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Abstract:  18 

The number of shallow geothermal exploitations is growing without a 19 
widespread technical framework for this energy resource to be sustainably allocated 20 
between users. The thermal impacts that are produced by neighboring exploitations can 21 
deplete the resource if they are not properly distributed. 22 

Therefore, we present an accessible and simple methodology to define the 23 
maximum potential that can be extracted and the position of the exploitations with the 24 
objective of limiting the thermal impacts to the available space. 25 

The proposed method, named T-I-GER, takes into account the hydraulic and 26 
thermal properties of the subsurface as well as the size and orientation of the owner’s 27 
plot. All this information is integrated in two different graphs: the thermal characteristic 28 
curve and the thermal plume graph. Therefore, the installer is able to graphically define 29 
the maximum potential and to check that thermal influences are restricted to the plot 30 
area.  31 

We show with a hypothetical application in Azul city, Argentina, that the 32 
maximum extraction potential from similar plots can vary depending on the orientation 33 
of the plots with respect to groundwater flow. In the plots where the major dimension is 34 
parallel to groundwater flow, the maximum potential can be approximately twice the 35 
potential of the perpendicular plots. 36 

Keywords: low-enthalpy geothermal energy, borehole heat exchanger, thermal 37 
characteristic curve, thermal contamination. 38 

39                                                  
1 Acronyms: 

SGE: Shallow Geothermal Energy               TCC: Thermal Characteristic Curve 

SGP: Shallow Geothermal Potential             TPG: Thermal Plume Graph 

BHE: Borehole Heat Exchanger                    
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1 INTRODUCTION 40 

As a consequence of the world-wide concern on climate change, national 41 

legislations have been modified to implement measures to sustainably meet energy 42 

needs [1], [2]. This results in an increase in private initiatives and investments on 43 

renewable energies, which are exponentially growing in an effort to reduce greenhouse 44 

gas emissions. Consequently, renewable energies have been experiencing a boom in 45 

recent years. 46 

The advantages of shallow geothermal energy (SGE), such as its ubiquity and 47 

independence of weather conditions [3], compared to other renewable energies make 48 

SGE a feasible option to certain stakeholders. Despite its advantages, the success and 49 

spreading of this technology [4] are highly dependent on sociological and cultural 50 

aspects, as suggested by [5], partly due to economic factors. To promote the 51 

exploitation of SGE, the authorities in charge should ensure the long-term efficiency of 52 

these installations through sustainable resource management. 53 

SGE is stored in the ground up to 400 m in depth. It is usually exploited with 54 

borehole heat exchangers (BHE) coupled with heat pumps, among other configurations 55 

[6]. A liquid, which can have enhanced thermal properties or simply be water, is 56 

recirculated inside the BHE where the energy is extracted from or dissipated in the 57 

ground and transferred to the heat pump. 58 

Although SGE is a renewable energy, it is a limited energy resource that can be 59 

overexploited [7]. The efficiency and sustainability of BHEs rely on both the BHE 60 

being produced and any neighboring BHE [8]. 61 

On the one hand, sizing of the BHEs based on the geological, hydrogeological 62 

and geothermal properties of the subsurface is required to produce the suitable potential, 63 

according to the thermal restoration capacity of the subsurface. This would ensure 64 

efficiency during the producible life of the proposed BHE [9]. 65 

On the other hand, nearby exploitations can affect the optimal performance of 66 

the BHE through their thermal plumes [10]. A thermal plume is the thermal 67 

contamination that occurs in the subsurface due to the extraction or dissipation of heat 68 

with the BHEs. The size and intensity of thermal plumes depend on different variables, 69 

such as the extracted shallow geothermal potential (SGP), the groundwater velocity and 70 
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other thermal parameters (i.e., thermal conductivity, heat capacity and thermal 71 

dispersion). These thermal plumes are ultimately responsible for depleting SGE 72 

resources and should be controlled. 73 

Moreover, the subsurface exploitation of SGE conflicts with other subsurface 74 

resources. Currently, the first steps towards the holistic management of the urban 75 

subsurface are beginning to be defined [11]–[13]. Nevertheless, the instruments to 76 

implement these steps, especially those related to SGE management, are not sufficiently 77 

developed nor applied. 78 

The lack of applied management methodologies that consider the above-79 

mentioned aspects is leading to thermal interferences between exploitations [14] and, 80 

consequently, to efficiency losses. The administration responsible for SGE management 81 

