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Abstract:



U-pipes for ground source heat pump (GSHP) installations are generally inserted in vertical boreholes back-filled with pumpable grouts. Grout thermal conductivity is a crucial parameter, dominating the borehole thermal resistance and impacting the heat exchanger efficiency. In order to seal the borehole and prevent leakages of the heat carrier fluid, grouting materials are also hydraulically impermeable, so that groundwater flow inside the borehole is inhibited. The influence of groundwater flow on the borehole heat exchangers (BHE) performance has recently been highlighted by several authors. However groundwater impact and grouting materials influence are usually evaluated separately, disregarding any combined effect. Therefore simulation is used to investigate the role of the thermal and hydraulic conductivities of the grout when the BHE operates in an aquifer with a relevant groundwater flow. Here 3 main cases for a single U-pipe in a sandy aquifer are compared. In Case 1 the borehole is back-filled with the surrounding soil formation, while a thermally enhanced grout and a low thermal conductivity grout are considered in Case 2 and Case 3 respectively. Simulations are carried out maintaining the inlet temperature constant in order to reproduce the yearly operation of the GSHP system. For each of the 3 cases three different groundwater flow velocities are considered. The results show that a high thermal conductivity grout further enhances the effects of a significant groundwater flow. The conditions when neglecting the grout material in the numerical model does not lead to relevant errors are also identified.
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1. Introduction


Borehole heat exchanger (BHE) technology is growing on a worldwide scale. Ground source heat pump (GSHP) systems are used increasingly because they are among the cleanest and most energy efficient heating/cooling systems for buildings. Furthermore this technology is being applied widely, not only in civil buildings, but also in agricultural and zoo-technical facilities [1]. From the hydrogeological point of view, one of the most important aspects in the use of GSHP systems is the forecast and control of the temperature in aquifers and the development of the heat perturbation in groundwater, often considered as a contaminant plume in some environmental regulations. From here, the need arises to simulate, through mathematical models, the GSHP systems in order to evaluate the impact of temperatures in the subsoil [2,3].



Some of the most used hydrogeological computer codes, for instance MT3DMS [4] or FEFLOW [5], are suitable for reproducing heat transfer between BHE and aquifer and have been recently used to simulate BHE operation in different hydrogeological settings. In previous studies [6], the authors demonstrated that MT3DMS can be used to predict the thermal impact and the energy performance of BHE systems with a good accuracy, fully simulating the U-pipe geometry and the heat carrier fluid. The model predictions were compared to some well-known analytical solutions, producing a very good agreement in the purely conductive case and a good agreement for a wide range of Darcy velocities.



The energy performance of GSHPs strongly depends on the heat transfer process between the BHEs and the ground. The BHE, which often consists of single or double U-shaped pipes inserted in a borehole back-filled with grout, is characterized by an effective thermal resistance Rbh [7] related to the temperature drop between the average fluid temperature and the BHE wall. The grout provides a heat transfer medium between the heat exchanger and the surrounding formation and prevents contamination in case of leakage of the anti-freeze circulating fluid. Grout thermal conductivity is known as a crucial parameter, dominating the borehole thermal resistance [8,9] and impacting the heat exchanger efficiency [10,11,12,13]. Therefore so-called thermally enhanced grouts are being developed and investigated since the late 90’s [14,15,16]. Clearly a grouting material with low thermal conductivity increases the borehole thermal resistance, although the latter closely depends also on the spacing between the pipes [17,18,19]. Although these studies are related to the use of thermally enhanced grouts, it remains unclear how much these ones can improve long-term BHE performance. Dehkordy and Schincariol [20] indicated that a thermally enhanced grout (λg = 3 W·m−1 K−1) increases heat extraction by more than 10% compared to a grout with poor thermal conductivity (λg = 1 W·m−1 K−1). However, this influence has to be compared to that of the ground thermal conductivity, which can play a more important role in increasing or reducing BHE performance. Ghasemi-Fare and Basu [21] showed that the soil thermal conductivity has a much larger impact on the long-term energy performance of an energy pile than the pile thermal conductivity. In Delaleux et al. [22], an enhancement of the grout thermal conductivity was chosen as the best way to improve the overall exchanger performance; Jun et al. [23] evaluated the grout conductivity influence on the heat transfer length and on the thermal resistance of borehole and soil. Finally, Lee et al. [24] stated that an increase in the thermal conductivity of backfilling grouts leads to considerable reduction in the installation cost of a ground heat exchanger by shortening the required bore length.



