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1. INTRODUCTION 
This project has been carried out by the Hydro-Geophysics Modelling and Non-
Destructive Testing Unit of the University of Oviedo at the request of the Itecon 
company, interested in assessing the possible hydrothermal influence of the DCL system in 
surrounding aquifers through numerical simulation. 

1.1. Problem statement 

The R&D and innovation department of the Itecon company has developed a DCL® 
geothermal probe technology that integrates features of open loop systems and closed loop 
systems (both vertical and horizontal). 

This geothermal system exchanges water with the aquifer in which it is located. Its 
operation consists in extraction of water at depth and its subsequent reinjection in a more 
superficial area, at the level of the water table of the aquifer. 

As it can be seen in Fig. 1-1, during the winter season water is collected at a certain 
temperature and, after passing through the heat pump, it is reinjected at a lower 
temperature to the aquifer, since the heat of the collected water is used for indoor 
climatization. 

On the other hand, the water reinjected into the aquifer during the summer season has a 
higher temperature than that at the extraction point, because in this case it is interesting to 
cool the indoor installation. 

In this study it is assumed –as part of the constant characteristics of the system supplied by 
the company– that the difference between catchment and reinjection temperatures is 
constant and equal to 5°C. 

 
FIG. 1-1. Operation diagram of the DCL® geothermal probe (Itecon, 2019). 

The company is interested in knowing the influence of water reinjection process on the 
temperature of the fluid at the catchment area, for as single well, both in the time and in its 
thermal magnitude. 
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Once the problem has been exposed, the different objectives set in this project are listed. 

1.2. Objectives 

The main objective of numerical modelling is to evaluate the effect of the extraction and 
reinjection of water on the surrounding aquifer. 

For this goal, different scenarios considered of interest by Itecon are studied: 

- The time it takes for the temperature at the catchment point to be affected by the 
reinjection parameters (temperature, flow). For this purpose, and according to the 
company, the conventional thermal affection has been considered as the time in 
which the initial catchment temperature is modified 1°C and 5°C. 

- In the same way, the radius of thermal influence produced by the exchange of flow 
with the aquifer is estimated. 

It is necessary to carry out a series of tasks: 

- Conceptualization of the problem and construction of the geometric model. 
- Choice of relevant factors in the study. 
- Search for information related to the stratigraphic layers of the study location. 
- Proposal of interesting scenarios to evaluate. 
- Numerical simulation and results. 

2. INFORMATION AND BIBLIOGRAPHY 

The Itecon company has provided a basic documentation on which to develop the requested 
work: 

- Analysis of the evolution and status of groundwater bodies used in times of drought 
in the Júcar Basin (Hydrographic Confederation of Júcar and Geological and Mining 
Institute of Spain, 2010). 

- Highlights of the current hydrological year in the Valencian Community (State 
Meteorological Agency, 2017-2018). 

- DCL Geo-Energy catalogue (Itecon). 
- DCL Geothermal System, Dynamic Closed Loop (Itecon). 
- Drilling scheme (Itecon). A series of 7 stratigraphic layers are distinguished in the 

study aquifer (Fig. 2-1).  
- Excel file with flow and temperature scenarios (Itecon) (Fig. 2-2). 
- Hydrogeological study of the Parc Central, Valencia (Itecon).  

The agreed conditions for this study establish that it must be performed assuming both the 
stratigraphic and hydrodynamic properties of the materials that appear in the log as 
dominant throughout the aquifer. This can be seen in Fig. 2-1. 

Similarly, based on the data shown in Fig.2-2, different useful simulation scenarios for the 
company have been determined. Basically, they are divided into two main groups, which 
correspond to the two possible powers of the installed pump. The scenarios are detailed 
later in the document. 
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FIG. 2-1. Borehole with the differentiated lithology represented. Geothermal installation project in sport pools 

(DCL Geo-Energy, 2018) 

 
FIG. 2-2. Flow and temperature scenarios (Itecon, 2019). 

