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Abstract

:

Heating ventilating air-conditioning (HVAC) systems have been increasingly widespread in Italy: they can exploit renewable energies, are energy efficient systems, do not directly consume fossil fuels, and in the post-pandemic era, have also been subject to incentive processes by the Italian government. In South Tyrol, subject to harsh climates in both the winter and summer seasons, ground-source heat pump (GSHP) systems can be an excellent solution for the air conditioning of buildings. Unfortunately, too often, the design of HVAC systems with borehole heat exchangers (BHEs) is not adequate, and therefore, an innovative and expeditious numerical solution is proposed. A new numerical element (named Type285), written in Fortran code, was developed for TRNSYS 18 and able to implement the main features of BHEs and the surrounding aquifer. Type285 was compared with numerical models present in the literature (using hydrogeological software such as MODFLOW) and validated with the experimental data. The demonstration of the exchanged energy increase between the BHE and subsoil due to the increase in the groundwater flow velocity was carried out and evaluated. The choice to simulate BHE in TRNSYS using Type285 can be a fast and advantageous solution for HVAC system design.
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1. Introduction


Heating ventilating air-conditioning (HVAC) systems such as groundwater and air heat pump systems coupled to borehole heat exchangers (BHE) have been used increasingly because they are among the cleanest and most energy efficient heating/cooling systems for houses, multi-residential buildings, public offices, or farms [1,2,3,4,5,6]. Because of the incentives for these systems by the Italian government, often the design of ground source heat pump (GSHP) systems is not adequate and superficial. The numerical modeling of the BHE is essential for the good design of a GHSP system. The following manuscript provides a specific tool useful to simulate one or more BHEs installed in the subsoil. A vertical BHE consists of a borehole, containing a backfilling material (generally grout consisting of bentonite) able to seal off a U-shape pipe where a heat carrier fluid (usually water or antifreeze solution) is circulated. The depth of the borehole usually ranges between 70 and 150 m and the drilling diameter is between 0.075 and 0.15 m. The vertical geothermal probe consists of one single or double U-shape pipe or coaxial pipe. Depending on the energy needs of the building and on the heat pump size, the number of BHEs installed into the ground can vary. The BHE is coupled to the evaporator of the GSHP, allowing heat to be extracted from the ground and provided to the condenser element, which releases the heat into a secondary system, providing climatization to the building. During summer, the operation can be reversed: the heat is extracted from the building and injected into the ground [7]. Clearly the energy performance of GSHP systems strongly depends on the heat transfer between the soil and the BHE; this also affects the thermal condition of the aquifer surrounding the BHE, generating cold or warm thermal plumes downgradient of the vertical probe. Therefore, there is a need to simulate, by means of numerical or analytical models, the GSHP systems and to evaluate the energy performance and thermal impact on the subsoil.



Many efforts have been carried out to understand and formulate the heat transfer process in BHEs: analytical solutions [8,9,10,11,12] and numerical models based on FORTRAN language, resulting in several commercially available tools for the design simulation of the BHE [13]. Among them, the TRNVDST analytical model [14], coupled to the dynamic energy simulation software TRNSYS [15], is a widesly used and reliable code that is able to simulate the heat transfer process between the BHE and the ground as well as the thermal interaction among the different U-pipes [16]. De Rosa et al. [17,18] developed a new TRNSYS type implementing a borehole-to-ground model to reproduce the short-term dynamic performance of a BHE and validated the approach by comparing the results with the experimental data (for a step-test and under normal operating conditions) of a real GSHP system. Cazorla-Marìn et al. [19] adopted a similar approach to reproduce the dynamic behavior of a coaxial BHE and validated the results by comparing them with the experimental data derived from a dual source heat pump (DSHP) system. All of these studies related to TRNSYS software and most of the available energy tools such as EWS [20], EED [21], GLHEPRO [22] Pilesim [23], and Modelica [24] have assumed a pure heat conduction in the ground and have not considered the effects of groundwater flow on the performance of the GSHP system; otherwise, as Angelotti et al. demonstrated, this assumption is very limiting because the role of the groundwater flow is essential and can improve the energy performance of a BHE up to 105% for a high flow velocity case [25].



In the hydrogeology field, a lot of computer software can accurately simulate the flow and mass transport according to different hydrogeological settings by exploiting finite difference (FD) or finite element (FE) approaches: FEFLOW, MODFLOW/MT3DMS, MODFLOW-USG, COMSOL, etc. In these software, the possibility of introducing the numerical element of the BHE into the subsoil or reproducing it through grid discretization is present. For instance, a FE algorithm was implemented in FEFLOW software [26] and the BHE was simulated by a set of one-dimensional finite-element representations [27]. The efficiency of BHE systems assuming different physical and thermal conditions was discussed and showed different heat transfer in an aquifer due to advection or dispersion phenomena [28]. Among the FD software, MT3DMS [29] was not explicitly designed to simulate heat transport, although temperature can be simulated as one of the species by entering appropriate transport coefficients, as carried out in [25]. The actual version of MODFLOW/MT3DMS is MODFLOW-USG [30,31], which is able to couple the flow numerical simulations to the heat transport modeling in an aquifer. Antelmi et al. [32] developed a numerical model of a single BHE using the connected linear network (CLN) package and showed how the approach results are smart and more expeditious than the usual BHE models; the approach was also verified and validated against numerical solutions with different hydrogeology settings and modeling grids in a thermal response test (TRT) application [33]. Furthermore, different authors [9,10,25,34,35] have also used numerical modeling to demonstrate the influence of the groundwater flow velocity on energy performance: they discussed how the variation in the Peclet number, directly proportional to groundwater flow velocity, and thermal diffusion could cause a different energy performance of the BHE system. All of the numerical modeling results were robust because they were compared with analytical solutions [36,37] or experimental data [3]. Alberti et al. [3] showed the experimental data of a GSHP system used for a particular field of application: air conditioning of a post-weaning piglet room at the Veterinary University of Lodi; they monitored different parameters such as the inlet and outlet fluid temperature of the BHE, the electricity consumed, and thermal power generated by the system.



From the previous analysis of the literature, it is clear that it is important to learn the thermal and hydrogeological features of the subsoil, allows for an understanding of the groundwater flow velocity, which influences the GSHP performance. From the point of view of hydrogeological software, the topic is clear and well-reproduced, but from the energy software, typically used by energy designers of HVAC systems, the role of groundwater is often neglected. Wang et al. [38] measured the heat extraction rate of a BHE in the presence of a groundwater flow deduced by the vertical temperature profile in the ground and simulated the process through TRNSYS software, usually applied to the energy design of air-climatization systems. No scientific publications implementing the groundwater flow issue coupled to BHE operation for HVAC system design using TRNSYS software are present in the literature. In TRNSYS, there is a specific element named “type” (which is a numerical element written in FORTRAN), which is able to simulate the BHE element and its behavior: TRNSYS Type280, developed by Pahud [39], is able to reproduce the U-shape pipe buried in an aquifer. This type was based on the TRNVDSTP model and is available just for TRNSYS 16 and does not work on the latter TRNSYS version (18).