While most studies focused on the thermal properties of the grout, it is important to keep in mind that grout is also characterized by a very low hydraulic conductivity and this property can play a role in BHE performance in subsoils with a significant groundwater flow. The impact of groundwater flow on the ground heat exchangers operation and performance in the short and long term was recently investigated and highlighted by several authors [12,13,25,26,27,28]. As far as groundwater-influenced Thermal Response Tests are concerned, Wagner et al. [29] pointed out that the discontinuity in the hydraulic properties passing from the grout to the surrounding ground may result in a different borehole wall temperature affecting the TRT interpretation. However, to the best of the authors’ knowledge, whenever a sensitivity analysis of the BHE efficiency to relevant parameters is performed [10,13,30,31], groundwater impact and grouting materials influence are evaluated separately, disregarding any combined effect.



As long as conduction is the only heat transfer mechanism in the surrounding ground, the low hydraulic conductivity of the grout has marginal impact on the borehole thermal performance. In turn, when a significant groundwater flow is present, the question arises whether hindering advection in the borehole results in a penalty. Therefore in this paper finite-difference numerical simulations investigate the role of the grouting material thermal and hydraulic conductivities when the borehole heat exchanger operates in an aquifer with a relevant groundwater flow. A single U-pipe borehole in a sandy aquifer is simulated as in the previous study by the authors [6], where however the surrounding soil formation was assumed as back-filling material for the borehole. A comparison is then carried out among the base case (Case 1), where the borehole is back-filled with the surrounding soil formation, and the cases where thermally enhanced grout (Case 2) and poor grout are used (Case 3).



Simulations are carried out maintaining the inlet temperature constant in order to reproduce the yearly operation of the GSHP system. Then the effect of the grouting material is assessed comparing the models results. Three groundwater flow velocities are simulated: the null-velocity (i.e., purely conductive condition), i.e., Case a, Darcy velocity equal to 10−6 m/s, i.e., Case b and 10−5 m/s, i.e., Case c. A list of parameters and symbols used in the paper is shown in Nomenclature.




2. Heat and Mass Transport Equations


In this section the heat and mass transport equations at the basis of the numerical modelling are briefly introduced. Firstly, the analogy between solute transport and heat transport, at the basis of the use of MT3DMS, is shown. Then heat and mass transport equation is put in a form that allows to identify the physical quantities required as inputs by the tool.



Indeed MT3DMS is a modular three-dimensional multispecies transport model for the simulation of advection, dispersion and chemical reactions of contaminants in groundwater systems [4] and represents the evolution of MT3D. MT3DMS can be used to simulate concentration changes in miscible contaminants in groundwater through advection, dispersion, diffusion and some basic chemical reactions, with various types of boundary conditions and external sources or sinks. MT3DMS can accommodate very general spatial discretization schemes and transport boundary conditions. MT3DMS is designed for use with any block-centered finite-difference flow model, such as the U.S. Geological Survey code named MODFLOW [32,33].



The partial differential equation describing the fate and transport of contaminants of species k in three-dimensional, transient groundwater flow systems, disregarding chemical reactions, can be written as follows [4]:


[image: there is no content]



(1)




where:


[image: there is no content]



(2)




[image: there is no content] is the bulk density and:


[image: there is no content]



(3)




Kd is the distribution coefficient. Other symbols and parameters are listed in Nomenclature.



Even though MT3DMS was designed to simulate solutes transport, thanks to analogies between the heat transport and solute transport equation, Equation (1) can be rewritten considering temperature as one of the chemical species transported. Nevertheless, as the energy is transported and stored both by the fluid and the solid, some adaptations are required [34], as explained below.



