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Abstract

:

To meet the stated climate change targets and to ensure the capability of meeting the current and future energy demands, there is an urgent need to develop renewable energy sources, such as geothermal systems. If geothermal systems are to be cost-efficient and are to enjoy public confidence, it is essential that they are designed and installed in accordance with the prevailing site-specific conditions. A thorough understanding of the thermal behaviour of the surrounding ground is, therefore, critical. In this work, we investigated temperature and its evolution in the vicinity of a shallow geothermal helix-shaped borehole heat exchanger (BHE). To measure the temperature close to the actual geothermal system, an additional U-tube probe was installed at the edge of the same borehole. A thermal load was then applied to the BHE, and the temperature was detected in the nearby U-tube. The temperature measurements were made with a GEOSniff monitoring device. To understand these localised temperature measurements in the context of the Valencia test site, ERT measurements were also performed. The GEOSniff device permits measurements to be made with very high depth resolution, which allows the thermal properties of the surrounding ground to be derived precisely, thus, enabling the identification of the different textural domains.
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1. Introduction


Today, renewable energy suppliers must comply with national and international environmental targets, such as those published in the Paris Agreement of 2015. Shallow geothermal energy systems are an efficient means of satisfying space heating and cooling requirements, which represent a significant part of overall energy consumption. The environmental and economic potential for geothermal systems is, therefore, correspondingly large.



The installation and use of shallow geothermal systems requires preliminary estimation of the ground heat injection or extraction rates, which is often complicated due to the lack of homogeneity in the ground or the variation from the information provided by geological and soil maps to the actual conditions. To obtain reliable assessments of the thermal ground properties and the thermal parameters of the bedrock and to investigate the thermal behaviour of borehole heat exchangers (BHEs), thermal response tests (TRTs) are in widespread use [1,2].



In a standard TRT, the thermal response of the ground surrounding the borehole is recorded as a thermal front propagates through the surrounding ground [3]. As a result, different BHE systems that are installed in close proximity to each other can mutually interact and affect each other, which can produce negative thermal effects on both systems, which drastically reduces their efficiency [4].



The progression of the thermal front depends on the thermal properties of the soil, bedrock, and grouting material and can be characterised in terms of heat dissipation. These material-dependent thermal properties that produce variations regarding the discharge of temperature, can be described by the thermal diffusivity (α), which depends on the specific thermal conductivity (λ), thermal capacity (c), and density (ρ) of the ground.


α = λ/(ρ∙c).



(1)







Understanding these thermal interactions between and around the boreholes, which is the focus of the present study, is essential [5,6,7] for the proper assessment and sizing of planned fields in which several BHEs will be operating.



A standard TRT provides a single value for the average thermal efficiency of the borehole under test. However, this single value does not provide any insight into the effects of factors, such as a non-uniform ground profile or groundwater flow [8]. Systematic evaluations of different error sources are also rare [9] although some laboratory-scale investigations have been carried out [10,11].



To better understand the different thermal environments in and around boreholes, depth-resolved temperature measurements can be performed using advanced TRT methods [12]. These typically deploy fibre-optic cables for distributed temperature sensing (DTS) [3,13,14] with temperatures measured at distance intervals of approximately 100 cm [15]. TRT measurements should be carried out for a period of at least 72 h [11], as the initial phase of the measurement is dominated by thermal effects due to the grouting material and other transient factors [16,17].



Advanced TRTs are complex and expensive to perform and these additional costs might limit the degree to which these advanced techniques are used. Thus, although the depth-resolved temperature profile has significant potential for improving our interpretation of soil structure, advanced TRT measurements are still comparatively uncommon in the scientific literature [12]. To gain a better understanding of subsurface heat transfer (following the thermal heat injection of a TRT or the thermal stress of an operating geothermal borehole) and to acquire a clearer picture of the possible thermal interactions between adjacent BHEs, further research is urgently needed.