The main aim of the present study was to create a new type (named Type285) for BHE systems in TRNSYS 18 starting from Type280 and improving it by introducing the possibility of setting different groundwater flow velocities coupled to different hydrogeological settings. This topic was the heart of a Fusion Grant project where a numerical modeling of a dual source heat pump (DSHP) system, based on groundwater and air as energy sources, was implemented and the control logics of the entire system were optimized thanks to the numerical model. As soon as the code of the Type285 was written and compiled, several numerical models were developed in TRNSYS with the aim to reproduce the identical BHE operation simulated in MODFLOW/MT3DMS and compare the exchanged energies in the aquifer. Furthermore, the possibility of implementing more than one BHE through Type285 was evaluated. A validation process of the type was carried out by comparing the results of TRNSYS models with experimental data [3]: the TRNSYS results agreed with MODFLOW/MT3DMS and demonstrated a large increase in the extracted or injected energy performance of the BHE when the groundwater flow velocity passed from 0 to 0.8 m/day. The results proved the capacity of this tool to be an efficient approach for scientists and technicians to design GSHP systems when an important groundwater flow is present in the subsoil.




2. Numerical Modeling Approach


2.1. Fusion Grant Project


The Fusion Grant project is a research project funded by Stiftung Südtiroler Sparkasse—Fondazione Cassa di Risparmio di Bolzano in 2021, where the research center “EURAC Research” and the company “Inewa s.r.l.” collaborated to improve the energy efficiency of a dual source heat pump (DSHP) system and promote their use in South Tyrol for air-climatization and domestic hot water preparation in residential buildings. The DSHP system has the advantage of combining two different sources (ground and external air) to optimize the energy performance and electric consumption of the system. The focus of the project was to create a smart control logic for the DSHP system installed in a HVAC system of a reference building. To reach this aim, detailed numerical modeling needed to be developed in TRNSYS to study the different energy scenarios. The central element of this numerical modeling was the reproduction of the geothermal source led by the BHE element. The present study describes all of the steps for the correct modeling of the BHE system in TRNSYS software (version 18). In previous versions of TRNSYS, a type (Type280) able to simulate BHE buried in an aquifer was already available: it correctly simulated the conduction processes, but the advection processes (due to groundwater flows) were not detailed nor validated. The simplification was too strong because the energy performance of the system could increase up to 100%, thus varying the groundwater flow velocity, as demonstrated in Angelotti’s [25] work. Moreover, Type280 is not available for TRNSYS version 18, so the TESS company developed something similar, calling it Type557; this was created starting from the Type280 code and neglecting all the advection processes. Therefore, an updated version of the Type280 was needed to overcome these limits and reach the aims of the research project.




2.2. Comparison between Hydrogeological and Energy Models for BHE Simulation


Numerical modeling is a helpful tool to design a HVAC system and is one of the essential elements of these systems: the ground heat exchanger (BHE). The reproduction of a BHE system was fully validated in MODFLOW/MT3DMS [25,35] and in a recent updated version of the software MODFLOW-USG [32,33]. The need to validate the same element in TRNSYS, a widely used tool for the dynamic simulation of thermal and electrical energy systems, was high, hence, the reproduction of the same BHE numerical model was carried out in TRNSYS software for the first time in the thesis by Antelmi and Legrenzi [40].



Different efforts were required by the numerical models, both for the geometry description and the calculation phase. In MODFLOW/MT3DMS, the boundary and internal conditions were applied to reproduce the operation of a BHE coupled to a GSHP, whereas in MODFLOW-USG, a specific package, named the connected linear network (CLN) package, was used for the same purpose of the previous version of the software; the numerical results were similar to those discussed in [32,33]. TRNSYS software allows for detailed analyses of the energy performance and comfort conditions related to buildings and systems to be performed. A standard library provides a list of components (“types”) representing common systems and written in the FORTRAN language. User written or non-standard components may also be added due to the modular structure of the code. Among all the types present in the database, the most suitable one was only Type280, based on the TRNVDSTP model. This type was developed by Pahud [39] and based on the duct storage model (DST) studied by Hellstrom [14]. The DST model is the physical model able to reproduce one or more BHE in the same volume of aquifer. The heat carrier fluid is circulated into the U-shape pipe system and a conductive heat transfer is assumed between the heat carrier fluid and the ground. Not only is the heat transferred between the fluid in each pipe and the surrounding ground, but the thermal interaction between the U-pipes is also simulated by modeling the thermal process by overlapping three parts: local, global, and steady-flow problems (Figure 1). The short-term effects are considered in the local problem, whereas the slow heat redistribution into the storage volume and between the storage boundary and surrounding soil is included in the steady-state and global flow problems [39]. Local and global problems are solved numerically by finite difference methods; the steady-state flow problem is evaluated analytically, referring to a problem where the heat is locally injected at fixed time intervals in a circular region.



The DST model has been updated over the years and in the latter version, called TRNVDSTP [39], the possibility to reproduce the groundwater flow effects on heat transfer was taken into account. The heat transferred by forced convection in the storage region is calculated for each layer. It is difficult to achieve an accurate simulation of the influence of the groundwater flow because the calculation procedure assumes a cylindrical geometry around the well, so therefore, the temperature range is not translated in the direction of the groundwater flow. Indeed, the DST model was not initially designed for this purpose.



Through Type280, both the long-term effects of the groundwater flow, which act on the “global problem”, and the short-term effects, which concern the “local problem” are implemented. Regarding the long-term effects, two methods are available to evaluate the heat transferred by forced convection in each layer of the storage subsoil. The first method evaluates the heat convective loss, deriving it from the temperature difference between the temperatures of two cells, placed along the vertical boundary of the storage volume.



The velocity of the thermal plume (vthermal) is given by:


   v  t h e r m a l   =    C w     C  g r o u n d     ⋅ u  



(1)




where Cw is the volumetric heat capacity of the water (J/m3 K); Cground is the volumetric heat capacity of the ground layer (J/m3 K); and u is the groundwater velocity (called Darcy velocity) into the subsoil layer (m/s), given by the product of the hydraulic conductivity of the subsoil layer k (m/s) and hydraulic gradient of the related aquifer i (unitless): u = k⋅i. The hydraulic conductivity is an intrinsic property of ground layers (i.e., for sand, common values are between 10−4 and 10−5 m/s, for clay between 10−7 and 10−8 m/s), whereas the hydraulic gradient is the ratio between two different levels of water table into the subsoil and the length between these two calculation points. In shallow aquifers, common values of Darcy velocity are between 10−7 m/s (aquifer consisting of fine materials) and 10−3 m/s (aquifer consisting of coarse material).



The heat transfer equation is:


   E  c o n v   = u ⋅ S ⋅  C w  ⋅  (   T  m e a n _ o u t   −  T  m e a n _ i n    )  ⋅ Δ t  



(2)




where Econv is the heat amount transferred by forced convection in the storage volume during the time-step Δt (J); S is the transverse storage area involved by the groundwater flow (m2), evaluated as the product of the storage volume diameter D (m), assumed as cylindrical, and the vertical depth of the storage volume H (m): S = D⋅H; Tmean_out, the average temperature of the cells just outside the storage volume boundary along the depth H (°C); Tmean_in is the average temperature of the cells just inside the storage volume boundary along H (°C); Δt is the time-step for the calculation of the global temperature field in the soil.