Storage: in Equation (1) the left term accounts for changes in solute storage in an aquifer matrix due to sorption processes. As heat is stored both in solid and liquid phase, both the specific heat capacity cps and cpw have to be considered on the left side. Energy stored in the solid depends on temperature, solid volume, heat capacity and density: [image: there is no content]. Similarly energy stored in the fluid phase is given by: [image: there is no content].



Thermal equilibrium was assumed to be between the solid and the fluid phase. Then the storage term in the heat transport equation can be written as:


[image: there is no content]



(4)







Advection: considering the advection process for heat transport, it is necessary to relate the temperature of the flowing water to the energy stored in the fluid. The energy can be calculated multiplying temperature by water density and specific heat capacity. As vi is the volumetric flow rate per unit area [(m3/s)/m2], multiplying it by [image: there is no content] gives the mass flow rate per unit area which, when multiplied by water temperature and specific heat capacity, gives the advective heat flux in the flowing water: [image: there is no content].



Therefore, the advection term can be rewritten as:


[image: there is no content]



(5)







Diffusion-Dispersion: in solute groundwater transport, contaminant movement can be considered essentially limited to the liquid phase, whereas energy is also carried through the solid by the conduction process. This means that the diffusion process cannot be neglected for heat transport. As stated by Fourier’s law, assuming an isotropic medium, the heat flux by conduction is given by:


[image: there is no content]



(6)







For a saturated porous medium, two different thermal conductivity values need to be used in the right term that takes into account diffusion-dispersion processes, namely λs for solid phase and λw for liquid phase, as well as an effective thermal conductivity:


[image: there is no content]



(7)







Then a last adaptation is necessary for the dispersion transport because, similarly to advective transport, it is needed to relate the temperature of the “dispersed flowing” water to the energy stored in the fluid, which depends on density and specific heat capacity. The term [image: there is no content] in Equation (1) is thus replaced by:


[image: there is no content]



(8)







Source/Sink: the last term in Equation (1) represents the source or sink that adds or extracts solute mass from the system. Again for heat transport it is needed in order to take into account the energy stored in the fluid. Hence the new term is:


[image: there is no content]



(9)







Consequently, taking into account all the modifications described above, the heat transport equation can be written as [34]:


[image: there is no content]



(10)







Note that if there is no groundwater flow, the pore velocity is null, so the advection and dispersion terms can be erased. Based on these hypothesis Equation (10) can be rewritten in the form of Fourier’s equation:


[image: there is no content]



(11)




where π is the energy source/sink term (W/m3).



Considering Equation (10), by dividing all the terms by [image: there is no content] the following was obtained:


[image: there is no content]



(12)







By introducing the bulk density [image: there is no content] as in Equation (2), the distribution coefficient Kd as in Equation (3) and the diffusion coefficient D* as in the following equation:


[image: there is no content]



(13)







Equation (12) can be rewritten in a form where the input parameters necessary for MT3DMS implementation are shown:


[image: there is no content]



(14)







In this study, Equations (11) or (14) are applied in every portion of the domain that is composed of a porous saturated medium (the sandy aquifer), a solid (the pipe) and a fluid (the heat carrier fluid into the U-pipe). The input parameters in Equation (14) are varied in each part of the domain according to its properties.