only defines maximum distance thresholds between SGE exploitations [15]. At most, 82 

more advanced geological and hydrogeological studies are required by administrators 83 

when the potential production exceeds a limit. However, this is not the case for 84 

individual BHEs [16]. The BHE installer is responsible for ensuring the long-term 85 

efficiency of the exploitations, which implies that BHE sizing for the exploitation 86 

should take into account its relationship with neighboring exploitations. One of the 87 

advantages of SGE production, its null visual impact, becomes a disadvantage if no 88 

records for current SGE exploitations are available. Therefore, a level of uncertainty 89 

must be assumed when sizing new BHEs due to the uncertainty of the thermal 90 

environment in the subsurface. 91 

Existing SGE management methodologies are based on numerical modeling. 92 

They require a comprehensive understanding of the thermal system over the entire city. 93 

These models must represent the complex thermal relationships between all of the 94 

subsurface entities, which represent heat sources or sinks, such as existing BHEs or 95 

wastewater network pipes [17]. These tools cannot be extensively used due to two main 96 

problems: the complexity during definition of conceptual geothermal models and the 97 

scarcity of highly qualified staff to construct, maintain and operate such numerical 98 

models. These disadvantages make it difficult to widely implement numerical models, 99 

so they are relegated to mature SGE markets where adequate information for the 100 

thermal state of the subsurface and exploitation data are available [18]–[20]. In contrast, 101 

for young SGE markets with incipient exploitation development, more accessible and 102 

simple methodologies are required to manage SGE production. 103 
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Among these alternative methodologies, those based on the quantification of 104 

SGP are highly developed. Usually, geographical information systems (GIS) technology 105 

is typically applied to create maps with SGP distribution [21]–[25] and an initial 106 

estimate of thermal influence [26]. Progressively, GIS methodologies have started to 107 

reduce the scale of work and take into account additional variables such as urban 108 

planning and population density [27], [28]. 109 

However, there is still a need to provide more accessible tools and 110 

methodologies to installers who are in charge of designing SGE exploitations. Their 111 

responsibility to guarantee a long efficiency life should be supported by reliable and 112 

accessible tools that account for the geological, hydrogeological and geothermal 113 

subsurface properties and include the uncertainties of the thermal behavior of 114 

groundwater. Existing commercial and non-commercial tools support the definition of 115 

BHEs’ properties (such as its length) based on the subsurface thermal properties [29] 116 

and the BHE performance [30], without considering the thermal impacts on the aquifer. 117 

To overcome this gap, this study presents a methodology based on a graphical solution 118 

named the T-I-GER (Thermal Impacts GraphER) method. It is based on two different 119 

graphs that represent the thermal contamination in the subsurface: the thermal 120 

characteristic curve (TCC) and the thermal plume graph (TPG). These graphs can be 121 

easily created and applied by the BHE installers. 122 

The structure of the paper is as follows. In Section 2 the T-I-GER method is 123 

introduced, describing the main concepts and inputs required. In Section 3, a 124 

hypothetical example of the proposed methodology is presented for the city of Azul, 125 

Argentina, whose climate, subsurface and urban characteristics could make it a case 126 

study in Argentina for SGE production. Finally, conclusions are included in Section 4. 127 

2 T-I-G ER METHOD 128 

In this section, the mathematical basis of the T-I-GER is method is presented, 129 

along with the definition of its two innovative graphs and a description of the 130 

information required for implementing this method. 131 

2.1 Underlying theory 132 

The thermal behavior can be simulated with the heat transport equation in 133 

porous media [31]: 134 
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where T is the temperature as the state variable (K), q is the groundwater 136 

velocity, also known as Darcy velocity (m/s), �� and ���� are the volumetric heat 137 

capacity of the subsurface and water (J/m3/K), respectively, �	/�is the effective thermal 138 

conductivity in the longitudinal and transverse directions (W/m/K), x/y are the Cartesian 139 

coordinates, t is the time (s) and S is the heat source/sink term (W/m3). 140 

Eq. (1) has been solved under different boundary conditions [32]. [33] proposed 141 

the following analytical solution for this differential equation in the transient state: 142 

∆���, �, �� = 	 ��4	���	�� �� !�����2�	 �# $ �� %−& −	'�(�	 + �(��) �������(16	�	& ,
�-./.�
�0	-/12