In the second method, the heat convective loss is derived from the temperature difference between the average temperature of the ground layers inside the storage volume (Tmean) and the unperturbed temperature of the aquifer (Tg): according to Equation (2), the heat convective loss is evaluated as:


   E  c o n v _ m a x   = V ⋅  C  g r o u n d   ⋅  (   T g  −  T  m e a n    )   



(3)




where V is the subsoil volume of the layer within the storage volume (m3) and Econv_max is the maximum possible heat amount transferred by forced convection in the storage volume (related to the layer) during the time-step ∆t (J).



The groundwater velocity (Darcy) is a required parameter of Type280 for each subsoil layer; if it is set to zero, the groundwater flow is very low or negligible and any advection phenomenon outside the storage volume is neglected. This condition is rare because in nature, concerning shallow geothermal issues and therefore depths lower than 150 m, an underground water flow is always present. The intensity of this flow (i.e., Darcy velocity) is directly dependent on the lithologies and hydraulic gradients of the area. The influence of the groundwater flow on the exchanged heat of the BHE is evaluated using the Nusselt number, assuming a cylinder buried in a porous medium and run over by the groundwater flow, assumed uniform, and perpendicular to the same cylinder.



An evaluation of the energy extracted or injected from the ground assuming different groundwater flow velocities in TRNSYS was provided in the thesis by Antelmi and Legrenzi [40]. They compared the exchanged power computed by TRNSYS with those evaluated in MODFLOW/MT3DMS to define which one was in accordance with the experimental data. Assuming identical physical and hydrogeological properties as discussed in [40,41], they compared, for the first time, the two software programs in terms of exchanged power, and the results were in disagreement, as shown in Figure 2.



The extracted (the winter season corresponds to negative values) and injected (summer season, positive values) energies were evaluated as integral of the subtended area of the exchanged power parameter over time: the increase in energies related to the null velocity case for the TRNSYS simulations was equal to 9% (winter) and 14% (summer) whereas the increase in energies for the MODFLOW/MT3DMS simulations was equal to 148% (winter) and 162% (summer) (Table 1).



Therefore, TRNSYS simulations using Type280 did not reach the energy amount exchanged by MODFLOW/MT3DMS for high groundwater flow velocities and also disagreed with similar literature cases for both the heating and cooling period [9,10,38]; therefore, it is clear that Type280 implemented in TRNSYS version 16 needs some revisions to be applied for the projects where the influence of groundwater flow is present.




2.3. The Creation of Type285


In TRNSYS 18, Type280 has been replaced by Type557 (a non-standard type implemented by TESS company), where users cannot implement a groundwater flow velocity value, but the null value is a default parameter; moreover, no temperature values in the subsoil can be printed out in this version of the type. Therefore, the need to create a new version of Type557 in TRNSYS 18, which is also able to simulate advection effects due to different groundwater flow velocities, is clear.



In the present study, the original FORTRAN code written for Type280 and Type557 was modified: a logarithmic approach was specifically introduced to reproduce the variations in the outlet fluid temperature and exchanged energy by the BHE with the ground due to different groundwater flows. A new numerical model in MODFLOW/MT3DMS with physical and hydrogeological properties and BHE operation defined in [25] was created. Studying the outlet fluid temperature from the U-pipe allowed them to achieve the exchanged energies. For that specific numerical model, the increase in the exchanged energies can be interpolated with a logarithmic curve in both the heating and cooling periods (Figure 3) when the Darcy groundwater flow velocity varies from 0 to 10−5 m/s (0.8 m/d).



The exchanged energy increased up to 86% for the heating period and 69% for the cooling period at the highest groundwater flow velocity simulated.



Starting from the logarithmic shape of the exchanged energies, a multiplying factor for each groundwater flow can be inferred. Specifically, by multiplying the exchanged energy value at null velocity for this coefficient, the logarithmic curve can be reproduced. Obviously, the multiplying factors are constant over time and differ from each other depending on the related velocity, as shown in Table 2.



Reproducing the multiplying factors for each groundwater flow velocity, the following graph (Figure 4) is reported.



The values of multiplying factors (fm) can be calculated according to Equation (4):


  f m = 0.1889 · ln  ( u )  + 1.8341  



(4)




where the values 0.1889 and 1.8341 are constants and derived from the curve (Figure 4); these can be modified in Type285 if the users fit the values with other approximation curves. The definition of the constants and the groundwater Darcy velocity was implemented into the proforma file (see Appendix A and Appendix B), whereas the formula was added to the Fortran code of Type557. As soon as the code was compiled, all of the necessary files were created, and Type285 was imported in aa TRNSYS environment as a special non-standard type.




2.4. Numerical Model Implementation


Type285 was implemented in TRNSYS 18 using the same physical and hydrogeological parameters of MODFLOW/MT3DMS, as discussed in [25,42] and shown in Table 3. The main assumptions between the two numerical methods are:




	
Identical thermal and hydrogeological properties for storage, grout, and aquifer materials.



	
Unperturbed aquifer temperature equal to 11.8 °C and inferred from the average temperature of North Italy.



	
One single U-shape pipe, 100 m depth, where 1000 kg/h of water is circulating inside.








A detailed description of all of the parameters, input, and output implemented in Type285 for TRNSYS 18 is provided in Appendix A (Table A1, Table A2 and Table A3).



The storage volume V is defined by the equation:


     V  s t o r a g e   = π ·  r  s t   · 2   H  



(5)




where rst is the radius of the cylindrical storage volume and H is the depth of the BHE. The radius of the storage was achieved by the results of the numerical simulations in MODFLOW/MT3DMS for null velocity (equal to 14.3 m), showing a radial thermal perturbation. The radius of the filling material (usually grout material) was equal to 14 cm (Table 3), a conventional value of borehole drilling. The value needs to be introduced even if the physical features of the grout material are considered equal to the aquifer ones. This is just an assumption in order to have the same properties in TRNSYS and MODFLOW/MT3DMS justified by the study of the authors in [35,43]. The thermal conductivity and volumetric heat capacity of the storage material were equal to the aquifer material properties; therefore, the domain was uniformly homogeneous, consisting of a sandy material (such as in [25]). The outer and inner radius of the U-shape pipe of the BHE reproduced a real BHE geometry (4 cm diameter). To have the same value in MODFLOW/MT3DMS (that has square geometry grid), a square side of the cell equal to 3.36 cm needed to be set, and this value was inferred by imposing constant total thermal resistances between circular and square geometry (as explained in [25]). The groundwater flow velocity, calculated as the Darcy velocity, was varied from 0 to 10−5 m/s to cover all possible velocity ranges in nature.



The above variables refer exclusively to single elements, for example, one U-shape pipe, one subsoil layer etc., but there is also the possibility to subdivide them into different quantities: different cycles are present in the programming code to add the needed quantity of variables and the possibility to assign different characteristics. In detail, four cycles are present: the first to define the number of U-shape pipes, the second for the number of subsoil layers, and the remaining ones for additional output supply and storage volume point.