3. Model Implementation


The case study refers to a typical BHE, consisting of a 100 m polyethylene U-pipe with an internal diameter of 0.04 m and a pipe-to-pipe centerline distance of 0.06 m, as in Angelotti et al. [6]. The U-pipe is a 200 m deep saturated sandy aquifer, assumed homogeneous with an hydraulic conductivity of 2 × 10−4 m/s, a frequent value detected in the Po Plain area [35,36]. A simple three-dimensional model is implemented (Figure 1), in which active cells are assigned properties representing the aquifer and the pipe where the heat carrier fluid is assumed to circulate. Preliminary considerations demonstrated the importance in describing the entire U-pipe geometry [37] and considering the thermal resistance of the plastic pipe, despite the fact that this could require a significant computational effort. An initial undisturbed aquifer temperature (Tg0) equal to 11.8 °C, representative of the yearly average air temperature in Milan, Northern Italy, is set for the entire domain as boundary condition (Constant Concentration, i.e., Dirichlet condition) on the left and right sides of the model. The pipe is represented with a square section, whose size is derived from the assumption of conserving the total thermal resistance per unit length between the heat carrier fluid and the surrounding ground, as shown more in detail in Angelotti et al. [26]. It was found that a circular pipe with an internal diameter of 4 cm is equivalent to a square pipe with a side (L) of 3.36 cm. The polyethylene thickness (sp) is equal to 0.37 cm and is representative of real commonly used U-pipes. This representation requires a strong grid refinement in MODFLOW. The cells strictly representing U-pipes and the drilled hole where they are inserted, smoothly varied from 0.37 cm to 0.66 cm maintaining constant the total thermal resistance between circular and square geometry and the classical 6 cm distance between the two center of pipes. Row and column widths range from 0.0037 to 10 m; layers have variable thickness ranging from 0.0037 to 25 m. The horizontal model domain was varied according to the groundwater velocity simulated, because the higher is the flow velocity, the more extended should be the horizontal domain in order to distance the down-gradient constant head boundary condition. The vertical model domain is independent from groundwater flow velocity and is divided in 18 layers. In order to hydraulically isolate the cells representing the pipe from the aquifer, the MODFLOW Package Horizontal Flow Barrier (HFB) is assigned to the polyethylene pipe walls (kp = 10−21 m/s). The parameters assigned to the aquifer, borehole and pipe cells are set with reference to [34]. The thermal and hydrogeological properties of the porous medium and of the pipe wall are listed respectively in Table 1 and Table 2. Constant Head (i.e., Dirichlet condition) H = 1 m is assigned in layer 1 to the left side cells representing the entrance of the U-pipe, while h = 0.508 m is set for the right side cells representing the exit of the U-pipe in order to correctly simulate the heat carrier fluid flow rate inside the pipe (1000 kg/h) that represents the usual operating rate. Observation points are located downstream the BHE along the flow line indicated in Figure 1. The solver algorithm adopted in the calculation is the Jacobi solver, used for a finite difference solution scheme. The number of stress periods is variable according to the different simulated cases. For instance, a stress period equal to 183 days (representing the winter period) was divided into 12 simulations. In any stress period, the transient time step was set equal to a maximum of 0.024 days (34 min).


Figure 1. Plan view of the model and boundary conditions implemented in MODFLOW for: (a) extended domain; (b) zoom on the modelled BHE [6].
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Table 1. Porous medium thermal and hydrogeological properties.







	
Porosity

	
θ

	
0.35






	
Dispersivity

	
d

	
0 m




	
Effective thermal conductivity

	
λm

	
2.3 W/(m·K)




	
Volumetric thermal capacity

	
Cm

	
2.72 MJ/(m3·K)




	
Hydraulic conductivity

	
km

	
2 × 10−4 m/s




	
Darcy velocities

	
vi

	
0; 10−6; 10−5 m/s










Table 2. Thermal and hydrogeological properties of the pipe wall.







	
Porosity

	
θp

	
0.02






	
Dispersivity

	
dp

	
0 m




	
Thermal conductivity

	
λp

	
0.38 W/(m·K)




	
Volumetric thermal capacity

	
Cp

	
1.78 MJ/(m3·K)




	
Hydraulic conductivity

	
kp

	
1 × 10−21 m/s










In accordance with Hecht-Mendez et al. [38], previous simulations carried out with this model [6] demonstrated that MT3DMS can be used to predict the thermal impact and the energy performance of such systems with good accuracy, comprehensively simulating the U-pipe geometry and the heat carrier fluid. Details about the model validation under different groundwater flow velocities can be found in Angelotti et al. [6].



Grout Implementation


The previously validated model [6] is used here to evaluate the influence of the back-filling grout on the seasonal energy performance and on the temperature distribution in the subsoil. For this reason three main cases are compared (Table 3), differing for the back-filling material inserted in the 12.5 cm diameter borehole:

	(1)

	
the surrounding aquifer material;




	(2)

	
a thermally enhanced grout with a thermal conductivity equal to the surrounding soil;




	(3)

	
a poor grout with a low thermal conductivity.