To develop the required numerical models of groundwater flow and heat transport, it is 
necessary to indicate a series of parameters that define the hydrothermal behaviour of the 
aquifer to be studied, such as the density and porosity of the materials, their hydraulic and 
thermal conductivities or their ability to store water and heat. 

The Hydro-Geophysics and NDT Modelling Unit has an extensive database as a result of the 
updated comparison of different bibliographic sources. See, for example: [1, 2, 3, 4, 5] and, 
in the absence of local empirical information, possible ranges of values have been 
established for each material (table 1). 

Table 1. Some ranges of hydrogeological and thermal properties of the study materials. 

MATERIAL 
DENSITY 
(kg/m3) 

POROSITY 
(%) 

HYDRAULIC 
CONDUCTIVITY 

(m/s) 

STORATIVITY (m-1) 
THERMAL 

CONDUCTIVITY 
(W/mK) 

HEAT CAPACITY 
(J/kgK) 

Sandy gravels 
1/3 mm 

1400 – 2000 15 – 35 10-5 – 100 10-4 – 4.9·10-5 1 – 2 900 – 1180 

Ochre clays 1200 – 2680 0 – 2 < 10-8 2.6·10-3 – 9.2·10-4 1 – 2.9 860 – 920 

Sandstone with 
scattered edges 

2000 – 2600 0 – 20 10-10 – 10-4 < 3.3·10
-6

 1.3 – 3.7 685 – 920 

Clean gravels of 
limestone edges 

1400 – 2000 15 – 35 10-5 – 100 10-4– 4.9·10-5 1 – 2 900 – 1180 
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A table of average values is also attached for guidance purposes (table 2). 

Table 2. Hydrogeological and thermal properties of study materials. Average values used in the simulations. 

MATERIAL 
DENSITY 
(kg/m3) 

POROSITY 
(%) 

HYDRAULIC 
CONDUCTIVITY 

(m/s) 
STORATIVITY (m-1) 

THERMAL 
CONDUCTIVITY 

(W/mK) 

HEAT 
CAPACITY 

(J/kgK) 

Sandy gravels 
1/3 mm 

1700 25 10-3 5 · 10-5 1.5 950 

Ochre clays 2000 2 10-8 10-3 2 900 

Sandstone with 
scattered edges 

2300 10 10-5 10-6 2.5 900 

Clean gravels of 
limestone edges 

1700 25 10-3 5 · 10-5 1.5 950 

3. NUMERICAL MODELS 

The numerical modelling presented in this section has been done with the simulation 
software COMSOL Multiphysics®. 

In the first place, the simulation tool used in this work is presented, as well as the 
mathematical foundations and the calculation method used. 

3.1. Modelling software COMSOL Multiphysics® 

In this section, the program chosen to perform the numerical simulations, COMSOL 
Multiphysics® (previously known as FEMLAB [6]), is presented in general. 

It is a commercial simulation software of several physics that allows to process numerical 
models through an interface in which the geometry of the model, its meshing, the applied 
physics, the variables and parameters used, as well as the different studies to be carried out 
are defined. In this case, two physical laws have been jointly integrated, corresponding to 
the flow of water in porous media and the transport of thermal energy. 

The appropriate Partial Differential Equations (PDE) in each of these available physics, 
whose solutions solve the problem posed, need to be formulated. 

During the construction of a model in COMSOL Multiphysics®, it is necessary to define some 
properties and characteristics of the system to be represented. 

First, the domain dimension (in this study, and given the stipulated objectives, it is possible 
to use an axisymmetric 2D model) and the applied physics (Darcy and Fourier’s laws are 
used to describe the flow of water in porous media and the diffusive heat transport 
respectively) are defined. In addition, due to the nature of the questions asked, a transitory 
study regime is used.  

The results of the model can be configured and displayed in many different ways. Some of 
these visualizations are shown in Fig. 3-11.  
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3.2. Mathematical basics. Calculation method 

➢ Darcy’s Law 

 
FIG. 3-1. Schematic representation of the experiment conducted by Henry Darcy [7]. 

Darcy's law (Eq.1) is an empirical law that relates the flow rate of a fluid (Q) that circulates 
through a porous medium and the hydraulic gradient (i). 