A range of software tools are currently available for dimensioning BHE fields [18,19,20,21]; however, their applicability depends on the quality of the underlying numerical model adopted. For instance, variations in the borehole thermal resistance may result in deviations between the field data and simulation results [22]. A complete understanding of the thermal properties within the BHE environment is, thus, crucial for meaningful interpretation of TRT measurements by proper assessment of the ground thermal properties and for the potential progression of more reliable software tools.



In this study, the rise in temperature close to the BHE was focused within a thermal test. To facilitate temperature monitoring of the ground in the immediate vicinity of the borehole, an additional single-U probe was inserted into the same borehole [23], similarly to the observer pipe applied by Aranzabal et al. [24] but within another distance to the system. This proceeding enabled a more ground-layer-dependent temperature measurement [24] than within the percolated helical BHE.



Temperature monitoring was carried out by a DTS system while a heat load was applied, similar to the approach used in [25]. In this work, however, the temperature was monitored with a GEOsniff device, which is a wireless spherical sensor that can be inserted into a geothermal probe, measures both the depth and temperature, and allows the temperature profile to be recorded with a vertical resolution (1–5 cm) much higher than is achievable in conventional DTS measurements using fibre-optic cables. With fibre-optic cables, a minimum distance of 50 cm between points for temperature sensing is needed, whereas the applied device records temperatures every 1–5 cm.



For investigations over distinctly greater depths or with another focus, a minor temperature measurement spatial resolution might be sufficient [26,27,28]. By using a wireless probe of this type, a distributed thermal response test (DTRT) can be performed. According to [12], no such DTRT has been published thus far. The applied thermal test follows this method of such a DTRT.



To obtain a more detailed picture of the structure of the surrounding ground, electrical resistivity tomography (ERT) measurements were also carried out over a 52-metre transect that passed over the borehole examined in this study. The results of the ERT measurements and stratigraphic information from the lithological column provide a useful means of validating the results from the DTRT investigation. In the field of geophysics, ERT is a non-invasive technique for determining the electrical resistivity of the ground. It is very sensitive with respect to those parameters that influence the electrical resistivity of the ground, such as the water content, water salinity, mineral composition, and material density [29,30,31,32,33,34].



In the past, ERT measurements have occasionally been used to investigate the thermal properties of the ground around shallow geothermal systems [6,35,36], sometimes in combination with DTS measurements. However, measuring temperature changes in ERT field tests can be challenging [37,38,39,40], particularly in unsaturated zones [16], unless the relative temperature differences are very high [40]. This statement is endorsed by this study. However, as the factors that influence ground electrical measurements also affect ground thermal properties, ERT data can be used to derive the thermal parameters [41,42]. As ERT measurements are particularly sensitive to the water content [31,43], the location of the groundwater level is easy to detect.



As stated, the main aim of this study was to obtain a better insight into the thermal coupling of vertical BHEs to the surrounding ground and the thermal evolution. For evaluation of this thermal evolution in different layers of the ground, a thermal test was performed with a thermal heat load of 1400 W during 24 h, which was applied on a helical BHE at a test site in Valencia. Therefore, on the one hand, the thermal behaviour should be analysed with high spatial resolution in the direct vicinity of the system, and, on the other hand, a broader view of the present ground should be introduced.



The results from the DTS investigation using GEOsniff measurements in the additional U-probe served for this high spatial resolution examination of the immediate surrounding of the BHE, whereas the ERT measurements enabled a more general picture of the ground at the Valencia test site and a rough characterisation of the actual thermal properties.




2. Materials and Methods


2.1. Test Site


The measurements were performed in May 2018 at the test site operated by the Geothermal Laboratory of the Universitat Politècnica de València (UPV). The site was built during the ‘Cheap GHSPs’ project and is currently in the course of becoming a European Centre of Excellence (ECoE).