Table 3. Simulated cases: borehole back-filling properties and thermal resistance calculated with GLHEPRO tool (Rbh percentage differences are related to Case 1).







	
Simulated Cases

	
Darcy Velocity (m/s)






	
Grout Type

	
Case

	
Back-Filling

	
λg (W·m−1 K−1)

	
kg (m/s)

	
θ

	
Rbh (m·K/W)

	
a

	
b

	
c




	
1

	
Ground

	
2.3

	
2 × 10−4

	
0.35

	
0.0540

	
0

	
1 × 10−6

	
1 × 10−5




	
2

	
High thermal conductivity grout

	
2.3

	
5 × 10−11

	
0.2

	
0.0540

	
0

	
1 × 10−6

	
1 × 10−5




	
3

	
Low thermal conductivity grout

	
0.7

	
5 × 10−11

	
0.2

	
0.1354 (+151%)

	
0

	
1 × 10−6

	
1 × 10−5










In Table 3 the borehole thermal resistance Rbh calculated by means of GLHEPRO tool [39] in the 3 cases is also reported for the sake of comparison (Figure 2).


Figure 2. Horizontal cross section of a typical BHE.
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Firstly, it is worth clarifying that Case 1 is mainly a theoretical case used here as reference, since backfilling the borehole with a proper grouting material is the common practice in most countries and in some of them, e.g., Germany, the grouting material has to comply with a specific maximum hydraulic conductivity. Therefore even though the hydraulic conductivity value of the grout in Case 1 would not be realistic for a grouting material, it is adopted here just in order to investigate the influence of the hydraulic conductivity. Actually the high thermal conductivity grout Case 2 differs from the base Case 1 only because of the lower hydraulic conductivity of the grout. The grout thermal conductivity value (2.3 W/mK) of Case 2 can be achieved by mixing water and a specific commercial grout powder, called Thermoplast PLUS® (GTS well components S.n.c., San Benedetto Po, Italy), with a ratio 1:1.12. Having the same thermal conductivity, the borehole thermal resistance Rbh of Case 2 is the same as the base case. Therefore it can be argued that, as long as groundwater flow is negligible, the energy performance will be similar. Then it is interesting to investigate what happens at increasing Darcy velocity.



The low thermal conductivity grout Case 3 instead differs from the base Case 1 due to both a lower hydraulic and a lower thermal conductivity. The low value of thermal conductivity (0.7 W/mK) of this back-filling material corresponds to neat cement grouts [40]. A worse energy performance at null Darcy velocity is then expected because of the higher BHE thermal resistance Rbh (+151%). However, when a significant Darcy flow in the aquifer is present, it is interesting to investigate how distant are the BHE performances depending on the kind of grout adopted. For this reason the effect of the grouting material is assessed comparing the models. Different Darcy velocities are considered: (a) 0 m/s, (b) 10−6 m/s (8.6 cm/day) and (c) 10−5 m/s (86.0 cm/day), as shown again in Table 3. The Case a corresponds to an extreme situation where the hydraulic gradient is nearly null (horizontal water table). The previous study by the authors Angelotti et al. [6] demonstrated that at a Darcy velocity equal to 10−7 m/s the geothermal system behaviour is very similar to null velocity, therefore the minimum velocity adopted here is 10−6 m/s. Thus Cases b and c are generally representative of the velocities in alluvial sediments. Simulations are carried out maintaining the inlet fluid temperature constant at 1 °C for 6 months in order to reproduce, in a simplified way, the winter operation of the GSHP system.





4. Simulation Results


Simulations of Cases 1, 2 and 3 are compared at variable Darcy velocity (a, b, c). The energy exchanged by the BHE during the winter operation is calculated as:


[image: there is no content]



(15)




and shown in Table 4 together with the percentage differences related to Case 1 for the same Darcy velocity. At null groundwater velocity the seasonal energy performance of the BHE is very similar between the base case (Case 1a) and the high thermal conductivity grout case (Case 2a), as thermal conductivity of the material surrounding the U-pipe is the same. As shown in Table 4 at a velocity equal to 10−5 m/s the seasonal energy exchanged with the high conductivity grout (Case 2c) becomes slightly smaller (−1.3%) than the Case 1c. In the latter case, back-filling with the surrounding ground means promoting advection around the pipe and thus slightly increasing the exchanged energy. However it can be argued that the differences in the seasonal exchanged energy between the base case and the high thermal conductivity grout case, at every velocity, are in the order of magnitude of the numerical accuracy.