The heating/cooling operation of a BHE is common for the two numerical approaches: the heating period of the HVAC system is from middle-October to middle-April (winter season), whereas the cooling period is between June and August (summer period); in the remaining periods, the system is turned off. Table 4 shows the time simulation length and inlet fluid temperature imposed at the top of the U-shape pipe.




2.5. Field Case


To validate Type285, as the numerical simulations of a synthetic case were not exhaustive, new experimental data from a real HVAC system were required. The chance was provided to study the field case presented in Alberti’s study [3], where physical, hydrogeological, and energy properties were well-described. A real GSHP system consists of five BHEs (single U-pipe), with a depth of 60 m and buried in a heterogeneous aquifer consisting of alluvial materials (gravel and sandy gravel). The application field of this HVAC system is the air-climatization of a post-weaning piglet room at the Veterinary University of Lodi. Since the ventilation rate requirements are very large, as usually occurs in animal housing, the GSHP system was designed to be an air conditioning system equipped with heat recovery from the exhaust air in order to reduce the energy consumption. The heating and cooling generator was a reversible GSHP (heating capacity 14.4 kW at 40/45 °C on the supply side and 3/0 °C on the ground side; cooling capacity 15.9 kW at 10/15 °C on the supply side and 30/35 °C on the ground side). The warm/cold water produced by the heat pump was stored in a 300 L water tank supplying the heating/cooling coil of an air handling unit (AHU) with a nominal ventilation flow rate of 1200 m3/h. The heat recovery heat exchanger in the AHU had a nominal efficiency equal to 78%. In order to verify the thermo-hygrometric conditions achieved in the piglet room and to measure the energy performance of the GSHP system, a monitoring system was installed to measure the water temperature and flow rate at the heat pump inlet/outlet on the ground and supply sides; the air temperature and relative humidity in several points of the AHU unit and in the piglet room; the air flow rate in the AHU and power consumption by the heat pump; and the AHU. The GSHP system was turned on for a heating period lasting 1 month and the monitoring data were published in [3].



Therefore, to correctly set Type285 in TRNSYS 18, some parameters were retrieved from Alberti et al [3] and others were obtained through the enhanced thermal response test discussed in Antelmi’s study [37]. The complete set of Type285 input data is presented in Appendix B (Table A4 and Table A5).



To exploit the potentiality of Type285, four BHEs (75 m depth) in a square configuration (2 × 2) with a mutual distance of 6 m were implemented. The exchange length meters were equal to the data field, but the number of BHEs was different because this type works better with a square configuration, as discussed below. The unperturbed aquifer temperature was set to be equal to 16.5 °C, coherent with the Lodi shallow aquifer in the autumn period. A Darcy groundwater flow velocity was set to be equal to 1.6∙10−6 m/s according to the interpreted value through the TRT analysis [37].



A uniform thermal conductivity of 3.4 W/m K was assigned to the subsoil domain; this is an equivalent value evaluated for different layers of subsoil consisting of gravel, sand, and clay. This value, correctly inside the thermal conductivity interval defined by the literature for these lithologies, was achieved by sensitivity analyses.



Because of this particular operation of the GSHP system, the mass flow rate and inlet fluid temperature values were also assigned as equal to the experimental data discussed in [3]: the heat pump alternates periods in which the mass flow rate is equal to 0 kg/h to periods with a mass flow rate of 2700 kg/h. The inlet fluid temperature varies according to the heating periods and were enclosed between 5.8 and 17.3 °C.





3. Results


Starting from the physical and hydrogeological conditions discussed above, different numerical simulations in MODFLOW/MT3DMS and TRNSYS were executed and the results are discussed below.



3.1. One BHE Modeling: Comparison between TRNSYS (Type280 and Type557) and MODFLOW/MT3DMS Models for Null Groundwater Flow Velocity


The numerical model implemented in TRNSYS using Type280 (TRNSYS 16) or Type557 (TRNSYS 18) allows for many output variables to be studied, but our attention focused on the exchanged energy by the BHE with the subsoil. The simulated time was 1 year of a conventional GSHP system operation, as discussed above.



In this case, the comparison between the TRNSYS and MODFLOW/MT3DMS models can only be one, because Type557 can only simulate the BHE behavior assuming a zero groundwater flow velocity. Indeed, this type neglects all the advection influences carried out by the BHE on the heat transfer in the aquifer. Implementing the same properties and the same GSHP system operation discussed in the previous paragraphs, a comparison between the two types in terms of the heat rate exchanged by the BHE in the aquifer can be shown in Figure 5 and in Table 5.



The heat rate shown in Figure 5 is calculated by the formula


  Q =  m ˙  ·  c p  ·  (   T  i n   −  T  o u t    )   



(6)




where Q is the heat rate exchanged (W); m is the mass flow rate (kg/h); cp is the specific heat of the fluid (water in this case) (kJ/kg K); Tin and Tout are the inlet/outlet fluid temperature at the top of the U-shape pipe of BHE (°C). The time integral subtended by the heat rate output curves (shown in Figure 5) over time reproduced the energy exchanged by the BHE through the aquifer, and the results are reported in Table 5.



The results (Figure 5 and in Table 5) show that for the null groundwater flow velocity case, the use of Type280 or Type557 was equivalent. The two types exchanged the same amount of energy for each period and both differed from the MODFLOW results of a quantity between 12.6 and 14.4%.




3.2. One BHE Modeling: Comparison between TRNSYS (Type285) and MODFLOW/MT3DMS Models Varying Groundwater Flow Velocity


The new written Type285 implemented in TRNSYS version 18 allowed for the simulation of different groundwater flows and a comparison of the results with the MODFLOW/MT3DMS simulations discussed in [25]. For the sake of simplicity, only the exchanged energy between the BHE and aquifer is shown in Figure 6.



From the exchanged heat rate, according to Equation (6), the extracted or injected energy from the subsoil can be evaluated, as shown in Table 6.



Comparing the differences between the TRNSYS and MODFLOW/MT3DMS results, an average difference of 10% for the heating operation and 6% for the cooling period was carried out. The percentage difference shows good results if compared with the case discussed in [40,41]. For each groundwater flow velocity, starting from the null case, TRNSYS constantly underestimated the exchanged energy computed in MODFLOW models; the difference was approximately constant for the heating/cooling period, and was equal to −11% and −13% for the null Darcy velocity and −14% and −5% for the Darcy velocity equal to 5 ∙ 10−6 m/s, respectively. The maximum groundwater velocity case showed a greater difference between the two software programs and equal to −20% (heating) and −12% (cooling) because the advection term became predominant over the diffusion thermal term. This result is justified because logarithmic approximation is less effective for higher groundwater flow velocities. The global differences are acceptable because they were lower than 15%. Therefore, the use of the new Type285 in TRNSYS 18 is suggested for one BHE modeling where the groundwater flow velocities are not null. In general, as discussed in [25], this approach confirms that the exchanged energy increases when the groundwater flow velocity increases; the percentage of increase related to the null groundwater flow case is shown in Table 7.