2.1.1. European Centres of Excellence (ECoEs) for Shallow Geothermal Applications in Civil and Historical Buildings


“European centres of excellence for shallow geothermal application in civil and historical buildings” plans to build up a pan–European network in the framework of the European GEOCIVHIC project. based on past efforts, knowledge, and expertise with collaborating entities in different EU countries devoted to constantly teach and disseminate knowledge about shallow geothermal technology and scientific, technological, ICT, and managing innovations developed during the near past and future.



The aim is to help in knowledge dissemination and, in particular, to form future players/experts and to become an instrument to break down the barriers that shallow geothermal is still facing in transforming the geothermal energy as a standard source of H&C in building renovation, both civil and historical.



The research work described in this article is part of the activities to deepen the knowledge of the geological setting of the Geothermal Laboratory of the Universitat Politècnica de València (UPV) as part of its forthcoming role as European Centre of Excellence.




2.1.2. Test Site Description


Three different types of BHE (single-U, helix, and coaxial) were installed at the site with an appropriate monitoring and control system that enabled a stable level of thermal power to be injected between the inlet and outlet of the borehole [23]. This arrangement can be used to perform complex investigations with the objective of acquiring very detailed and accurate TRT measurements (as in this study) or to carry out thermal assessments of experimental boreholes.



The various BHE systems were around 10 m deep and were installed approximately 6.0-m apart. The effective borehole depth in the helix system used in this work was 9.4 m (Figure 1). The helix borehole was backfilled with a 4-0 mm silica sand (10% coarse sand and 90% fine gravel). When saturated, this grouting material has a thermal conductivity of 2.0–2.5 W/(m∙K). The pipe of the helical BHE had an external diameter of 25 mm with a pipe wall thickness of 2.3 mm. The diameter of the borehole was 450 mm, and the helical tube had an overall width of 360 mm. The axial pitch of the helical tube (i.e., the distance between adjacent turns on the helix) was 630 mm.



As the focus of this work was on determining the thermal properties of the surrounding ground layers, an additional single-U probe was installed within the same borehole at a distance of about 20 cm from the helix BHE. This U-tube had a diameter of 32 mm and was filled with water. The heat load was injected at the helical BHE, and the thermal behaviour was recorded at different depths within the single-U probe.





2.2. Temperature Monitoring


In contrast to other advanced TRT measurements, the temperature profile inside the single-U probe was determined with a GEOsniff device [12] manufactured by enoware. The measurements were carried out over a period of two days (16–17 May 2018). The green and black GEOsniff sensor ball (Figure 2) can be inserted into standard BHEs and measures temperature as a function of depth as it travels through the BHE tube. The spherical wireless sensor has a diameter of 20 mm.



The pressure sensor implemented in the GEOsniff device that records the hydrostatic pressure in the BHE has a stated absolute deviation of −60 to +20 mbar and a resolution of 1.0 mbar. The integrated temperature sensor has a measuring range from −10 to 35 °C, a deviation of 0.05 K and a resolution of <0.01 K. To classify these properties of the measurement device, a comparison between different devices was introduced by Aranzabal et al. [44].



The descent speed of the GEOsniff sensor ball is specified as about 6.5 m/min; however, this was not achieved in this study, as a special sensor casing from the manufacturer (GEOsniff CORD CLIP) was used to guide the GEOsniff ball down and out of the U-tube. As the descent speed was slower (around 1–2 m/min) due to the increased upward buoyant force but the measurement frequency of 1 Hz (1 measurement per second) was unchanged, the number of measurements per unit depth was significantly higher. Thus, this proceeding simply prolonged the measurement for a few minutes with the positive side effect of an increased spatial resolution (1–5 cm).



By placing the GEOsniff device in the tube and then retrieving it afterwards, the water column of the BHE tube was disturbed twice for each measurement. To obtain temperature measurements in an undisturbed medium that accurately reflected the temperature at a specific soil depth, the GEOsniff measurements were recorded only once an hour. After a measurement was made, which took about 15 min, the system was left undisturbed for a period long enough for the groundwater column to regain the temperature of the surrounding ground.