Table 4. Total seasonal energy exchanged by the BHE during the seasonal operation and the percentage differences related to Case 1.







	
Total Seasonal Energy (kWh)

	
Percentage Differences (%)




	
Case

	
1

	
2

	
3

	
Case 2 vs. 1

	
Case 3 vs. 1






	
a

	
11,871.6

	
11,979.1

	
10,220.2

	
0.9

	
−13.9




	
b

	
14,666.9

	
14,858.7

	
12,226.1

	
1.3

	
−16.6




	
c

	
23,888.8

	
23,579.9

	
17,661.9

	
−1.3

	
−26.1










As expected at null groundwater velocity, the energy performance of the low thermal conductivity grout (Case 3a) is worse (−13.9%) than the base case (Case 1a). Further, it becomes even worse (−26.1%) at high groundwater velocity (Case 3c vs. 1c). Similar results are found comparing the low thermal conductivity grout cases (3a, 3b and 3c) with the high thermal conductivity (Cases 2a, 2b and 2c respectively). This is also shown in Figure 3, that represents the total seasonal energy extracted from the ground versus Darcy velocity for different grout types (namely cases 1, 2 and 3), and in Figure 4, where the heat rate extracted from the ground for different Darcy velocities is plotted versus the time from the beginning of the winter season.


Figure 3. Total seasonal energy extracted from the ground versus Darcy velocity, for different grouts.



[image: Energies 10 00703 g003]





Figure 4. Heat rate extracted from the ground versus time, for different Darcy velocities and different grouts.
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As shown in Figure 3, the influence of Darcy velocity on the BHE energy performance is more significant in Cases 1 and 2, i.e., at relatively low borehole thermal resistance Rbh. Actually, compared to the null groundwater velocity case, a Darcy velocity equal to 10−5 m/s increases seasonal energy by 101% (Case 1c), 97% (Case 2c) and 73% (Case 3c).



The usefulness of the thermal network analysis to predict borehole heat exchangers energy performance was shown by several authors, e.g., Zeng et al. [8]. Even here, a semi-quantitative explanation of these outcomes can be obtained with a simple thermal network modeling of the heat transfer between the heat carrier fluid in the U-pipe and the ground at the end of the winter season, when a steady state has almost been reached (as shown in Figure 4). In such condition the specific heat rate exchanged by the BHE can be expressed as:


[image: there is no content]



(16)




where the ground thermal resistance Rg is expected to decrease at increasing Darcy velocity (vi) due to the contribution of the advection. At the same time:


[image: there is no content]



(17)




where z is the borehole depth. Combining the two equations we obtain:


[image: there is no content]



(18)







Therefore, given that the fluid inlet temperature and the undisturbed ground temperature are the same in all the cases, the resulting heat rate is inversely proportional to the total thermal resistance:


[image: there is no content]



(19)







Extracting the heat flow rate at the end of the winter season from Figure 4 and using the borehole resistance Rbh calculated from GLHEPRO tool in Table 3, the ground resistance Rg at each velocity can be derived from Equation (18).



The composition of the total thermal resistance in Case 1, Case 2 and Case 3 is then shown in Figure 5. In each case it is evident that, as the Darcy velocity increases, the total thermal resistance decreases (e.g., Case 1c vs. 1a, −54.6%). Furthermore it is evident that for the low thermal conductivity grout Case 3 the total resistance is higher respect to the other two cases because of the relatively high value of the borehole thermal resistance, while the ground resistance Rg and the term [image: there is no content] do not seem to change for the three different cases. That means the higher the Rbh is, depending on the borehole grout, the less is the impact of the Rg decrease on the total thermal resistance variation (Case 3c vs. 3a, −46.4%).


