j   h j      J   →  j  +  (   τ  eff   ·  v ⇀   )   ]  ,  



(9)




where    k  e f f     is the effective conductivity defined as the sum of the conventional thermal conductivity of the fluid (   k f   ) and the thermal conductivity of the turbulent flow (   k T   ) and thus modeled as reported in Equation (10):


   k  e f f   =  k f  +  k T  ,  



(10)












The soil domain is treated as virtual solid, indeed without considering any fluid flowing through porous media. On the other hand, the porosity was taken into account since, assuming a certain porosity value, the soil properties were weighted balanced according to the solid and the liquid property values as reported in Equation (11):


   z  s o i l   = ψ  z  l i q u i d   +  (  1 − ψ  )   z  s o l i d   ,  



(11)








	
Indeed, the energy equation solved in the soil domain becomes as reported in Equation (12):


    ∂  (   ρ  s o i l    C  s o i l    T  s o i l    )    ∂ t   = ∇ ·  (   k  s o i l   ∇  T  s o i l    )  ,  



(12)












The associated thermal boundary conditions are:




	
at the side edges of the soil domain, a symmetry (2nd type) condition was imposed to model the presence of the ground laterally even beyond the domain;



	
at the bottom of the soil domain, a 1st type condition was forced, following the undisturbed temperature of the ground identified through the Kusuda [42] relation, reported in Equation (13):


   T g   (  y , t  )  =  T m  − A · exp  [  − y   ·    π  365 ·  α g       ]  · cos  [    2 π   365   ·  (  t −  t   T  m i n     −  y 2  ·     365   π ·  α g       )   ]  ,  



(13)







	
at the top of the soil domain (the surface), a 1st type boundary condition is considered. The sun-air temperature, that accounts both the incident radiation on the ground surface and the convective heat exchange with the external air, is imposed as reported in Equation (14):


   T  s a    (  x , 0 , t  )  =  T  a i r ,   e x t    ( t )  +   α G  ( t )     h c    ,  



(14)












The air flowing into the pipe enters with the typical design parameters (T, Φ) of the city of Naples (Lat. 40°51′22.72″ N; Long. 14°14′47.08″ E). The weather data of Naples considered in the present investigation were identified through ASHRAE climatic data [43]. Naples is characterized by mild winters and hot summers, and thus belonging to the climatic zone C, according to the Italian DPR 412/93 [44] that divides Italy in 6 different climatic zones with reference to winter. In Table 1 the design parameters of the city of Naples that were used for testing the air entering the EAHX are reported [43]. The value adopted for the convective heat transfer coefficient is hc = 15 W m−2 K−1, according to the average weather conditions in terms of wind and ΔT (between external air and soil surface), typical of South Italy [38].



According with the data provided on the Italian soils [45], the soil is composed by a solid and a liquid part. The solid part is a mixture of unconsolidated materials: clay, dry and wet slit, dry and wet gravel, dry and wet sand, peat and Morainic deposit. Indeed, following the VDI 4640-1 [46] the solid thermal properties listed in Table 2 (I column) are the resulting of the properties of the single above-mentioned elements, opportunely balanced. Therefore, we considered a medium conductivity soil for the solid part and we assumed a porosity of 37%. The liquid part properties are the water ones at room temperature. Indeed, in Table 2 are summarized the soil properties obtained by a balanced combination of the solid and liquid (water) contributions [47], following Equation (11).



The temperature of the undisturbed soil is evaluated as mentioned in the previous paragraph through the equation of Kusuda [42] and for this evaluation the weather data of Naples identified through ASHRAE climatic data [43], and listed in Table 3, were used.



The EAHX under test is formed by five horizontal pipes, placed in parallel. The choice of dividing the total mass flow rate into five underground pipes was made to obtain air speeds around 2–2.5 m s−1 even for the smallest diameter (D = 0.2 m). In fact, air speeds between 0.4–2.3 m s−1 allow a good compromise between heat exchange effectiveness and pressure drops [38]. A number of pipes lower than 5 would have resulted in an air speed higher than the optimal values in the case of 0.2 m in diameter. Furthermore, five pipes represent the maximum design limit in the case examined, given the space available for the installation of the EAHX. The air mass flow rate entering each pipe is calculated by means of Equation (15):


    m ˙   p i p e   =   m ˙  5  ,  



(15)







The investigation was performed for different lengths and diameters of the EAHX pipes, as reported in Equations (16) and (17):


  L =    [  20 ; 50 ; 60 ; 80 ; 100 ; 120 ; 140 ; 160  ]    m ,  



(16)






  D =    [  0.2 ; 0.3 ; 0.5  ]    m ,  



(17)







Consequently, since the required volumetric flow rate to be conveyed in the building is 1300 m3/h, the total air mass flow rate   m ˙   at the EAHX inlet should remain constant.