3
4&&  

(2) 143 

where & is the integration variable, ∆� is the temperature change produced in the 144 

ground (K) and �� is the heating rate or SGP (W/m). This last variable is the gross SGP 145 

extracted from the subsurface, without considering the loss of energy during SGE 146 

production. 147 

Eq. (2) is based on the moving infinite line source model (MILS) and takes into 148 

account the thermal dispersion heat transport mechanism. It includes the presence of 149 

groundwater flow through the advection and dispersion heat transport mechanisms. This 150 

solution applies for an infinite, homogeneous and isotropic domain in a uniform 151 

groundwater velocity field where a heat source/sink is conceptualized as an infinite line. 152 

The MILS has been previously applied by [26], [34]–[36] to represent the 153 

thermal behaviour of groundwater under the influence of the BHE. Moreover, it has 154 

been validated for the standard variable range of geological properties in [26]. 155 

2.2 T-I-G ER graphs 156 

The following two graphs represent the characteristics of the thermal plumes 157 

produced by the BHE. They both support the decision making process when defining 158 

and managing SGE exploitations; the optimal SGP and the position of the BHE can be 159 

established based on the thermal impacts on the subsurface. Additional information 160 

must be considered based on the specific characteristics of the site when exploiting 161 
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SGE, to avoid undesirable consequences [37], [38]. Such specifications are not 162 

considered by the T-I-GER method. 163 

2.2.1 The Thermal Characteristic Curve (TCC) 164 

The T-I-GER method is based on the thermal characteristic curve (TCC), which 165 

was previously introduced in [28]. The TCC graphically represents the thermal behavior 166 

of the subsurface media when SGE is being exploited by a BHE. It is an SGP vs. 167 

thermal plume size (length � and width �) graph, i.e., the TCC represents ��vs �, �. A 168 

synthetic TCC is shown in Figure 1.  169 

Eq. (2) can be reformulated to obtain an expression in the form of �� = 5���, 170 

Eq. (3), to represent the thermal plume length. The thermal plume width is represented 171 

with an expression in the form of �� = 5���, Eq. (4). Both expressions are implemented 172 

to create the TCC. These expressions are formed by setting the opposite coordinate to 173 

zero: 174 

�� = 5��, � = 0�= ∆�4�6����
�� 7��8�82�� �9: 1;�� <−;	−	'�2��)=��8�8>216��; ?4;	��8�8�2�4	����

0

      (3) 175 

 176 

�� = 5�� = 0, �� = ∆�0@�121A
$ BCD	E7FG	F	7A
HA9�IJ.K.�
BLH2C 9MG	�J.K.�
NO	JKH2P

             (4) 177 

The TCC can be used for two different approaches. First, if the available area 178 

inside the plot is known, the optimal SGP can be determined by the TCC. Conversely, 179 

assuming that the SGE production is known, the TCC determines the size of the thermal 180 

plume produced by the BHE. 181 

Additionally, the TCC offers information related to the maximum SGP that can 182 

be extracted without increasing the temperature more than 10 K at the BHE wall 183 

(Figure 1). 184 
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2.2.2 The Thermal Plume Graph (TPG) 185 

To determine the shape of thermal plumes when defining the BHE position, a 186 

second graph is presented to complement the TCC. It contains the length and width of 187 

the thermal plume, the position of the maximum width and the upstream and 188 

downstream distance from the BHE (Figure 2).  189 

The TPC is drawn from Eq. (2). The isothermal line can be determined by the 190 

inversion of ∆� = 5��, ��. This expression represents the set of points (x, y) that defines 191 

the thermal plume. The inversion is performed numerically to state y as a function of x. 192 

With the TPG, the installer is able to locate the BHE inside the cadastral plot to 193 

maintain the thermal contamination inside the plot. This graph depends on the hydraulic 194 

and thermal properties of the cadastral plot (like the TCC) but also depends on the SGP 195 

that would be produced with the BHE. Therefore, each BHE inside a cadastral plot will 196 

need a different TPG. 197 

2.3 Required information 198 

The T-I-GER method includes two different working scales: on the larger 199 

metropolitan scale, the local authorities should define regulation parameters to restrict 200 

the SGE exploitation (named constraining variables) and should accomplish the 201 

elementary studies for the geological and hydrogeological properties of the city to 202 

provide the initial data; on the smaller plot scale, the installer is responsible for sizing 203 

the SGE exploitation. For each scale, the responsible agents and the temporal scales are 204 

different, i.e., they have different participation frequencies. While the local 205 