Figure 5. Composition of the total thermal resistance in Case 1, Case 2 and Case 3 for different Darcy velocities and different borehole grouts.
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The results obtained from the above simulations can be analyzed from different perspectives:

	
From the modeling perspective, these results indicate that when the grout has a thermal conductivity equal or near to the surrounding ground, neglecting the grouting material in the numerical model does not lead to relevant errors, even at important Darcy velocities. On the contrary, when the grouting material has a poor thermal conductivity compared to the surrounding ground, it is necessary to represent the grout in the numerical model because neglecting it leads to significantly overestimate the BHE performance. Moreover, this study specifically shows that the overestimation increases with Darcy velocity.



	
From the BHE design perspective, these results indicate that adopting a high thermal conductivity grout is even more important at high Darcy velocities, since it further enhances the benefits of the advective transport in the surrounding aquifer. Furthermore it arises that reducing the environmental risk of heat carrier fluid leakages by adopting a grout in the borehole does not affect significantly the BHE performances (see Table 4, the maximum seasonal energy decrease is −1.3%). The negligible decrease is due to the low hydraulic conductivity in the neighborhood of the pipes.



	
From the environmental perspective it is interesting to assess the possible impact of the grout on the temperature distribution in the subsoil. The cold thermal perturbation generated in the aquifer at the end of the winter BHE operational period is then shown in Figure 6 for the three considered velocities and the three grouting cases. The Figure 6 shows the ground temperature distribution across the BHE along the longitudinal groundwater flow direction approximately at half the BHE depth. It is worth noting that, since in the model the inlet pipe is positioned exactly upstream while the outlet pipe is downstream, the curves are not symmetrical, even in the null velocity condition. The latter absence of symmetry was already remarked by several authors, e.g., Kramer et al. [41].


Figure 6. Ground temperature versus distance from the BHE, for different Darcy velocities and different borehole grouts at t = 183 days (winter period end).
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As expected, whatever the grouting material, when high groundwater velocity is simulated (10−5 m/s) the BHE cooling effect in the aquifer is less pronounced, i.e., a large advection component causes a lower environmental impact. No differences between thermal perturbations in Case 1 and Case 2 are observed for the null (a) and the moderate (b) Darcy velocities. Instead for the highest velocity (c) a slight difference in aquifer temperature can be noted: however such difference in the proximity of the borehole is always lower than 0.7 °C and becomes negligible beyond 20 cm from the center of the U-shaped pipe. Different from the other two is Case 3, which always shows higher temperature values in the subsoil for the three velocities. The temperature difference between the poor grout case and the other two reduces to less than 1 °C at about 1 m from the U-pipe downstream.



Considering the environmental point of view, these outcomes confirm that disregarding the grout in the model is a safe option, since it leads to slightly overestimate the BHE environmental impact. This result is also confirmed by the representation of the temperature perturbations in the plan view, reported in Figure 7, showing that in Case 1c the plume length (e.g., considering the isothermal line 11.7 °C) is always overestimated compared to Cases 2c and 3c. The plume length of the isothermal line 11.7 °C is extended to 200 m, 190 m and 125 m for Cases 1c, 2c and 3c respectively. One again the Case 3 with a poor grout shows the greatest differences compared to the other two cases.


Figure 7. Plan view of aquifer temperature perturbations for Darcy velocity equal to 10−5 m/s and different borehole grouts (Case 1c top; Case 2c middle; Case 3c bottom) at t = 183 days (winter period end); aquifer undisturbed temperature is 11.8 °C.
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5. Conclusions


In this paper the role of the grouting material for a BHE operating in an aquifer with a relevant groundwater flow is investigated by means of a finite-difference numerical model. The effect of the two kinds of grouting materials is assessed at variable Darcy velocities, both in terms of exchanged energy and temperature distribution in the subsoil. Adopting a thermally enhanced grout (Case 2) instead of back-filling with surrounding soil formation (Case 1) results in marginal variations in the exchanged energy both in conduction-dominated conditions (0 m/s and 10−6 m/s) and in the advection-dominated one (vi = 10−5 m/s). Furthermore, as far as temperature distribution in the subsoil is concerned, simulations reveal that the effect of the high thermal conductivity grout (Case 2) is negligible: there is only a minimal difference respect to back-filling with ground (Case 1) very near to the BHE (20 cm around the pipe) and mainly in the advective-dominated case.