Indeed, given the relation reported in Equation (18):


    m ˙   p i p e   = ρ u S ,  



(18)




where S is reported in Equation (19):


  S =   π    D 2   4  ,  



(19)







To keep the     m ˙   p i p e     constant, the air inlet velocity was varied according to the magnitude of the tube diameter under test. To ensure the model working with a turbulent flow, the Reynolds number defined as reported in Equation (20):


  R e =     u D  ν  ,  



(20)




was calculated for each diameter (and consequently inlet velocity) investigated and the obtained values are listed in Table 4, having considered the air properties referred to the inlet temperature.



The efficiency of the EAHX could be evaluated as the difference of the temperature of the air exiting and entering the EAHX on the maximum useful temperature span, as reported in Equation (21):


  ε =      T  o u t l e t   −  T  i n l e t      T  g r o u n d   −  T  i n l e t     ,  



(21)









4. Results and Discussion


The energy performances of the system where the EAHX pre-treating unit is coupled to AHU compared to the system without EAHX were evaluated for Naples. Consequently, the EAHX was tested, both for winter and summer, with the external air entering the pipe according to the design parameters (temperature, relative humidity) listed in Table 1.



As introduced in Section 3, the simulations on the EAHX were performed by varying the diameter and the length of the pipes.



Each test was performed in transient mode and the duration of each simulation was chosen according to let the EAHX reaching the steady state operation mode. Once the latter condition was reached, the outlet air temperature, efficiency of the EAHX, reduction of the power of the heating and cooling coils in the AHU due to the pre-treatment of the air operated by the EAHX were evaluated both in winter and summer season.



Preliminary, in order to check the reliability of the model, a comparison with experimental data available from the literature has been carried out.



4.1. Validation of the Model with Experimental Data


To ensure the affordability of the results obtained from the investigation, the model was validated with experimental data available in the open literature. Specifically we compared the results with the experimental data published by Hatraf et al. [48] and related to an Earth-to-Air Heat Exchanger assembled at the University of Biskra (Longitude 5°44′east, Latitude 34°48′ north), characterized by a warm and dry summer, typical of Saharan climate. The experimental EAHX is constituted of four horizontal pipes buried 3 m deep: each pipe is 60 m length and presents a diameter of 0.11 m. The system was tested with the external air entering the pipe at 36 °C; two different volumetric flow rates were considered flowing in each pipe (135 m3 h−1 and 155 m3 h−1). The Reynolds numbers corresponding to these flow rates (2.63 104 and 3.03 104, respectively) ensure that the air flowing could be treated as full turbulent.



Figure 6 shows a comparison between the experimental results published by Hatraf et al. [48] and the results carried out by the model introduced in this paper, considering the same geometrical, thermodynamical and boundary conditions of the experimental system. The comparison was carried out considering the inlet volumetric flow rates of 135 m3 h−1 (Figure 6a) and 155 m3 h−1 (Figure 6b). The comparison reveals that the medium error values are 1.6% and 1.5% for the volumetric flow rates of 135 m3 h−1 and 155 m3 h−1, respectively, whereas the maximum error values are 3.4% and 3.5%. The accordance between experimental and numerical results could be considered acceptable.



Furthermore the EAHX model introduced in this paper was also validated with the experimental results published by Khabbaz et al. [49], related to an Earth-to-Air Heat Exchanger system located in Marrakech (Morocco; Latitude 31°38′02″ N, Longitude −7°59′59″ E), a location characterized by a hot semi-arid climate.