2.3. Geoelectrical Survey


To acquire greater insight into the ground in which the heat dissipation is occurring, an ERT measurement spanning two boreholes was also performed. This measurement was carried out on the second day of the temperature monitoring experiments, once while the heat load was still active (measurement ended at ~12:30) and once about 3–3.5 h later after shutting down the system (second measurement ended at ~16:00). For this investigation, a Lippmann ‘four point light’ resistivity meter (www.l-gm.de, accessed on 3 May 2021) was used.



The ERT transect was configured with 53 electrodes, each spaced 1.0 m apart. The measured section spanned two of the BHEs installed at the Valencia site (Figure 3), the investigated helical BHE at electrode 17 and the coaxial BHE at electrodes 24 + 25. The first six electrodes were positioned outside the property, where the transect crossed a channel system. After electrode 30, the line passed over the road behind the test site and ended in the roadside ditch at the edge of the field.



The multielectrode geoelectric tomography itself was carried out with the GeoTest software (www.geophysik-dr-rauen.de, accessed on 3 May 2021) using the Wenner array. Each determined electrical resistivity value was based on an average of a minimum of 10 and a maximum of 40 single measurements by using a stop criterion of 0.1% deviation between those measurements. The frequency of 4.16 Hz was used.



As a maximum current we set 50 mA, and, as a maximum voltage, we set 150 mV. Data inversion was performed with the Res2DInv software (https://www.geotomosoft.com/, accessed on 3 May 2021) using a refined model with a finer mesh and a robust inversion with a robust data constraint cutoff factor, which is less affected by noise but might produce a higher apparent resistivity RMS error. The complete Gauss Krüger calculation was used for inversion.




2.4. Lithological Column


The lithological properties (Figure 4) were characterised during the test site installation and drilling operations [23].



At the top of the column there is a one-metre-deep anthropogenic fill layer consisting of sandy soil material mixed with gravel. Below this fill layer is a transition zone with brown clayey silt down to a depth of 2 m. Below the transition zone are a series of argillaceous soil layers, uppermost of which is a black section with a significant amount of organic content down to a depth of 4.6 m.



The lower main section of the argillaceous domain comprises a light grey clay. The two main sections of the argillaceous domain are separated by fine sandy and loamy horizons each with a thickness of around 0.5 m. Below the argillaceous domain, we again find layers of coarse soil. This coarse zone starts with a layer of gravelly sand down to a depth of 10.6 m followed by a layer of gravel. At the time of geological analysis, the water table was detected at a depth of around 1.9 m.



A mineralogical analysis was also carried out (see Figure 4b), which indicated increased amounts of organic matter (0.8–1.4%) in the two main argillaceous domains.




2.5. Applied Heat Load


A constant thermal power load was applied to heat the helix system and to investigate the thermal properties of the soil in the vicinity of the helix BHE. The thermal injection power was 1400 W, and, since the helical borehole had a depth of about 10 m, the ratio was 140 W/m (Figure 5). This is not analogous to a conventional thermal power dissipation ratio of the helical borehole because this thermal power ratio produces very high temperatures in the heat exchanger (around 50 °C), which are not appropriate for use in a common geothermal heat pump.



The aim of this high thermal injection power is to achieve a high thermal load pulse in order to enable a more pronounced observation of its evolution in the different layers of the ground. The thermal power generated by the geothermal laboratory was injected into the borehole for about one day (Figure 5). The heat load was switched on at 12:30 and ran until 12:56 the next day. The inlet borehole temperature (T_in) varied from 40 to 52 °C while the thermal load was being applied. During this same period, the difference between T_in and the outlet temperature (T_out) remained fairly constant at around 8 degrees.



The sky was mostly clear on both the 16th and 17th of May 2018, with almost constant sunshine and an ambient temperature that occasionally exceeded 20 °C during the day (Figure 5). At night, the temperature dropped to around 10 °C. Figure 5 shows that the injection of thermal power remained essentially constant and the measured values of T_in and T_out were practically unaffected by any fluctuations in the ambient temperature.