 𝑄 = −𝑘 ∙ 𝐴 ∙ 𝑖 (Eq.1) 

where: 

Q is the flow rate that circulates through the porous medium [L3T-1] 
k is the hydraulic conductivity [LT-1] 
A is the cross-sectional area, perpendicular to the flow direction [L2] 
i is the hydraulic gradient [dimensionless] 

The term k is the hydraulic conductivity, which indicates the ease of water to flow through 
different media. It depends on both terrain and fluid properties, and is defined according to 
Eq. 3: 

 𝑘 =  𝑘∗ ∙
𝛾

𝜇
  (Eq.3) 

where: 

k is the hydraulic conductivity [LT-1] 
k* represent the intrinsic permeability of the porous media [L2] 
𝛾 is the specific weight [ML-2T-2] 
𝜇 is referred to the dynamic viscosity of the fluid [ML-1T-1] 

Darcy's law is useful for cases where there are groundwater flows, and it can be applied to 
different types of saturated media, from silts and sands to shales and clays. Its operation is 
based on the existence of laminar flow [8]. 

➢ Groundwater flow equation 

The groundwater flow equation is a mathematical expression used to describe the physics 
of hydrogeological systems. Its resolution is the basis of the mathematical models proposed 
in this work, and it is obtained by applying the law of conservation of mass and Darcy’s law 
[9]. 

This equation is a PDE, and it represents the water flow balance in a heterogeneous and 
anisotropic aquifer element, symbolized by a Representative Elementary Volume of the 
media (REV), defined according to the cartesian axes [10]. 
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The following expression (Eq. 13) results from the balance of specific flows on the faces of 
the REV, and it corresponds to the general flow equation: 

 
𝜕

𝜕𝑥
(𝑘𝑥 ∙

𝜕𝐻

𝜕𝑥
) +

𝜕

𝜕𝑦
(𝑘𝑦 ∙

𝜕𝐻

𝜕𝑦
) +

𝜕

𝜕𝑧
(𝑘𝑧 ∙

𝜕𝐻

𝜕𝑧
) + W = 𝑆𝑆 ∙

𝜕𝐻

𝜕𝑡
 (Eq.13) 

where: 

H is the hydraulic head [L] 
x, y, z represent the spatial frame of reference [L] 
k x, y, z is the hydraulic conductivity in x, y and z directions [LT-1] 
W is referred to the source/sink terms [L3T-1] 
SS represent the specific storage [dimensionless] 
t time [T] 

The previous expression can be simplified in different ways, depending on whether the flow 
is one-dimensional, two-dimensional or three-dimensional, if the study medium is isotropic 
or not, if the regime is stationary or transitory, or according to the existence of source terms. 

To solve the groundwater flow equation, it is necessary to set the domain geometry, the 
behaviour at the edges of the model (boundary conditions), the initial conditions and the 
parameters that define the system. 

➢ Heat transfer in porous media 

It is necessary to connect the transport of energy that is intended to be analysed to the 
groundwater flow. The equation used to model such transport is as follows (Eq. 14) 

(𝜌 ∙ 𝑐𝑝)
𝑒𝑓𝑓

∙
𝜕𝑇

𝜕𝑡

 

+ 𝜌 ∙ 𝑐𝑝 ∙ u ∙ ∇T + ∇·q = Q (Eq.14) 

with: 

 (𝜌 ∙ 𝑐𝑝)𝑒𝑓𝑓  = 𝜃𝑝 ∙ 𝜌𝑝 ∙ 𝑐𝑝,𝑝 + (1 − 𝜃𝑝) ∙ 𝜌 ∙ 𝑐𝑝 (Eq.15) 

 𝑞 = −𝑘𝑒𝑓𝑓 ∙ 𝛻𝑇 (Eq.16) 

 𝑘𝑒𝑓𝑓  = 𝜃𝑝 ∙ 𝑘𝑝 + (1 − 𝜃𝑝) ∙ 𝑘 (Eq.17) 

where: 