In turn in the comparison between Case 1 and the low thermal conductivity grout (Case 3), appreciable differences have been noticed. At null groundwater velocity, the energy performance in Case 3 is worse than the Case 1 by 14%. Further, it becomes even worse at the highest groundwater velocity, since the higher the borehole thermal resistance, the lower the impact of the ground resistance decrease on the total thermal resistance between the thermal carrier fluid and the undisturbed ground. From the BHE design perspective, these results indicate that adopting a high conductivity grout is even more important at high Darcy flows, since it further enhances the benefits of the advective transport in the surrounding medium. Case 3 also shows higher temperature values in the subsoil for the three considered velocities, namely the BHE impact on the subsoil is lower in accordance to the lower heat exchange rate.



These results allow also to derive some considerations on the numerical modeling issue. When the grout has a thermal conductivity similar to the surrounding ground is not necessary to represent the grouting material in the numerical model, even at important Darcy velocity, namely the effect of the discontinuity in the hydraulic conductivity between the surrounding ground and the borehole is marginal. This is justified by the fact that the energy exchanges differences are negligible and aquifer temperature variations are slightly overestimated by the model that assumes the borehole is back-filled by surrounding formation. Differently, when the grouting material has a poor thermal conductivity compared to the surrounding ground, neglecting the grout in the numerical model leads to overestimate significantly the BHE performance. Moreover, the overestimation increases with Darcy flow. In this case it is recommended to fully represent the grout in the numerical model.
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Nomenclature




	Symbol
	Variable
	Unit



	BHE
	Borehole Heat Exchanger
	-



	Cm, Cw, Cp
	Volumetric heat capacity of the porous medium or water or pipe
	J/(m3·K)



	Ck
	Dissolved mass concentration
	kg/m3



	Cs
	Concentration of the sources or sinks
	kg/m3



	cps, cpw, cpf
	Specific heat capacity of the solid or water or fluid
	J/(kg·K)



	D*
	Molecular diffusion coefficient/Thermal diffusion coefficient
	m2/s



	Dij
	Diffusion-dispersion tensor
	m2/s



	d, dp
	Dispersivity coefficient of the porous medium or pipe
	m



	E
	Exchanged energy by BHE
	kWh



	θ, θp
	Volumetric water content of the porous medium or pipe
	-



	GSHP
	Ground Source Heat Pump
	-



	H, h
	Hydraulic head
	m



	km, kg, kp
	Hydraulic conductivity of the porous medium or grout or pipe
	m/s



	Kd
	Distribution coefficient
	m3/kg



	λm
	Effective thermal conductivity of the porous medium
	W/(m·K)



	λg, λs, λw, λp
	Thermal conductivity of the grout or solid or water or pipe
	W/(m·K)



	I
	Identity tensor
	-



	L
	Side of the pipe represented by square section
	m



	[image: there is no content]
	Mass flow rate at time i
	kg/s



	π
	Energy source/sink rate per unit volume
	W/m3



	qi
	Heat rate per unit length or specific heat rate
	W/m



	qs
	Volumetric flow rate per unit volume of aquifer representing sources and sinks
	(m3/s)/m2



	qt
	Heat flux
	W/m2



	Rbh, Rg
	Borehole or ground thermal resistance per unit length
	m·K/W



	ρb
	Porous medium bulk density
	kg/m3



	ρs, ρw
	Density of the solid material or water
	kg/m3



	sp
	Thickness of the pipe
	m



	T, Ts, Tg0
	Temperature, temperature of the source or undisturbed ground
	K



	Tfi, Tfo, Tfm
	Inlet, outlet or average temperature of the heat carrier fluid
	K



	t
	Time
	s



	vi
	Groundwater Darcy velocity
	m/s



	xi, xj
	Space coordinates along directions i and j
	m



	z
	Borehole depth
	m
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