administration only has to participate, e.g., once every five years to generate and update 206 

the regional information, the installers participate at every SGE site. 207 

The first step in the proposed methodology is performed by the local 208 

administration, which must provide the required data at the metropolitan scale. These 209 

data are predominantly standard and are typically available due to previous studies 210 

related to groundwater management, so it is not necessary to generate new data 211 

specifically for SGE management. 212 

Once the regional data has been provided by the local administration, the 213 

installer has to consider the specific characteristics of the cadastral plot to ensure the 214 

efficiency and high performance of the SGE exploitation. The working scale in this step 215 

is reduced. The installer must focus on the site-specific cadastral plot. 216 
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2.3.1 Hydraulic and geothermal characterization of the subsurface 217 

Groundwater presence is a determinant factor in the efficiency and  the recovery 218 

of SGE exploitations [36], [39]; therefore, a hydrogeological study must be performed. 219 

Moreover, the piezometric surface and the hydraulic conductivity are common outputs 220 

from a general hydrogeological study. This information can be used to generate the 221 

groundwater velocity field of the exploited aquifer by applying Darcy’s Law: 222 � = Q · S                                                          (5) 223 

where q is the Darcy velocity or groundwater velocity (m/s), K is the hydraulic 224 

conductivity (m/s) and i is the hydraulic gradient. The slope of the piezometric surface 225 

can be calculated using inherent GIS tools to determine the hydraulic gradient field. 226 

The direction of groundwater velocity will also be of interest to constrain the 227 

thermal contamination to the available space. The groundwater flow net indicates this 228 

aspect and can also be defined from the piezometric surface. The equipotential (i.e., 229 

piezometric lines) and flow lines describing the groundwater flow net can be created 230 

using standard GIS tools. 231 

Ideally, geothermal variables (i.e., thermal conductivity, volumetric heat 232 

capacity and thermal dispersion) should be obtained from field studies. However, they 233 

can be obtained from the literature without introducing too much error on the estimation 234 

if groundwater is present due to the small range of variation of geothermal variables 235 

compared with the variable range of groundwater velocity [40]. Groundwater velocity 236 

varies by several orders of magnitude (e.g., from 10-5 m/s to 10-8 m/s for sedimentary 237 

aquifers), so it has much more relevance than geothermal parameters on the final 238 

estimation of SGP and thermal impacts. 239 

2.3.2 Constraining variables 240 

To create the TCC, additional information must be defined by the administrator: 241 

the constraining variables ∆� and t. The uncertainties about the geological, 242 

hydrogeological and geothermal models can be considered by adjusting the values of 243 

both constraining variables. More conservative values of these variables should be 244 

assumed if no reliable studies are available. 245 

The temperature change, ∆�, represents the threshold upon which local 246 

administration will consider that thermal contamination is produced. The more reliable 247 

the conceptual model describing the thermal behavior of the subsurface is, the higher is 248 
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the ∆� value. The thermal plume encloses an area where the BHE produces a 249 

temperature change greater than ∆�. 250 

The constraining variable t represents the elapsed time since the start of the BHE 251 

operation. It depends on how long the BHE is working in the cooling or heating mode. 252 

The longer period should be selected. 253 

When creating the TCC, it is required that both constraining variables, ∆� and t, 254 

are established by the local administration. Thus, the administration can regulate the 255 

density of SGE exploitations according to the existing geological and hydrogeological 256 

knowledge of the area. 257 

2.3.3 Urban planning and limiting plot dimensions 258 

To avoid thermal interferences between exploitations, the thermal plume must be 259 

contained inside the available surface, i.e., the owner’s cadastral plot. The cadastral plot 260 

distribution is usually provided by local authorities, and it is usually available online 261 

through web map services. 262 

Next, the installer must first determine the feasible areas inside the cadastral plot 263 

to drill the BHE. The installer must consider the existence of underground 264 

infrastructures and facilities, such as electricity or water supply network pipes, and the 265 

accessibility of the borehole drilling rig. 266 

When the feasible areas for drilling have been demarcated, the installer has to 267 

overlap these areas with the groundwater flow nets. The installer defines the maximum 268 

dimensions (length and width) available inside the cadastral plot according to the 269 

groundwater flow net. The maximum length and width should be parallel and 270 

perpendicular to groundwater flow lines, respectively, to obtain higher SGP values. The 271 

orientation of the cadastral plot dimensions must concur with the groundwater flow 272 

lines to optimize the SGE exploitation (Figure 3). These dimensions limit the size of 273 

the thermal plume and, hence, the SGP that can be exploited. 274 

The maximum length, denoted as L, defines the maximum extent of the thermal 275 

plume produced by a BHE. It includes both the distances downstream and upstream of 276 

the BHE. The maximum width, denoted as W, establishes the maximum breadth of the 277 

thermal plume at both sides of the longitudinal thermal plume axis. These dimensions, L 278 

and W, will characterize the cadastral plot and can be obtained with standard GIS tools. 279 