𝑇   is the temperature [ϴ] 
𝑢 is the Darcy’s velocity magnitude, see Ec.2 [LT-1]. Influences the 

convective term of the heat equation 
𝑞   represents the conductive heat flux [MT-3] 
𝑄 constitute the source terms [ML-1T-3] 
𝜌   is the fluid density [ML-3] 
𝜌𝑝   is the density of the materials that form the porous media [ML-3] 

𝜃𝑝   solid fraction of the medium [dimensionless] 

𝑐𝑝   is the heat capacity of the fluid [L2T-2ϴ-1] 

𝑐𝑝,𝑝   is the heat capacity of the materials of the medium [L2T-2ϴ-1] 

(𝜌 ∙ 𝑐𝑝)𝑒𝑓𝑓 Effective volumetric heat capacity [ML-1T-2ϴ-1] 

𝑘   represents the thermal conductivity of the fluid [MLT-3ϴ-1] 
𝑘𝑝   is referred to the thermal conductivity of the material [MLT-3ϴ-1] 
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𝑘𝑒𝑓𝑓 is the equivalent thermal conductivity, result of combining the 

thermal conductivities of fluid and matrix, based on the solid fraction 
of the medium [MLT-3ϴ-1] 

The balance between convective and conductive heat fluxes depends on the hydraulic 
conductivity of the medium. 

The heat transport equation (Eq. 14) and the groundwater flow equation (Eq. 13) are 
coupled through several points. The viscosity term used to calculate the hydraulic 
conductivity depends on the temperature of the system, and the convective heat transport 
depends on the velocity of Darcy, which also depends on the pressures that come out as a 
result of the groundwater flow equation. Therefore, reciprocal feedback is established. 

➢ Numerical solution 

Sometimes it is possible to obtain exact solutions of these equations, but only in a very 
limited set of cases. In certain circumstances this may be sufficient, but generally it is not 
enough in cases of practical utility, such as the one discussed in this work. 

Therefore, numerical models provide an approximate solution at discrete points of the 
domain, with the advantage that they are able to solve the complete 3D problem, including 
heterogeneities, anisotropy and other particularities that may arise in the real problem [11]. 

One of the most commonly used numerical methods for flow simulation in porous media is 
the Finite Element Method (FEM), and it is the one that COMSOL uses. 

This method solves an equation obtaining an approximate value of continuous state 
variables at discrete points in space. A network of discrete points constitutes a mesh (Fig. 
3-2), and an interpolated solution is provided in the space between the nodes. The FEM 
adapts to problems of great physical and/or geometric complexity, so it is used to solve 
studies of multiple fields, such as the mechanics of solids, fluids, electromagnetism, 
problems with several coupled physics, etc. 

 

FIG. 3-2. Example of mesh in the 2D axisymmetric numerical model corresponding to the treated problem, solved 
by the FEM. On the left side it is possible to see the refined mesh in the vicinity of the borehole (symmetry axis). 

The finite elements equations system is obtained by expressing the PDE in an integral way 
and introducing a test function. These functions normally match with the interpolation 
functions of the solution between nodes and have a set of properties that allow the PDE to 
be converted into a system of algebraic equations. 

In this way, it is possible to transform a PDE without analytical solution into a system of 
equations that can be solved, although the solution obtained is an approximation of the real 
one, with an associated residual error that measures the degree to which the real solution 
is satisfied [11, 12]. 
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3.3. Domain 

The domain considered in the different numerical simulations is presented. In Fig.3-3 it is 
observed that it is an axisymmetric 2D model with its axis of symmetry located in the centre 
of the well section. 

A heterogeneous (stratigraphic layers identified in the borehole in Fig. 2-1) and isotropic 
medium (identical properties and conditions in any direction of evaluation Ф) is considered. 
The layers of material are assumed horizontal in all their extension. 

 
FIG. 3-3. Domain considered in the numerical modelling. (Left) 3D view of the 2D axisymmetric model. (Right) 

Vertical section of the layered structure from the available lithological log. 