Table 7 demonstrates the energy performance increase in the BHE due to the increasing groundwater flow velocity. Specifically, for the maximum groundwater flow velocity case, for the heating period, an increase of 81% was achieved in TRNSYS (101% in MODFLOW model) and for the cooling period, an increase of 81% was achieved in TRNSYS (79% in MODFLOW model). These results are also in accordance with other studies in the literature [9,10,38].



This difference was also detectable in the aquifer temperature values for different monitoring points located downgradient of the BHE. For instance, at any given time during the simulation (here reported as the last day of the heating and cooling period), the aquifer temperature variation can be shown for the minimum Darcy velocity (Figure 7a) and for the maximum velocity (Figure 7b).



The ground temperature again showed a certain difference between TRNSYS and MODFLOW. The absolute residual mean difference between the ground temperature achieved in TRNSYS and in MODFLOW for the null velocity was equal to 0.52 °C (heating) and 0.70 °C (cooling), whereas the 10−5 m/s flow velocity case was equal to 0.42 °C (heating) and 0.63 °C (cooling). A conventional value of the temperature difference between the heat carrier fluid of the BHE and the ground can be assumed to be equal to 5 °C, so the maximum absolute mean difference was 0.7 °C. Therefore, the same difference of approximately 13% between the two models was found.




3.3. Bore Field Modeling: Sensitivity Analyses


By means of Type285, the definition of a number of BHEs greater than one in the homogeneous aquifer is possible by modifying the parameters “Nb” (number of BHE) and “Vst” (the storage volume). Many configurations can be implemented, but the best one is square geometry, reproducing a regular bore field with a square layout (i.e., 2 × 2, 3 × 3, 4 × 4, etc.). When the user introduces a number of BHEs greater than one, the storage radius defined in Equation (4) is not the radius of the temperature perturbation, but represents the mutual distance between the BHE. In this case, Equation (6) can be rewritten as follows:


   V  s t o r a g e   =  N b  ·  d x  ·  d y  · H  



(7)




where dx and dy are the mutual distances between BHE along the X and Y direction (m) and H is the BHE depth (m). The simulations were carried out considering nine BHE in the domain with a single U-shape pipe, connected in parallel with a mass flow rate equal to 1000 kg/h; the mutual distance between BHE was varied and equal to 2, 5, 8, and 15 m. The remaining physical and hydrogeological properties were the same as discussed above. The exchanged heat rate is shown in Figure 8, while the exchanged energy is shown in Table 8.



The results show that exchanged energy increases when the mutual distance between the BHE increases. This is correct, because the higher the distance between BHE, the lower the thermal interference between adjacent BHE; therefore, the energy performance of the GSHP system improves when the BHEs are located at the correct position without interferences between each other. For this specific null flow velocity case, the correct distance between BHE was greater than 8 m, because the thermal plume was radial and not developed along the flow direction [32,33]. When different BHE are installed in hydrogeological settings with high flow velocities, the distance could be reduced because of the different shape of the thermal plume. Indeed, considering the maximum storage volume simulated, the exchanged heat rate seemed to be at the steady-state condition at the end of both the heating and cooling operations.




3.4. Bore Field Modeling: Validation of the Type 285 with Real Experimental Data


To validate the numerical modeling of a bore field using Type285, a set of experimental data was compared with the simulated ones. A monitoring campaign of the geothermal system discussed in Section 2.5 was carried out for a month in 2016, namely from 26 October to 25 November. During that period, 50 piglets were hosted in the post-weaning room. The request from the veterinary research team for this special experimentation was for it to maintain at approximately 28–30 °C for the experimental period inside the room. The heat pump switched off whenever the water temperature at the storage tank outlet rose above the set point, equal to 48.5 °C, then the electrical power fell to zero. When the heat pump was turned on, the absorbed electrical power was in the range of 4.6–4.9 kW and the thermal power absorbed by the subsoil was about 14–15 kW. Depending on the day of the experimental period, the values could vary slightly according to the variation in the external weather condition. A typical daily operation of the heat pump is reported Figure 9.



Assuming the values reported in Appendix B, the numerical simulation implementing Type285 was run in TRNSYS 18. This time, the simulation length was equal to 1 month like the experimental data; the output results of the exchanged power are reported for just one representative week (from 10 to 17 November) of the month, as shown in Figure 10.



The experimental and simulated exchanged power values were reported for every minute, so for the sake of simplicity, only one representative week was reported in the figure. The heat pump was not equipped with an inverter, hence it alternated between on and off cycles to maintain the temperature at 28–30 °C inside the piglet room. Because of this operation, the null exchanged power values are representative of situations where the heat pump is turned off; values between 0 and 13 kW are representative of a dynamic state when the heat pump is turning on or off; and values between 13 and 15 kW are representative of the steady condition when the heat pump is turned on and is running at full power. The comparison between the experimental and simulated data is reported in Table 9.



The comparison between the experimental and simulated heat rates was not easily readable because the values were taken with a small time interval, so it was difficult to have a clear situation of the comparison. The values of the exchanged powers can be seen in the table: the experimental values agreed with the simulated ones, but the comparison was less significant because it was punctual for every minute. A better comparison can be achieved by looking at the values of the total exchanged energy for the experimental period: specifically, the simulated exchanged energy value was equal to 4254.2 kWh, corresponding to an underestimation of 8.5% than that in the experimental data, which was equal to 4667 kWh. Therefore, it is possible to conclude that Type285 is adequate for simulating the BHE and bore field, considering all the phenomena that usually happen for heat transport in aquifer (from conduction to advection processes).





4. Discussion


The results of the simulations can be summarized as follows:



Concerning the numerical simulations of one BHE, the advantages of the approach by means of TRNSYS software are:




	
For one BHE modeling, identical hydrogeological property conditions and null flow velocity, the results of Type280 are equal to the results of Type557.



	
For one BHE modeling, identical hydrogeological properties and null flow velocity, the results of Type285 were in accordance with the results in the general literature and specific numerical MODFLOW/MT3DMS model: the exchanged energies differed with a quantity lower than 13% and the ground temperature differences were lower than 0.7 °C;



	
For one BHE modeling, identical hydrogeological properties and different groundwater flow velocities, the Type285 model results agreed with the MODFLOW/MT3DMS results: on average, the exchanged energy differed by less than 11.6% and the ground temperature difference was lower than 0.6 °C.








Concerning the numerical simulations with one BHE, the limitations were as follows:




	
Type280 is only available for TRNSYS 16;



	
Type557 can only simulate the conduction processes (null groundwater flow case);



	
The definition of many parameters in Type280, Type557, and Type285;



	
Simplified approach with radial geometry for the groundwater flow in the DST model.








Concerning the numerical simulations of the bore field, the advantages areas follows:




	
It is useful for configurations of a bore field with a square mesh layout (i.e., 2 × 2, 3 × 3, 4 × 4, etc.);



	
Good results for the synthetic case with nine BHEs and null flow velocity: as the distance between BHE increased (range of 2–15 m), the energy exchanged by the HVAC system increased by 41% and the thermal plume in the subsoil was less extensive (less overlap effects);



	
Through the possibility of implementing different BHE (bore field) in a single model, the numerical simulation of borehole thermal energy storage (BTES) is possible, assuming different hydrogeological conditions.