3. Results


3.1. Electrical Resistivities


The results of the processed ERT data are shown in Figure 6. The maximum penetration depth achieved over the carried out ERT line according to the Res2DInv output was 8.5 m, which is a little less than the installation depth of the BHE. The errors after the fifth iteration were 3.1% and 2.9%, respectively.



Figure 6 provides clear evidence of horizontal layering. There was a distinct shift in the resistivity values at a depth of around 1.3 m. In the uppermost layer, the electrical resistivity was typically greater than 50 Ohm∙m, whereas, at depths greater than 1.3 m, the electrical resistivity of the ground was <20 Ohm∙m. Lower resistivity values in the near-surface section were only present close to the roadside ditch (20–40 Ohm∙m). By far, the highest resistivity values in the uppermost layer were found at locations close to the wells of both the helical BHE and the coaxial BHE (located at 23 m) and at the channel (at the fifth m of the section). These high resistivity zones correspond to air-filled cavities and/or loose packed material around the BHE wells.



This shift from higher to lower resistivities at a depth of 1.3 m represents the transition from sand and gravel within the first metre to the argillaceous layers below. ERT measurements are usually excellent at detecting the ground water table. However, in this case, the water table was only a few decimetres below this change in the soil grain size and thus the entire argillaceous domain should be nearly saturated due to capillary absorption. While this results in a sharp separation between the argillaceous domain and the coarse layer above, it also blurs the location of the deeper-lying water table.



In the second zone from 1.3 m down to about 8 m, the electrical resistivity was <20 Ohm∙m, which is typical of an argillaceous soil [45]. The electrical resistivity within this argillaceous domain gradually increased with depth, which indicates the presence of different argillaceous layers. The lower resistivity values in the upper part of this domain presumably reflect the presence of soft organic black clays, whereas the slightly higher resistivity values at the bottom part correspond to a silty clay layer. The deeper lying coarse layer of gravelly sand was not reached in the ERT measurement, or at least not to any relevant extent. In summary, the ERT data corresponded well with the layers identified in the lithologic column.



Considering the depicted fifth iteration of both measurements (Figure 6), there were some deviations of electrical resistivity values in the immediate environment of the helical BHE. Regarding the difference between these measurements during and after the heat load, the surface resistivity zone and the subsurface resistivity zone beneath 1.3 m, which is saturated, must also be treated separately. Within a depth of below 1.3 m, the difference was at a maximum of 2 Ohm∙m, which is not significant (Table 1).



Regarding the unsaturated zone only, directly at the helical BHE, after shutting down the heat load resistivity values occurred at about 30 Ohm∙m higher than with the heat load, and, at a distance of 1.5 m to the BHE, the differences were still 5–10 Ohm∙m. However, these differences cannot be related to only the switched off heat load because, within this time of around 3.5 h between both ERT measurements, the temperature in the direct vicinity of the BHE decreased by around 2 K (see Section 3.3).




3.2. Thermal Properties of the Investigated Area


After combining the information from the ERT measurements and from the lithologic column, we then assigned standard values for the thermal properties of each sub-layer that were taken from references [2] and [46] (Table 2).



The thermal conductivity values for saturated sandy soil of around 2.2–2.4 W/(m∙K) were very similar in both references [2] and [46]. However, for fine grained soil, the values quoted in [46] were distinctly lower. The soil-type classification used for unconsolidated materials in [2] is very general, comprising ‘sand’, ‘clay/silt’, ‘loam’, and ‘peat’. Nevertheless, the overall pattern showed that the two main argillaceous zones (the third and sixth layers in Table 2) exhibited the lowest thermal conductivities (even without considering the results of the organic content analysis in Figure 4b).