The domain considered is set at 200 m radius and 200 m depth. These distances are enough 
so that the limits of the domain (unknown in reality), have no impact on the results. 

In Fig. 3-4, the grooved sections corresponding to the catchment (6 m in length) and 
reinjection (3 m) of water are distinguished. The radius of the well decreases with depth 
(90 mm from the surface to the contact of sandy gravels with ochre clays, 70 mm in the rest). 

Fig. 3-4 shows that the extraction and reinjection flows are the same, but the temperature 
of the water reinjected into the ground depends directly on the temperature of the 
catchment water at each moment of the operation process, being 5°C lower in winter and 
5°C higher in summer. The position of the water table is at the level of the water reinjection 
and the surface temperature is defined. 

Finally, by means of the natural geothermal gradient considered (0.04°C/m [13]), the initial 
aquifer temperature and, therefore, the initial catchment and reinjection temperature, is 
assumed. 
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FIG. 3-4. Hydraulic and thermal conditions for the case of study. 

3.4. Simulation scenarios 

From the available information (see Fig.2-2), some clearly differentiated scenarios have 
been directly differentiated, such as the season of the year (summer–winter); the power of 
the probe that influences the exchange rate with the aquifer (12–18 m3/h) or the initial 
temperature of the catchment area (18–19–22–24 ° C). 

In addition, the sequence of materials recorded in the drilling survey (Fig. 2-1) indicates 
that there is an intermediate layer of clays (11 m thickness) that separates the two gravel 
formations in which the catchment and reinjection of water occur. 

Clays are characterized by their low permeability, so they act as a layer that highly reduces 
the flow of water between the catchment and reinjection zones (assuming good effective 
construction of the borehole and the absence of preferential flow communications), slowing 
down the consequent thermal affection. 

Consequently, it has been considered useful to represent the behaviour of this material as a 
parameter in numerical modelling. 

To study the importance of the state of this layer in the hydrothermal influence, this 
material is evaluated with a wide range of hydraulic conductivities, from the typical ones 
associated with layers of pure clays with a lot of continuity (<10-8 m/s), up to other higher 
conductivities typical of clays that could contain a mixture, with varying degrees of 
importance, of materials with higher hydraulic conductivities, typical of sands and gravels. 

For the sake of completeness, the study has been extended to the extreme hypothesis in 
which the intermediate layer was replaced by a layer of very high permeability (10-3 m/s), 
a situation that does not represent the real conditions of this study. 

Therefore, the considered scenarios depend on a total of 4 parameters: the exchange rate 
with the aquifer, the season of the year, the initial catchment temperature and the hydraulic 
conductivity of the intermediate material layer (table 3). 
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Table 3. Sets of proposed simulation scenarios. 

SCENARIO Q (m3/h) SEASON T INITIAL CATCHMENT (°C) T REINJECTION (°C) k INTERMEDIATE LAYER (m/s) 

1 12 Summer 22 (+5)   27 [10-8-10-3] 

2 18 “ “ (+5)   “ “ 

3 12 Winter “ (–5)   17 “ 

4 18 “ “ (–5)   “ “ 

5 12 Summer 24 (+5)   29 “ 

6 18 “ “ (+5)   “ “ 

7 12 Winter 18 (–5)   13 “ 

8 18 “ “ (–5)   “ “ 

Within each set of scenarios, 11 numerical simulations are carried out, depending on the 
value of the hydraulic conductivity of the material that separates the catchment and 
reinjection zones. Thus, there are a total of 88 simulations with which the results shown 
below are achieved. 

3.5. Results 

This section is structured in three blocks. First, a comparison with a control model reported 
very recently in the literature is illustrated. The results obtained in the 88 numerical 
simulations performed are presented graphically and finally, different visualizations (front, 
top and 3D views) of the thermal plume obtained in certain scenarios are shown. 

3.5.1. Control models 

To verify that the used software offers reliable results from the viewpoint of the influence 
radius and thermal affection calculation, a comparison made with a recent publication 
(under similar constructive conditions) is illustrated here (Fig. 3-5). The authors of the 
referred publication [14,15] employ a homogeneous medium. 