Concerning the numerical simulations of the bore field, the limits are as follows:




	
Because of the radial geometry (DST physical model), the simulation of the BHE configuration fit the square geometry layout well, but was limited for the remaining layout as well as for flow velocities greater than 0 m/d, and the problems around the bore field increase for higher velocities.









5. Conclusions


The aim of this study was to create a new numerical element in TRNSYS, which is a non-standard type (named Type285 for TRNSYS 18) that users can exploit to improve the HVAC system design. Specifically, this type is a helpful tool for the numerical simulation of one or more BHE, consisting of one or double U-shape pipes buried in a homogeneous or heterogeneous aquifer, where a heat carrier fluid circulates and exchanges heat with the surrounding subsoil (closed loop system). Through the new type, the simulation of the BHE energy performance assuming different hydrogeological conditions (i.e., variations of the Darcy groundwater flow velocity) is now possible. This issue is of great importance because the increase in the groundwater flow velocity due to the geology of the site can lead to an increase in the BHE energy performance up to 100%, as demonstrated in the literature [9,10,25,34,35]. Up to now, this issue has been well-discussed by hydrogeological code (i.e., MODLOW, FEFLOW, etc.) and it is also now possible to take this into account in the software mainly used for energy purposes. The need to reproduce BHE simulations using the correct approach was essential in the development of the Fusion Grant project, a research project shared between Inewa s.r.l. and EURAC Research on the topic of the DSHP system. In the Fusion Grant project, different tests were carried out on a DSHP in the laboratory and the role of the numerical model of the BHE coupled to a heat pump was essential to target the test. Therefore, coupling the experimental test and numerical simulations will allow us to improve the energy efficiency of the DSHP system.



The code of Type285 was developed starting from Type280 and Type557, written on the basis of the TRNVDSTP model [39]. As a first result, for identical aquifer properties, a comparison between Type280 and Type557 was carried out: the results were in accordance only for the null groundwater flow velocity because Type557 could not implement advection terms related to the groundwater flow velocity. Type285 was then written and compiled by assuming a logarithmic approach between the exchanged energy between the BHE and ground and the Darcy flow velocity increase, as the MODFLOW/MT3DMS models suggest. A comparison between TRNSYS and MODFLOW/MT3DMS has already been made, but showed differences between the two approaches. The creation of Type285 overcame this difference and showed a good agreement between TRNSYS 18 and MODFLOW/MT3DMS: specifically, assuming the hydrogeological and physical properties of the synthetic model created in MODFLOW/MT3DMS [25], the exchanged energy between BHE and the aquifer in TRNSYS and MODFLOW/MT3DMS was lower than an average quantity of 11.6% for any hydrogeological setting. This also confirms that TRNSYS 18, using the Type285, is now able to reproduce the numerical modeling of one BHE in a heterogenous aquifer with an acceptable approximation.



Furthermore, in the TRNSYS 18 model, a sensitivity analysis on the mutual distances between BHE was carried out and correctly showed that the higher the distance, the lower the thermal interference between BHE, and the greater the energy performance of the system. This step is in preparation to the final validation of Type285 in accordance with the experimental data of a real GSHP system installed in Lodi. The exchanged energy between the BHE and ground estimated by the GSHP system, through a special monitoring system, was equal to 4667 kWh [3], whereas the simulated energy by the model was equal to 4254.2 kWh, corresponding to an underestimation of about 8.5%. Even in this case, the TRNSYS model agreed with the experimental results with an acceptable approximation.



Therefore, Type285 can now be easily implemented in TRNSYS 18 and provides the possibility to reproduce one or more than one BHE in a homogeneous or heterogeneous aquifer such as hydrogeological software. Furthermore, this approach could be a helpful tool for scientists and technicians to provide preliminary analyses concerning the sizing of the bore field in the design of GSHP or DSHP systems.
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Appendix A


Here is a list of the parameters, input, and output set into Type285 for the synthetic case.
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Table A1. Parameters implemented into Type285.






Table A1. Parameters implemented into Type285.





	Parameter
	Description
	Value
	Unit





	V
	Storage volume
	64,884.9
	m3



	H
	Borehole depth
	100
	m



	DPH
	Header depth
	0
	m



	Nb
	Number of boreholes
	1
	-



	ro
	Borehole radius
	0.14
	m



	NSerie
	Number of boreholes in series
	1
	-



	NRLoc
	Number of radial regions
	1
	-



	NZLoc
	Number of vertical regions
	1
	-



	ks
	Storage thermal conductivity
	8.24
	kJ/h m K



	Cs
	Storage heat capacity
	752.73
	kJ/m3 K



	Rp
	Negative of U-tubes/bore
	−1
	-



	Rpo
	Outer radius of U-tube pipe
	0.0237
	M



	Rpi
	Inner radius of U-tube pipe
	0.02
	M



	d
	Center-to-center half distance
	0.03
	M



	λbh
	Fill thermal conductivity
	8.24
	kJ/h m K



	λp
	Pipe thermal conductivity
	1.38
	kJ/h m K



	λGAP
	Gap thermal conductivity
	1
	kJ/h m K



	GAP
	Gap thickness
	0
	M



	Vref
	Reference borehole flowrate
	1000
	Kg/h



	Tref
	Reference temperature
	20
	°C



	Ra
	Pipe-to-pipe heat transfer
	−1
	-



	cf
	Fluid specific heat
	4.186
	kJ/h kg K



	rf
	Fluid density
	999
	Kg/m3



	ISO
	Insulation indicator
	0
	-



	FRISO
	Insulation height fraction
	0
	-



	THins
	Insulation thickness
	0
	M



	kins
	Insulation thermal conductivity
	1
	kJ/h m K



	SY
	Number of simulation years
	1
	Y



	Tmax
	Maximum storage temperature
	50
	°C



	Tgs
	Initial surface temperature of storage volume
	11.81
	°C



	DTG
	Initial thermal gradient of storage volume
	0
	K/m



	IPRE
	Number of preheating years
	0
	-



	φ
	Preheat phase delay
	0
	D



	Tma
	Average air temperature—Preheat years
	0
	°C



	Taa
	Amplitude of air temperature—Preheat years
	0
	°C



	φair
	Air temperature phase delay—Preheat years
	0
	D



	Nl
	Number of ground layers
	1
	-



	kg
	Thermal conductivity of the layer
	8.24
	kJ/h m K



	cg
	Heat capacity of the layer
	752.73
	kJ/m3 K



	THg
	Thickness of the layer
	150
	m



	-
	Not used (Printing 1)
	-
	-



	-
	Not used (Printing 2)
	-
	-



	Vd
	Darcy groundwater velocity
	0.00001
	m/s



	KDAR1
	Constant value 1 that multiplies the ln (Vd)
	0.1889
	-



	KDAR2
	Constant value 2
	1.83412
	-








The Vref parameter is only used to evaluate the thermal resistance from BHE to the ground and is not used to reproduce the real circulating flow rate. The heat carrier flow rate value needs to be implemented into the “m” parameter defined in the input section.