3.3. Temperature Variations in the Vicinity of the BHE


The GEOsniff measurements on 16 May 2018 were performed from 10:47 (‘undisturbed1’) to 18:44 (‘impact3’). On the second day, the measurements were carried out from 9:28 (‘impact4’) until 18:21 (‘down5’) (Figure 7). All measurements were performed inside the single-U probe installed at the edge of the borehole of the helical BHE, where the heat load was applied.



The first two measurements indicated an undisturbed soil temperature of around 21–22 °C (Figure 7). The temperature at the surface was around three degrees higher, which is likely due to the remarkably warm weather experienced at that time. Applying the heat load to the adjacent helix BHE system resulted in a general increase in temperature at all depths (‘impact1’ to ‘impact7’).



Arato et al. [16] stated that it takes about four hours for heat to pass through the BHE pipes and start to influence the ground. Luo et al. [17] suggested that the temperature development of heat carrier fluid in the first few hours was primarily influenced by the borehole grouting materials rather than the ground. As the temperature measurement probe is situated within the same borehole, these time specifications should also apply to the present study.



However, standard cement-based grouting was not used in this study but rather a silica sand with high thermal conductivity. The first clear increase in temperature was identified after a little more than 2 h (‘impact2’). The rate of heat dissipation was slightly greater than that stated in [16], and this may be due to the high thermal conductivity of the grouting used.



Closer inspection of the data from the ‘impact1’ measurement revealed a slight temperature increase at depths of 3.0–4.5 m and at 7.5–8.5 m. This may indicate the earlier onset of the temperature influence of the backfilling material, particularly in view of the fact that the next measurement (‘impact2’) showed a significant temperature rise of more than 2 °C at these depths. We, therefore, expect a significant thermal effect in the vicinity of the helical BHE system less than 2 h after the heat load application (i.e., between ‘impact1’ and ‘impact2’).



The ‘undisturbed2’ measurement was carried out while fluid circulation had already started. The slightly more jagged line in the upper 5 m of the temperature profile (Figure 7) might indicate heat dissipation of the thermal energy acquired by the feeder pipes between the geothermal laboratory and the BHE. However, the magnitude of this effect was not significant.



After about 23 h of thermal load injection, the overall temperature rose to 30–34 °C at depths below 1–2 m. This temperature increase in the vicinity of the helix system was around 10 degrees less than T_out and 18 degrees less than T_in. Figure 7 shows that, in the first 1.5 m below the surface, the temperature in this layer fell overnight (see ‘impact4’ and ‘impact5’) even though the heat load was still being applied. This temperature drop reflects the diurnal variation in ambient temperature, which is most strongly felt at the surface.



These diurnal changes induce variations in both the temperature and the moisture content of the soil. While the diurnal variation of soil moisture should be limited to the first few centimetres [47], temperature variations can be detected down to a depth of 2 m [48]. It seems that this effect can be detected in the layer above the groundwater-dominated domain. The groundwater level was located at around 1.9 m, directly above the argillaceous layers. As the capillary fringe extends a few decimetres above this groundwater level [30,49], the penetration depth of the diurnal effect described above of around 1.5 m appears to be limited to the unsaturated zone.



As the sky was almost entirely clear for the duration of the investigation, a relatively high diurnal variation in the surface air temperature was expected [50] and was confirmed by ambient temperature measurements (Figure 5). This high diurnal temperature range would also produce a more significant temperature variation in the near-surface soil compared with on cloudy days. In view of the impact of the diurnal temperature variation and interference from other factors affecting the thermal response, the near-surface layer down to a depth of 1.5 m is not considered further here.



We also do not discuss the water content as saturated conditions are assumed below a depth of 1.5–2.0 m. After all, seasonal changes of the ground temperature and moisture are not reflected in this study, which represents only a snapshot of time in mid-May. However, these considerations regarding the thermal properties of the ground are likely to be be pivotal mainly within the unsaturated zone. The temperature still will vary below the ground water level, which would cause another reached temperature level of the GEOsniff investigation.