They support the definition of the maximum SGP that can be extracted in a sustainable 280 
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manner based on the thermal characteristic curve (TCC). In a cadastral plot whose 281 

larger dimension is parallel to groundwater flow, such as Plot A shown in Figure 3, the 282 

SGP would be greater than in a cadastral plot perpendicular to groundwater flow (Plot B 283 

in Figure 3).  284 

3 APPLICATION 285 

3.1 General settings 286 

The city of Azul is located in the middle of the Buenos Aires province, in the La 287 

Pampa region (Figure 4). It is characterized by a humid subtropical climate, with an 288 

average precipitation of 960 mm/y and an annual average temperature of 14ºC. Azul 289 

city is located in the Del Azul Creek basin, from which it is named. The regional 290 

geological and hydrogeological properties are described in [41]. 291 

Drinking water is produced in the town from groundwater resources, so the 292 

subsurface system is well studied and controlled in this area. Several geological and 293 

hydrogeological analyses had been conducted for the study area at a local scale [42], 294 

[43]. However, they are mostly related to the hydraulic behavior, while the thermal 295 

properties have not been studied. 296 

The main hydrogeological unit is the Pampeano aquifer, which encompasses 297 

both Postpampeano and Pampeano sediments (Pleistocene-Holocene age). They are 298 

composed of silts, sandy silts and clayey silts. Underlying these sediments is the 299 

Precambrian basement, between 111 and 143 m depth. 300 

Especially relevant in this area is the generalized problem of high levels of 301 

arsenic in the groundwater [44], [45]. As suggested by [46], the SGE exploitation could 302 

induce arsenic mobility. As a result, public administration should control the chemical 303 

and physical properties of groundwater during exploitation of SGE to ensure safety, 304 

especially if the exploited aquifer is used for the production of drinking water, as is the 305 

case for Azul city. 306 

3.2 Input data 307 

3.2.1 Geothermal parameters 308 

The thermal properties obtained from existing studies and literature [40] are 309 

shown in Table 1. 310 
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Table 1. Hydraulic and thermal properties considered for the underground media in Azul city. 311 

Parameter Value Unit 
Thermal conductivity 2.7 W/m/K 
Volumetric Heat Capacity 2.8 · 106 J/m3/K 
Thermal dispersion 10/1 m 

3.2.2 Groundwater velocity and flowlines 312 

The hydraulic conductivity of the main aquifer in Azul city is 5.8·10-5 m/s. 313 

Figure 5 shows the piezometric surface in the area and the groundwater velocity field 314 

derived from it according to Eq. (5). These hydraulic properties were obtained from 315 

[43]. 316 

3.2.3 Constraining variables 317 

In the case of Azul city, intermediate conservative values of ∆� and t can be 318 

assumed due to the reliable knowledge of the geology and hydrogeology. The 319 

performance of the in situ thermal tests to estimate thermal dispersion would lead to 320 

more flexible values of both constraining variables. Their values are shown in Table 2. 321 

The lower the ∆� value, the bigger the thermal plumes, so the number of BHEs allowed 322 

would be reduced. The influence of the elapsed time depends on the temporal evolution 323 

of the system: the longer the t value, the bigger the thermal plumes, until the steady 324 

state is reached, when the thermal plume would not grow larger. 325 

Table 2. Constraining variables values that are required to construct the TCC.  326 

Constraining Variable Value Unit 
Temperature  increment, ∆T 0.5 K 
Elapsed time, t (6 months) 15552000 s 

3.2.4 Urban planning and limiting plot dimensions 327 

The Azulean population is over 60.000 inhabitants, and its urbanization is 328 

primarily horizontal, with single-family attached homes. The blocks of Azul city are 329 

shown in Figure 5. The blocks are usually square, with sides of 100 m long, and 330 

divided into 20 cadastral plots on average with irregular distributions [47]. 331 