As Khabbaz et al. report [49], their earth-to-air heat exchanger is composed by three horizontal parallel pipes (length: 72 m; inner diameter: 15 cm), buried between 2.2 and 3.2 m depth; the air enters the pipes with a velocity of 5 m s−1. We compared their experimental results with our numerical model, with the air characterized by two different inlet temperatures: 34.9 °C and 35.9 °C. The corresponding Reynolds number (4.55 × 104) ensures that the air flowing could be treated as full turbulent. Therefore, our model was run, based on the turbulent model approach introduced in Equations (6), (7), (9) and (12), considering the same geometrical, thermodynamic and boundary conditions of the experimental system. In Figure 7 the results of the comparison between numerical and experimental results [49] are reported, considering the air inlet temperature of 34.9 °C (Figure 7a) and 35.9 °C (Figure 7b). The comparison reveals that the medium error values are, respectively, 0.59% and 0.56% for the test with the inlet temperature of 34.9 °C and 35.9 °C, whereas the maximum error values are 1.2% and 1.1%. Indeed, there is good agreement between experimental and numerical results, also in this case.



The good agreement with the experimental results obtained in different climatic zones (the Saharan climate of Biskra and the climate of Marrakech) ensures that the model presented is suitable for operation in various climatic zones with acceptable results. Therefore, the analysis reported in this paper can be extended to other countries.




4.2. Thermal Performances of the EAHX


The air temperature on the outside of the EAHX as a function of the tube length for the different inner tube diameters in both summer and winter season is reported in Figure 8, which clearly shows that the heat exchange is very pronounced up to 80 m: for longer lengths, air temperature gradually approaches an asymptotic value. Similar results were found by Chiesa [31] and Ascione et al. [40].



Furthermore, it can be noted that decreasing the tube diameter the heat exchange becomes more efficient reaching a value of the outlet air temperature lower in summer and higher in winter. In particular, with the lower value of the diameter (D = 0.2 m corresponding to an inlet air velocity of 2.3 m/s) the absolute value of the temperature variation between the air at the inlet and at the outlet of the tube with a length of 100 m is equal to about 13 °C for both the summer and winter season. Indeed, when decreasing the tube diameter, the air velocity increases enhancing the convection heat transfer coefficient.



It should be noted that for lengths greater than 100 m and D = 0.2 m, the air in the EAHX reaches a temperature lower than the dew point temperature, equal to 19.4 °C; therefore, the air is dehumidified and the outlet specific humidity ω decreases. In these cases, the mass flow rate of the condensed water      m  c o    ˙    at the exit of EAHX is assessed, which is about 0.6 g s−1.



As far as the efficiency of the heat exchange is concerned, the Figure 9a,b show how this both in summer and in winter reaches truly considerable values along the tube length. Specifically it can be seen in the Figure 9a that for the summer season, for lengths greater than 80 m the efficiency of the EAHX is well over 0.60, reaching values around 0.90.



The uncertainty affecting this parameter was also provided and evaluated through the Moffat error propagation method [50].



The method prescribes that a generic property Y, indirectly calculated from measured or directly calculated independent parameters xi, could be conceived as reported in Equation (22):


  Y = Y  (   x 1  ,  x 2  , … ,  x n   )  ,  



(22)







Therefore, Y accuracy could be evaluated as a function of the accuracy associated to each xi i, as reported in Equation (23):


   A y  =    [    ∑   i = 1  n     (    ∂ Y   ∂  x i     A  x i    )   2   ]    1 / 2   ,  



(23)







Equation (23) clearly shows that this parameter depends on the error associated to: the air inlet, the air outlet and the ground temperature. The error associated to the inlet temperature is null since    T  i n l e t     is provided as a design specification (an assumption) and not as a measured or calculated parameter. The maximum error (worst case) associated to the undisturbed ground temperature    (   e   T  g r o u n d      )   , given by the error propagation evaluated for the Kusuda relation (13), is  ± 1 °C [42].



To evaluate the error related to the outlet temperature   (  e   T  o u t l e t      ), since this parameter emerges from numerical computation, according to the guidelines reviewed by Freitas [51] for estimating the uncertainty deriving from CFD numerical simulations and following the 10 element policy statement for the control of numerical accuracy [52], the uncertainty was estimated as follows. Specifically, in simulations uncertainty can arise from:




	
input uncertainty;



	
model uncertainty;



	
numerical uncertainty.








The error associated to first and the second points derives respectively from giving wrong input parameters and working with a not accurate code implementation. Supposing to have checked the correctness of the above points (input are the desired and the code is provided by a commercial software), the error associated to them is null.