 
FIG. 3-5. Comparison of results between (left) the consulted model [14, 15] and (right) the developed model. 

Influence radius due to the flow exchange (dashed vertical white lines) and similar thermal affection times. 

The results obtained in the literature are shown to the left of Fig. 3-5. The figures graphically 
represent the influence radius due to the flow exchange (dashed vertical white lines) at the 
simulation times considered (they can be seen at the bottom of the images) and, in colour 
scale, the temperature at each point of the domain. 

The results obtained for identical hydrothermal conditions of the aquifer materials are 
shown on the right of Fig.3-5, with the simulation method used in this report. The 
consistency of results is observed. 
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This type of comparison supports the good performance of the modelling software and the 
technique used in this report, and for this purpose it is included. 

3.5.2. Evaluated scenarios 

The results obtained in the 88 simulations performed are shown below in the form of 
graphs. 

As indicated in previous sections, the affection time has been defined as that needed for the 
catchment temperature to be modified by 1°C and 5°C from the initial temperature, which 
is assumed to be 22°C. 

Figures 3-6 and 3-7 show the thermal affection times (Y-axis) of 1°C as a function of the 
hydraulic conductivity considered for the intermediate layer (X-axis). Figures 3-8 and 3-9 
represent the thermal affection times of 5°C. 

These graphs allow to distinguish: 

- the effect of the two types of pump power, that is, of the two operating flows, and 
- the effect of the season of the year. 

For example, in the summer season (figures 3-6 and 3-8), with a typical hydraulic 
conductivity of gravels and considering 18 m3/h as operating flow (continuous line), the 
thermal affection times of 1°C and 5°C at the initial catchment temperature would be 5 and 
34 months respectively (origin of graphs 3-6 and 3-8), while with a hydraulic conductivity 
more typical of clays (the most appropriate in the case according to the materials indicated 
in Fig. 2-1), the affection times are much longer, 51 and 204 months respectively. 

As observed, the thermal affection times of 1°C (figures 3-6 and 3-7) and 5°C (figures 3-8 
and 3-9) are shorter in scenarios 2 and 4 (operating flow 18 m3/h, continuous line curves) 
than in scenarios 1 and 3 (flow rate of 12 m3/h, dashed line curves) for any hydraulic 
conductivity of the intermediate material. 

In addition, if Fig.3-6 and 3-7 are compared with each other (see also figures 3-8 and 3-9), 
the affection times evaluated in scenarios 1, 2, 3 and 4 indicate that, during the winter 
season, the time of thermal affection to the catchment area is always shorter than in the 
summer. That is, the blue curves (graphs 3-7 and 3-9, winter season) are always below the 
red curves (figures 3-6 and 3-8, summer season). 

Therefore, with these results it is concluded that the scenarios in which the initial catchment 
temperature is affected faster due to the reinjection of water are those that occur in winter 
and with an operating flow of 18 m3/h (conditions corresponding to scenario 4). 
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FIG. 3-6 Thermal affection times of 1°C with respect to the initial catchment temperature for a range of hydraulic 
conductivity values of the intermediate layer between the catchment and the reinjection of water. Models 

corresponding to scenarios 1 (dashed line) and 2 (continuous line): summer season with an initial catchment 
temperature of 22°C. 

 

FIG. 3-7. Thermal affection times of 1°C with respect to the initial catchment temperature for a range of 
hydraulic conductivity values of the intermediate layer between the catchment and the reinjection of water. 

Models corresponding to scenarios 3 (dashed line) and 4 (continuous line): winter season with an initial 
catchment temperature of 22°C. 

Similarly to the previous graphs, figures 3-8 and 3-9 show the times necessary for the initial 
catchment temperature to be modified by a total of 5°C, both in winter and summer seasons, 
and with the operating flows of 12 and 18 m3/h. 