In this work, the possibilities of SGE exploitation were analyzed for urban block 332 

186 shown in Figure 6. The proposed block is divided into 22 cadastral plots. The 333 

optimal plots for SGE exploitations are those oriented in the direction of groundwater 334 

flow. In this work, two plots with similar areas and different orientations will be 335 

analyzed in order to evaluate the consequences of the groundwater flow direction. The 336 

limiting dimensions for each cadastral plot are shown in Figure 6.  337 
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3.3 RESULTS 338 

At this stage, the TCC must be available with the objective to define the SGP 339 

and the position of each BHE. Ideally, the public administration should provide the 340 

TCC and the shape of the thermal plume through an online web map application. If this 341 

is not the case, the installer could create them with the Python scripts available as 342 

supplementary material. 343 

3.3.1 Shallow geothermal potential (SGP) 344 

At this point, the TCC can answer two questions: if the energy demand that must 345 

be satisfied with SGE is known, the suitability of SGE exploitation can be defined. The 346 

TCC indicates the length and width of the thermal plume; if these dimensions can be 347 

accommodated inside the cadastral plot, then the SGE exploitation would be feasible. 348 

The maximum SGP that can be exploited can also be obtained from the TCC. The TCC 349 

returns a value of SGP for dimension L and a different value for dimension W. The 350 

smaller of the two values indicates the potential that can be exploited. 351 

Cadastral plots 15 and 5 share the hydraulic and thermal properties that define 352 

the TCC. In this situation, the same TCC can be used for both plots which is shown in 353 

Figure 7. The TCC indicates that the maximum SGE potential for one BHE is 89 W/m. 354 

However, the thermal plume size produced by this maximum SGP (L = 23 m and W = 355 

14 m) is greater than the available space in both cadastral plots; therefore, it is necessary 356 

to define smaller SGP values for both plots. 357 

The limiting dimension of cadastral plot 15 is W = 10 m. According to the TCC, 358 

the SGP that can be extracted from one BHE in this plot is 40 W/m. For cadastral plot 5, 359 

the SGE potential that can be extracted is 21 W/m, corresponding to L = 10 m, which is 360 

the limiting dimension of this plot (Figure 7). 361 

3.3.2 Allocation of BHEs according to thermal contamination 362 

Each BHE defined previously with different SGPs has its own TPG. Therefore, 363 

two TPGs are created to support the allocation of the BHEs. They are shown in Figure 364 

8. 365 

The thermal contamination can be manually drawn from the TPG as shown in 366 

Figure 9. The characteristics of cadastral plot 15 would allow two BHEs inside the 367 

available space. For standard BHEs of 115 m depth, the total SGP that could be 368 

extracted from cadastral plot 15 would be 2 x 115 (m) x 40 (W/m) = 9.2 kW. 369 
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The orientation of cadastral plot 5 with respect to groundwater flow direction is 370 

not efficient to extract SGE. This implies that a very low SGP could be extracted 371 

without thermally affecting the neighboring plot (21 W/m). To obtain approximately the 372 

same SGP from this plot, four BHEs would be required: 4 x 115 (m) x 21 (W/m) = 9.6 373 

kW. 374 

Other configurations are possible by varying the number of boreholes and the 375 

limiting dimensions, but in this work, the standard criterion is to adjust the number of 376 

BHEs. The installer could try different configurations of the BHE length and number to 377 

obtain the required SGP. 378 

3.3.3 Comparison with a reference scenario 379 

To compare the determined results, an alternative scenario is proposed to use as 380 

a reference. Recommendations of existing Spanish regulations are considered, as there 381 

are no applicable regulations related to SGE in Argentina. Following its criteria for SGE 382 

exploitations under 30 kW, the BHE should be located at a minimum distance of 3 m 383 

from the plot boundaries and separated by at least 6 m.  384 

According to this schema, 4 BHEs can be suitable for each plot. These minimum 385 

distances are independent of the extracted SGP, so the maximum SGP of 30 kW is 386 

assumed to be extracted. This implies that every BHE should extract 30 (kW) / 4 = 7.5 387 

kW. For BHEs at 115 m depth, the SGP per unit length would be 7.5 (kW) / 115 (m) = 388 