The error associated to numerical uncertainty is a systematic error that cannot be reversed but only minimized, following the standard elements policy [52]. The procedure can briefly summarized in three different operations: documentation, verification and validation. Documentation and verification are preliminary steps to calculate the amount of the numerical error coming from validation. The validation embraces the estimation of the error deriving by the following contributions:




	
spatial grid convergence;



	
the choice of the most appropriate time-step to minimize time-discretization;



	
the iterative convergence of the non-linear solver;



	
the comparison with reliable experimental results.








The error values detected by points (a), (b) and (c) are (a) ±0.01 °C (medium) and ±0.02 (maximum) (as declared in Section 3.2); (b) ±0.001 °C (medium and maximum); (c) ±0.001 °C (medium), respectively.



To estimate the error values at point (d) deriving by the comparison with experimental results, as shown in Section 4.1, analyzing the validation with the experimental data provided by Hatraf et al. [48] and Khabbaz et al. [49], the maximum detected error value is ±0.53 °C. Indeed, the (a), (b), (c) error contributions were neglected and only the error values at point (d) were accounted. Therefore, basing on the above considerations, the uncertainty in evaluating the efficiency is ±4% for tube lengths from 100 m.



Similar results are found in the winter season (Figure 9b), where even here efficiencies reach values of around 0.90. Both figures clearly show that a decrease of the tube diameter (corresponding to an increase of the air velocity) leads to an increase of the efficiency of the heat exchanger for each tube length.



Similar values are also found in literature [20,31,53]. In fact, the heat exchange efficiency in the EAHX, depending on the surrounding conditions (external air temperature, length and diameter of the tube), can reach values around 0.90–0.95. This is an important result also when considering the comparison between an air-to-air heat exchanger and an earth-to-air heat exchanger. In fact, the efficiency of the first technology settles around a value of 0.7 or less [31,54,55].



In addition to having very high efficiency values, the EAHX is much more valuable from the point of view of the healthiness of the internal environment. In fact, when using the air-to-air heat exchangers (both the rotary and cross-flow type), the air entering the building to be conditioned can be can contaminated by Coronavirus or other viruses. On the contrary, the air passing through the EAHX pipes is external air extraneous to any contaminant present in the exhausted air.




4.3. Reduction of the Thermal Power of the AHU Coils


The considerable difference between the inlet and outlet temperature of the air from the EAHX (with a maximum absolute value of around 14.4 °C in both winter and summer season) leads to considerable reduction of the thermal power of the AHU coils. This reduction leads to many relevant advantages: energy savings and consequent reduction of polluting emissions, decrease of AHU cost.



In Figure 10 is reported the pre-heating coil power and the relative percentage of reduction by varying diameter and length of buried tubes during winter season. For a tube length of 140 m, depending on the size of the diameter, during the winter season the power reduction on the pre-heating coil reaches 61–72%. Equally considerable power reductions are obtained during the summer season when cooling coil is active: for example, considering the same length of 140 m, this reduction reaches values between 39% and 56% (Figure 11).



Also the total power reduction on coils operating both in winter and summer are relevant (Figure 12a–c). When the yearly operation period of the AHU coupled to EAHX is considered, global power reductions of around 33%–43% are obtained considering a 100 m long tube. Increasing the length, these reductions are around 38%–49%, usually higher than what would be obtained with an air-to-air heat exchanger (around 11%, according to [33]). The greatest power reductions can be achieved considering the smallest diameter of 0.2 m (Figure 12c). For all the lengths considered, the reduction on power coils, when considering the entire year, is greatly affected by the length of the tube up to 80 m, after which these reductions gradually settle at around 40–50%.



It is important to specify that although there is an increase in electrical power of the AHU fan (due to the presence of the EAHX), it is about 5%–10% of this electrical power, and therefore the influence on the overall powers involved is negligible.





5. Conclusions


In this paper it is shown how the earth-to-air heat exchanger (EAHX) used upstream of an air-handling unit (AHU) inserted in an air-conditioning system can lead to considerable reductions on the power of the AHU coils (and consequently to significant energy savings). To this aim, a case study has been analysed, with reference to the air-conditioning system for an office building in a mild climate locality such as Naples (South Italy): a volumetric flow rate of 1300 m3 h−1 of external air is required for a satisfactory indoor air quality.



The EAHX has been extensively designed and two-dimensionally modeled, and then the analysis is solved with finite element method; the model has been then validated with experimental data. The main conclusions are herein reported.