As an example, during the winter season, considering a characteristic hydraulic conductivity 
of sand or gravel (origin of the X-axis) and an operating flow of 18 m3/h (continuous line), 
the initial catchment temperature varies 5°C after 16 months (Fig. 3-9), while to change just 
1°C only 3 months need to pass (Fig. 3-7). 
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FIG. 3-8. Thermal affection times of 5°C with respect to the initial catchment temperature for a range of 

hydraulic conductivity values of the intermediate layer between the catchment and the reinjection of water. 
Models corresponding to scenarios 1 (dashed line) and 2 (continuous line): summer season with an initial 

catchment temperature of 22°C. 

 
FIG. 3-9. Thermal affection times of 5°C with respect to the initial catchment temperature for a range of 

hydraulic conductivity values of the intermediate layer between the catchment and the reinjection of water. 
Models corresponding to scenarios 1 (dashed line) and 2 (continuous line): winter season with an initial 

catchment temperature of 22°C. 

In addition to knowing the different thermal affection times that have been indicated in the 
previous figures, the developed models allow to obtain graphs such as the one shown in Fig. 
3-10, in which the evolution over time of the catchment temperature is represented (a total 
of 12 months) for different values of hydraulic conductivity of the intermediate material. 
The evolution of temperatures corresponding to the summer season is represented with 
continuous line, while the dashed line corresponds to the winter. 

As observed in Fig.3-10, the variation of the initial catchment temperature is faster by 
assigning a hydraulic conductivity similar to that of gravels to the intermediate layer (blue 
line). The impacts on the temperature are smaller as the hydraulic conductivity of the 
intermediate layer decreases (red line, situation closer to the case found in the borehole 
showed in Fig. 2-1). 
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FIG. 3-10. Evolution of the catchment temperature over time for different scenarios with different hydraulic 

conductivities of the intermediate layer between the catchment and the reinjection of water. 

Likewise, the previous figure shows how the temperature variation in winter is significantly 
greater than in summer since, as concluded with the results shown in the previous graphs 
(figures 3-6, 3-7, 3- 8 and 3-9), the thermal affection times are shorter at this season, and 
therefore the temperature variation is greater. 

3.5.3. Thermal affection 

In this last block of results, different visualizations of one of the numerical models 
performed are shown (Fig. 3-11), corresponding to scenario 4 (operating flow of 18 m3/h, 
winter season, initial catchment temperature of 22 ° C), assuming a hydraulic conductivity 
of the intermediate layer between catchment and reinjection areas of 10-5 m/s. 

In the upper left part of Fig. 3-11 there is a front view of the extension of the thermal plume 
after 150 days of operation. Below it is a top view of the same results at the level indicated 
by the line in the front view (height 1). 

The lower left graph shows the temperature distribution in a 100 m long segment located 
at the catchment level, represented by the line in the front view (height 2). The time elapsed 
since the reinjection is taken as a parameter (1, 30, 60, 90, 120 and 150 days). 

The results displayed in this graph show that the temperature gradient in the first 10-20 m 
around the catchment area is markedly greater (steeper slope) than in other remote areas. 
This indicates that the thermal effect in the catchment area extends approximately between 
10 and 20 m, considering this section as a transition zone. 

Points A and B are marked as interesting locations, in which the evolution of temperature 
is plotted over time (graphs in the lower right of Fig. 3-11). After 150 days of operation, the 
initial temperature of point A (r=60 m; z=-6 m) is modified by 1°C (horizontal thermal 
affection across the gravel layer). Meanwhile the initial temperature of point B (r=0.07 m; 
z=-29 m, corresponding to the midpoint of the catchment section) barely varies 0.146°C 
(vertical thermal affection through the intermediate layer). 
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FIG. 3-11. Example of results display. System temperature after 150 days of operation in scenario 4 (winter 
season, operating flow of 18 m3/h, initial catchment temperature of 22°C and hydraulic conductivity of the 

intermediate layer of 10-5 m/s). Left, from top to bottom: front view, top view, temperature evolution in the 
catchment area (red interval corresponding to the transition zone, distance from which the temperature 

variation is not as pronounced, 10-20 m). Right, from top to bottom: 3D view, temperature variation graphs 
over time at points of interest A and B.  
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