If −11 ≤ Rp ≤ 0, the calculation of the thermal resistance between the heat carrier fluid and the ground surrounding the BHE is specified, and the value can be found in the DST.DAT file (if IPRT = 1). The default value suggested is −1.



The KDAR1 and KDAR2 values can be modified if the users approximate the exchanged energy values and the multiplying factor with a different approach technique.
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Table A2. Input implemented into Type285.






Table A2. Input implemented into Type285.





	Parameter
	Description
	Value
	Unit





	Tin
	Inlet fluid temperature
	1 or 28 *
	°C



	m’
	Inlet flowrate (Total)
	1000 **
	Kg/h



	Tairh
	Temperature on top of storage
	11.81 ***
	°C



	Tair
	Air temperature
	11.81 ***
	°C



	Circul
	Circulation switch
	1
	-







* The inlet fluid temperature into the U-shape pipe was set as constant and equal to 1 °C in the heating period (from 0 to 183 d) and 28 °C in the cooling period (from 243 d to 336 d). In the remaining periods (spring and autumn periods), an inlet fluid temperature of 0 °C was set, but was not read because the related mass flow rate was null. ** The mass flow rate of the BHE was time dependent as the inlet fluid temperature was equal to 1000 kg/h when the GSHP system was turned on and equal to 0 kg/h when the GWHP system was turned off. A summary of the GSHP system operation is shown in Table 3. *** The yearly mean air temperature of Milano city was implemented for both air temperature on top of the storage and elsewhere on the storage volume. The value was derived by linking Type285 to a climatic file of Milano city, where the yearly mean air temperature is constant and equal to 11.81 °C.
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Table A3. Output implemented into Type285.






Table A3. Output implemented into Type285.





	Parameter
	Description
	Value
	Unit





	Tout
	Outlet temperature
	-
	°C



	m’
	Outlet flowrate (Total)
	-
	Kg/h



	Tav.st
	Average storage temperature
	-
	°C



	Q’
	Average heat transfer rate
	-
	kJ/h



	Qloss, t
	Heat loss through top of storage
	-
	kJ/h



	Qloss, s
	Heat loss through side of storage
	-
	kJ/h



	Qloss, b
	Heat loss through bottom of storage
	-
	kJ/h



	QDST
	Internal energy variation
	-
	kJ/h



	Tav.bh
	Average soil temperature near boreholes
	-
	°C



	Tbh,1
	Average soil temperature near boreholes: center
	-
	°C



	Tbh,2
	Average soil temperature near boreholes: edges
	-
	°C



	Tout
	Outlet temperature
	-
	°C



	m’
	Outlet flowrate (Total)
	-
	Kg/h









Appendix B


Here a list of the parameters, input, and output set into Type285 for the field case.
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Table A4. Parameters implemented into Type285.
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	Parameter
	Description
	Value
	Unit





	V
	Storage volume
	64,884.9
	m3



	H
	Borehole depth
	100
	M



	DPH
	Header depth
	0
	M



	Nb
	Number of boreholes
	1
	-



	ro
	Borehole radius
	0.14
	M



	NSerie
	Number of boreholes in series
	1
	-



	NRLoc
	Number of radial regions
	1
	-



	NZLoc
	Number of vertical regions
	1
	-



	ks
	Storage thermal conductivity
	8.24
	kJ/h m K



	Cs
	Storage heat capacity
	752.73
	kJ/m3K



	Rp
	Negative of U-tubes/bore
	−1
	-



	Rpo
	Outer radius of U-tube pipe
	0.0237
	M



	Rpi
	Inner radius of U-tube pipe
	0.02
	M



	d
	Center-to-center half distance
	0.03
	M



	λbh
	Fill thermal conductivity
	8.24
	kJ/h m K



	λp
	Pipe thermal conductivity
	1.38
	kJ/h m K



	λGAP
	Gap thermal conductivity
	1
	kJ/h m K



	GAP
	Gap thickness
	0
	m



	Vref
	Reference borehole flowrate
	1000
	Kg/h



	Tref
	Reference temperature
	20
	°C



	Ra
	Pipe-to-pipe heat transfer
	-1
	-



	cf
	Fluid specific heat
	4.186
	kJ/h kg K



	rf
	Fluid density
	999
	Kg/m3



	ISO
	Insulation indicator
	0
	-



	FRISO
	Insulation height fraction
	0
	-



	THins
	Insulation thickness
	0
	M



	kins
	Insulation thermal conductivity
	1
	kJ/h m K



	SY
	Number of simulation years
	1
	Y



	Tmax
	Maximum storage temperature
	50
	°C



	Tgs
	Initial surface temperature of storage volume
	11.81
	°C



	DTG
	Initial thermal gradient of storage volume
	0
	K/m



	IPRE
	Number of preheating years
	0
	-



	φ
	Preheat phase delay
	0
	D



	Tma
	Average air temperature—Preheat years
	0
	°C



	Taa
	Amplitude of air temperature—Preheat years
	0
	°C



	φair
	Air temperature phase delay—Preheat years
	0
	D



	Nl
	Number of ground layers
	1
	-



	kg
	Thermal conductivity of layer
	8.24
	kJ/h m K



	cg
	Heat capacity of layer
	752.73
	kJ/m3 K



	THg
	Thickness of layer
	150
	m



	-
	Not used (Printing 1)
	-
	-



	-
	Not used (Printing 2)
	-
	-



	Vd
	Darcy groundwater velocity
	0.00001
	m/s



	KDAR1
	Constant value 1 that multiplies the ln (Vd)
	0.1889
	-



	KDAR2
	Constant value 2
	1.83412
	-








The Vref parameter is only used to evaluate the thermal resistance from BHE to the ground and is not used to reproduce the real circulating flow rate. The heat carrier flow rate value needs to be implemented into the “m” parameter defined in the input section.



If −11 ≤ Rp ≤ 0, the calculation of the thermal resistance between the heat carrier fluid and the ground surrounding the BHE is specified and the value can be found in the DST.DAT file (if IPRT = 1). The default value suggested is −1.