	
The heat exchange in the EAHX is very pronounced up to 80 m in length; for longer lengths, the air temperature gradually approaches an asymptotic value, in accordance with other investigations [31,40].



	
With increasing length and reducing the diameter of the buried pipes from 0.5 m to 0.2 m, considerable power reductions are obtained on the pre-heating coil (60–70%) and on the cooling coil (40–55%) of the AHU. In heating mode (winter) for lengths from 100 m upwards, the power reductions on the pre-heating coil are greater than 34% (D = 0.5 m) and reach up to 46% (D = 0.2 m). Similar results are obtained during the summer season: starting from pipe lengths of 100 m, reductions more than 31% are obtained for D = 0.5 m and more than 43% for a D = 0.2 m. For all the diameters considered, the power reduction on AHU coils is globally between 33% and 49% for lengths starting from 100 m.



	
The heat exchange efficiency of the EAHX has also been evaluated and the values are very high, usually major compared to the more common air-to-air heat exchanger, reaching values up to 0.90.



	
These results lead to say that this system (EAHX for the geothermal pre-treatment of the air to be introduced into the AHU), is energetically very convenient. In fact, the energy consumption of a system can be expressed as the integral of the instantaneous power in a considered period, therefore if the maximum power is reduced, the maximum energy required by the system will also be reduced. For this reason, the paper has demonstrated that the HVAC system with the EAHX is competitive compared to the usual solution based on the air-to-air heat exchanger (which is also less suitable for the spread of Coronavirus and similar viruses).






Future work will include: (i) an analysis of the EAHX in different climatic zones; (ii) the analysis of the performance of the system in dynamic conditions, using daily climatic data; (iii) an analysis of the system optimization considering both thermal-energetic performances and an economic analysis.
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Nomenclature




	
Roman symbols




	
A

	
amplitude of the temperature variation, °C




	
    A i    

	
accuracy of the ith directly calculated parameter




	
    A Y    

	
accuracy of the indirectly calculated parameter




	
AHU

	
Air Handling Unit




	
C

	
coefficient of K-  ε ^   model




	
c

	
specific heat, J kg−1 K−1




	
D

	
diameter of the pipe, m




	
d

	
distance between two pipes, m




	
E

	
energy, J




	
e

	
error, %




	
EAHX

	
Earth-to-Air-Heat-eXchanger




	
G

	
incident radiation, W m−2




	
h

	
specific enthalpy, kJ kg−1




	
hc

	
convective heat transfer coefficient, W m−2 K−1




	
HVAC

	
Heating, Ventilation & Air Conditioning




	
    I ⇀    

	
identity vector, -




	
      J ⇀   j    

	
component of diffusion flux, kg m−3 s−1




	
K

	
turbulent kinetic energy, J




	
k

	
thermal conductivity, W m−1 K−1




	
L

	
length of the pipe, m




	
    m ˙    

	
mass flow rate, kg s−1




	
p

	
pressure, Pa




	
    Q ˙    

	
thermal power, kW




	
Re

	
Reynolds number, -




	
S

	
orthogonal section area of the pipe, m2




	
    S ˙    

	
source term, kg m−3s−1




	
T

	
temperature, °C




	
t

	
time, s




	
u

	
longitudinal fluid velocity, m s−1




	
v

	
orthogonal fluid velocity, m s−1




	
    V ˙    

	
volumetric flow rate, m3 h−1




	
x

	
longitudinal spatial coordinate, m




	
    x n    

	
directly calculated or measured nth parameter




	
Y

	
indirectly calculated parameter




	
y

	
orthogonal spatial coordinate, m




	
z

	
generic property, m




	
Greek symbols




	
α

	
absorbance of the surface




	
αg

	
daily equivalent thermal diffusion of the ground (m2/day)