65.22 W/m.  389 

Figure 10 shows the thermal plumes produced by these BHEs and the expected 390 

thermal interferences. As a consequence of the orientation between the groundwater 391 

flow and the cadastral plots, the thermal plumes in plot 15 are aligned; this would 392 

reduce BHE efficiency. 393 

These thermal plumes represent the thermal contamination with temperature 394 

values above 0.5K. By applying the superposition principle, the temperature inside the 395 

green areas would be increased by more than 1 K. In cadastral plot 5, the inner thermal 396 

influences among BHEs could be neglected. However, the thermal plumes in this plot 397 

encroach on the neighboring plots, depleting their energy resource. As a consequence of 398 

these thermal interferences, the expected SGE potential of 7.5 kW could not be 399 

efficiently extracted from any of these cadastral plots. 400 
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4 CONCLUSIONS 401 

The T-I-GER methodology allows installers to allocate SGE resources in a fair 402 

and sustainable manner by taking into account the thermal impacts produced in the 403 

subsurface, specifically in groundwater. It integrates the participation of public 404 

administration in charge of the SGE management and private installers of SGE 405 

exploitations. The steps can be performed with accessible tools: some steps use standard 406 

hydrogeological studies and those steps specifically related to SGE use the tools that are 407 

provided in this work. 408 

As the application in Azul city has shown, the shape and orientation of the 409 

cadastral plot is highly relevant when sizing SGE exploitations, especially when 410 

groundwater flow exists. If these inputs are not considered, the thermal impacts could 411 

affect neighboring BHEs, exceed the plot boundaries and reduce the SGE potential of 412 

adjacent plots depleting the energy resource.  413 

Ideally, access to required data (groundwater net flow, cadastral data, thermal 414 

characteristic curves and thermal plume graphs) should be available through a web map 415 

application. The installer would not need advanced knowledge on specific techniques, 416 

such as numerical modeling, to ensure the sustainability of SGE resources. 417 
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Figure 1. Sketch of synthetic Thermal Characteristic Curve (TCC). The TCC represents the 577 
relation between the SGP and the length of its thermal impacts in the subsurface. 578 

Figure 2. Sketch of the synthetic thermal plume graph (TPG). The TPG represents the size and 579 
dimensions of the thermal impacts for a particular BHE in a plot.  580 

Figure 3. Length (L) and width (W) dimensions of cadastral plots with respect to groundwater 581 
flow. 582 

Figure 4. Location map of Azul city in Pampean plains. 583 

Figure 5. Regional piezometry, groundwater flow net and Darcy velocity in Azul city. 584 

Figure 6. Location of the block and the cadastral plots under study. The dimensions W and L that 585 
are required to size SGE exploitation are remarked for cadastral plots 5 and 15. These dimensions are 586 
defined according to the groundwater flow direction. 587 

Figure 7. Thermal characteristic curve for cadastral plots 15 and 5. The limiting dimensions for 588 
each plot are represented along with the corresponding SGP. 589 

Figure 8. Thermal plume graphs for the SGE exploitations in cadastral plots 15 and 5. This 590 
graph complements the TCC when drawing the thermal plume. 591 

Figure 9. Configuration of the BHE exploitations in cadastral plots 15 and 5. To extract a similar 592 
SGP from these different plots, the less favourable plot (cadastral plot 5) requires more BHEs. 593 

Figure 10. Thermal affections that would be produced following the existing regulations in the 594 
reference scenario. These thermal plumes can deplete SGE of the plot with inner thermal influences and 595 
the neighbouring plots with outer thermal influences. 596 
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Highlights: 

� A simple method is proposed to sustainably size shallow geothermal 
exploitations 

� A graph relates the maximum shallow geothermal potential and its thermal 
impacts 

� It is based on local thermal and groundwater properties and on the plot 

orientation 
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c Specific heat capacity (J/kg/K) 
i hydraulic gradient (m/m) 
K Hydraulic conductivity (m/s) 
L Maximum length available inside the cadastral plot (m) 
q Groundwater velocity or Darcy velocity (m/s) 
�� Heat flow rate per unit length of the borehole (W/m) 
S Heat source/sink term (W/m3) 
t Elapsed time (s) 
∆� Temperature change produced in the ground (K) 
T Average temperature of the porous medium (K) 
W Maximum width inside the cadastral plot (m) 
x/y Cartesian coordinates (m) 

 

Greek symbols 
� Integration variable 
�� volumetric heat capacity of the subsurface (J/m3/K) 
���� volumetric heat capacity of water (J/m3/K) 
	
/� Effective thermal conductivity (W/m/K) 

 

 