The KDAR1 and KDAR2 values can be modified if the users approximate the exchanged energy values and the multiplying factor with a different approach technique.
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Table A5. Input implemented into Type285.
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	Parameter
	Description
	Value
	Unit





	Tin
	Inlet fluid temperature
	1 or 28 *
	°C



	m’
	Inlet Flowrate (Total)
	1000 **
	Kg/h



	Tairh
	Temperature on Top of Storage
	11.81 ***
	°C



	Tair
	Air Temperature
	11.81 ***
	°C



	Circul
	Circulation Switch
	1
	-







* The inlet fluid temperature into the U-shape pipe was set as constant and equal to 1 °C at the heating period (from 0 to 183 d) and 28 °C at the cooling period (from 243 d to 336 d). In the remaining periods (spring and autumn periods), an inlet fluid temperature of 0 °C was set but not read because the related mass flow rate was null. ** The mass flow rate of the BHE was time dependent as the inlet fluid temperature, and was equal to 1000 kg/h when the GSHP system was turned on and equal to 0 kg/h when the GWHP system was turned off. A summary of the GSHP system operation in Table 3. *** The yearly mean air temperature of Milano city was implemented for both the air temperature on top of the storage and elsewhere on the storage volume. The value was derived linking Type285 to a climatic file of Milano city, where the yearly mean air temperature is constant and equal to 11.81 °C.
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Figure 1. DST model: Comparing local and global problems. 
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Figure 2. Exchanged power for the heating and cooling period evaluated in MODFLOW/MT3DMS (MF2000_v0 and v-5) and TRNSYS (v0 and v-5) for the Darcy velocities equal to 0 and 10−5 m/s. 
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Figure 3. Exchanged energies for the heating and cooling period evaluated in MODFLOW/MT3DMS by varying the Darcy groundwater flow velocities. 
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Figure 4. Multiplying factors of the exchanged energies varying the Darcy groundwater flow velocities. 
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Figure 5. Exchanged heat rate for the TRNSYS (Type280 and Type557) and MODFLOW/MT3DMS simulations for the null groundwater flow velocity. 
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Figure 6. Exchanged heat rate for the TRNSYS and MODFLOW simulations with varying groundwater flow velocities. 
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Figure 7. (a) Ground temperature downgradient of the BHE rate for the TRNSYS and MODFLOW simulations at the end of the heating period (183 d) and cooling period (336 d) for the null case velocity. (b) Ground temperature downgradient of the BHE for a groundwater flow velocity equal to 10−5 m/s. 
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Figure 8. Exchanged heat rate for TRNSYS in the case of nine BHE, null groundwater flow velocity, and increasing mutual distances between BHE: (Vst2) storage volume equal to 3636 m3; (Vst5) 22,725 m3; (Vst8): 58,176 m3; (Vst15): 204,525 m3. 
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Figure 9. Heat pump operation on a representative day (12 November) of the experimental heating period (from 6 a.m. to 2 p.m.). 
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Figure 10. Experimental and simulated exchanged power for one representative week of the heating experimental period. 
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Table 1. Exchanged energy in the heating and cooling periods for the TRNSYS and MODFLOW simulations.
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	Darcy Flow Velocity (m/s)
	TRNSYS

(kWh)
	% Vd vs. V0
	MODFLOW/MT3DMS (kWh)
	% Vd vs. V0





	Vd = 0 m/s (winter)
	5923.0
	-
	6051.6
	-



	Vd = 10−5 m/s (winter)
	6429.5
	+9%
	15,022.4
	+148%



	Vd = 0 m/s (summer)
	8925.2
	-
	8944.3
	-



	Vd = 10−5 m/s (summer)
	10,161.7
	+14
	23,463.4
	+162%










[image: Table] 





Table 2. Multiplying factors for the exchanged energy between the BHE and ground.
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	Darcy Flow Velocity (m/d)
	Multiplying Factor (-)





	0.00864
	1.00



	0.0864
	1.24



	0.432
	1.69



	0.864
	1.86
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Table 3. The BHE and hydrogeological properties.
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	Parameter
	Value
	Unit





	Storage volume
	64,884.9
	m3



	Number of BHE
	1
	-



	BHE length
	100
	m



	Outer radius of drilling
	0.14
	m



	Thermal conductivity of the storage and grout material
	8.24
	kJ/h m K



	Volumetric heat capacity of the storage material
	752.7
	kJ/m3 K



	Outer radius of the U-shape pipe
	0.0237
	m



	Inner radius of the U-shape pipe
	0.02
	m



	Thermal conductivity of the pipe material
	1.4
	kJ/h m K



	Reference fluid flow rate per BHE
	1000
	kg/h



	Initial temperature of the undisturbed ground surface
	11.8
	°C



	Thermal conductivity of the aquifer
	8.24
	kJ/h m K



	Volumetric heat capacity of the aquifer
	752.7
	kJ/m3 K



	Darcy groundwater flow velocity
	0 ÷ 10−5
	m/s
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Table 4. Yearly operation conditions of the BHE system.
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	Operation
	Time Length (d)
	Inlet Temperature to the BHE (°C)





	Heating (ON)
	183
	1



	Pause (OFF)
	60
	-



	Cooling (ON)
	93
	28



	Pause (OFF)
	29
	-
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Table 5. Exchanged energy in the heating and cooling periods for TRNSYS simulations with null flow velocity.
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Darcy Velocity (m/s)

	
Eheating (kWh)

	
Ecooling (kWh)




	

	
Type280

	
Type557

	
MODFLOW

	
Type280

	
Type557

	
MODFLOW






	
0

	
10,546

	
10,546

	
11,872

	
8858

	
8858

	
10,141
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Table 6. Exchanged energy in the heating and cooling periods for the TRNSYS and MODFLOW simulations.
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Darcy Velocity (m/s)

	
Eheating (kWh)

	
Difference

	
Ecooling (kWh)

	
Difference




	

	
TRNSYS

	
MODFLOW

	

	
TRNSYS

	
MODFLOW

	






	
0

	
10,546

	
11,872

	
−11%

	
8858

	
10,141

	
−13%




	
10−7

	
10,546

	
11,982

	
−12%

	
8858

	
10,114

	
−12%




	
10−6

	
14,465

	
14,667

	
−1%

	
12,149

	
11,268

	
8%




	
5 × 10−6

	
17,671

	
20,572

	
−14%

	
14,842

	
15,671

	
−5%




	
10−5

	
19,052

	
23,889

	
−20%

	
16,002

	
18,189

	
−12%
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Table 7. Increase percentage in the exchanged energy against the null groundwater flow case for the TRNSYS and MODFLOW simulations.
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Darcy Velocity (m/s)

	
Heating—% Vd vs. Vd0

	
Cooling—% Vd vs. Vd0




	

	
TRNSYS

	
MODFLOW

	
TRNSYS

	
MODFLOW






	
0

	
-

	
-

	
-

	
-




	
10−7

	
0%

	
1%

	
0%

	
0%




	
10−6

	
37%

	
24%

	
37%

	
11%




	
5 × 10−6

	
68%

	
73%

	
68%

	
55%




	
10−5

	
81%

	
101%

	
81%

	
79%
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Table 8. Exchanged energy in the heating and cooling periods for the TRNSYS simulations.
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	Storage Volume (m3)
	Eheating (kWh)
	Difference
	Ecooling (kWh)
	Difference





	3636
	23,904
	-
	21,941
	-



	22,725
	30,451
	27%
	27,169
	24%



	58,176
	32,615
	36%
	27,726
	26%



	204,525
	33,715
	41%
	27,077
	23%










[image: Table] 





Table 9. Exchanged power and energy for the experimental or simulated data.
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	Q min (kW)
	Q max (kW)
	Q mean (kW)
	Eheating (kWh)





	Experimental data
	0
	15.8
	5.1
	4667.0



	Simulated data
	0
	15.0
	5.8
	4254.2
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