	
Δ

	
finite difference




	
  ∂  

	
partial derivative




	
  ε  

	
efficiency, %




	
    ε ^    

	
turbulent cinematic viscosity, m2 s−1




	
μ

	
dynamic viscosity, Pa s−1




	
ν

	
cinematic viscosity, m2 s−1




	
ρ

	
density, kg m−3




	
τ

	
tangential stress, Pa m−1




	
ϕ

	
relative humidity, %




	
ψ

	
porosity, %




	
ω

	
specific humidity, gv kga−1




	
Subscripts




	
0

	
lowest average/mean soil surface phase constant temperature since the year beginning




	
air

	
air




	
db

	
dry bulb




	
CC

	
cooling coil




	
c

	
convective




	
co

	
condensed




	
EAHX

	
Earth-to-Air Heat eXchanger




	
ext

	
external




	
f

	
fluid




	
ground

	
ground




	
i

	
supply (introduction) conditions of the air




	
inlet

	
inlet of the EAHX




	
j

	
species




	
liquid

	
liquid




	
m

	
annual mean soil




	
mass

	
mass




	
min

	
minimum




	
outlet

	
outlet of the EAHX




	
μ

	
related to the evaluation of turbulent dynamic viscosity




	
p

	
constant pressure




	
pipe

	
pipe




	
ReH

	
re-heating




	
PRE

	
pre-heating




	
sa

	
sun-air




	
soil

	
soil




	
solid

	
solid




	
surface

	
surface




	
T

	
turbulent




	
w

	
water
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Figure 1. Tridimensional model of the office building. 
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Figure 2. (a) HVAC system without EAHX. (b) HVAC system with EAHX. 
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Figure 3. Scheme of the air handling unit for primary air and its components active in (a) summer and in (b) winter. 
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Figure 4. Processes of the humid air on the psychometric chart into the AHU during: (a) summer and (b) winter. 






Figure 4. Processes of the humid air on the psychometric chart into the AHU during: (a) summer and (b) winter.



[image: Energies 13 02925 g004]







[image: Energies 13 02925 g005 550] 





Figure 5. Computational mesh domain of the investigation on a single buried pipe of the EAHX. 
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Figure 6. Experimental and numerical results for temperature of the air alongside one pipe of the earth-to-air heat exchanger with the inlet volumetric flow rates of 135 m3 h−1 (a) and 155 m3 h−1 (b). 
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Figure 7. Experimental [49] and numerical results for temperature of the air flowing alongside one pipe of the EAHX at 5 m s−1 and inlet temperature of (a) 34.9 °C and (b) 35.9 °C. 
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Figure 8. Air temperature at the outlet of the EAHX as a function of tube length for three different inner tube diameters in summer and winter. 
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Figure 9. (a). Efficiency of the EAHX during summer season as a function of the tube length for three different inner tube diameters. (b). Efficiency of the EAHX during summer season as a function of the tube length for three different inner tube diameters. 
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Figure 10. Power of pre-heating coil and relative percentage of reduction by varying diameter and length of buried tubes during winter. 
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Figure 11. Power of cooling coil and relative percentage of reduction by varying diameter and length of buried tubes during summer season. 
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Figure 12. Percentage reduction of power AHU coils for different lengths of the EAHX and (a) DEAHX = 0.5 m, (b) DEAHX = 0.3 m, (c) DEAHX = 0.2 m. 
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Table 1. Winter and summer external design parameters for Naples [43].
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City

	
Climatic Zone

	
Heating Degree Days

	
Latitude

	
Longitude

	
Height above Sea Level (m)




	
Naples

	
C

	
1134

	
40°51′22.72″ N

	
14°14′47.08″ E

	
17




	
WINTER DESIGN PARAMETERS

	
SUMMER DESIGN PARAMETERS




	
Temperature (°C)

	
Relative Humidity (%)

	
Solar Irradiation (W/m2)

	
Temperature (°C)

	
Relative Humidity (%)

	
Solar Irradiation (W/m2)




	
1,9

	
52

	
808

	
31.9

	
48.6

	
825
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Table 2. Thermal properties of the soil.
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	Solid
	Liquid
	Soil





	k (W m−1 K−1)
	2.20
	0.65
	1.63



	ρ (kg m−3)
	2500
	1000
	1700



	cp (J kg−1 K−1)
	900
	4200
	1600
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Table 3. Temperature of the soil Tg obtained by Kusuda equation for Naples.
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	Climatic Zone/city
	Tm (°C)
	A (°C)
	Y (m)
	     α g  (  m 2  / day )    
	t (–)
	tTmin (–)
	Tground (°C)





	C/Naples
	17
	8.5
	100
	0.0821
	365
	15
	17.00
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Table 4. Reynolds numbers evaluated for each couple of diameter and inlet velocity considered.
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	D [m]
	u [m/s]
	Re [104]





	0.2
	2.3
	2.83



	0.3
	1.0
	1.85



	0.5
	0.37
	1.14
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