As the temperature increase across the last four measurements (‘impact4’ to ‘impact7’) was relatively small, we assumed that the final temperatures reached represent a rough approximation of the maximum temperature achievable with the applied thermal load. Hence, this thermal test of 24 h is not in conformity with a precise TRT but with a shortened TRT [51].



Although a constant heat load was applied, the observed increase in temperature was depth-dependent. The temperature profile that developed had a characteristic shape (Figure 7) with two peaks, one around 3.5–4 m and one at a depth of 7.5–8 m. These peaks, which represent a localised relative temperature rise of approximately 1.5 degrees, were not present under the initial undisturbed conditions but were already evident in the ‘impact2’ measurement. The overall shape of the temperature profile remained unchanged on day two and was maintained for all measurements while the heat load was applied.



After switching off the heat load, the temperature gradient between the geothermal system and its vicinity began to subside and the heat dissipation gradually ceased. As the ground cooled, the thermal properties of the surrounding soil became less relevant and a smooth final temperature profile was recorded (see ‘down5’). It took about five hours for the temperature to fall by four degrees. Approximately three hours after the heat load was switched off, the temperature profile no longer exhibited the double-peak structure although the ground temperature was still significantly above the undisturbed temperature. Previous research [25] indicated that recovery measurements were barely affected by location.



Although the temperature effect is measured in homogenous backfill material, the temperature data reflects the thermal properties of the surrounding layers.





4. Discussion


The two temperature peaks observed, and the overall shape of the temperature profile reflect the different thermal properties of the surrounding ground layers. The shape of the temperature profile is unlikely to be due to the varying distance between the individual loops of the helical BHE and the single-U tube where the temperature measurements were made. If the shape of the helical BHE was responsible for the shape of the temperature profile, we would have expected to observe temperature peaks every 63 cm, which is the pitch of the helix.



However, only two peaks were observed around 400 cm apart. Moreover, the grouting material constitutes a uniform environment with homogeneous thermal properties below the water level. We, therefore, conclude that, as generally accepted, the temperature distribution within the geothermal system is based on the thermal properties of the surrounding ground.



Since ground material with a low thermal diffusivity will inhibit heat dissipation from the borehole, there will be relatively more heat accumulation in these areas. Consequently, at those depths where temperature peaks are measured, we expect the soil at that depth to exhibit lower thermal diffusivity or rather lower thermal conductivity values than the layers above and below it. It is evident from our data that the relatively high temperature values correlate to the two argillaceous domains, which indicates that these argillaceous zones generally have lower thermal conductivities than the coarser layers below and above them. This agrees with the tendency of the thermal properties derived from the VDI 4640 and [46] on the basis of the lithological column (Table 2).



The results of the ERT measurements generally confirm the lithological column. However, the ERT measurements also indicate a degree of variation within the argillaceous domain, although we observed a slight increase in the resistivity values with depth, which would not explain the two observed temperature peaks. To gain further insight into this issue, an analysis of the organic matter was carried out. It is generally accepted that organic matter in soil will reduce its thermal conductivity and, thus, its thermal diffusivity [52,53,54].



In our study, a small but non-negligible amount of organic matter was found within the argillaceous soil (Figure 4a). The low thermal diffusivity of the argillaceous domains is, therefore, due to a combination of the generally lower thermal conductivities of fine-grained soils and to the presence of a small amount of organic matter. It is of interest to note that the layers with the most organic content corresponded to those in which the temperature peaks were observed using the GEOsniff sensor. This suggests that even a minor amount of organic content has a significant influence on thermal properties and that this effect is superimposed due to the grain size distribution. Thus, such constitutional variations of the underground have to be considered for the precise dimensioning of BHE applications.



These outcomes with such a high spatial temperature resolution of this study were possible due to the GEOsniff application. Another study by Pambou et al. [28] that also used a submersible sensor provided a derivation of the ground thermal properties but with a larger scale (spatial resolution of 1 m). By applying more rough spatial resolutions, for example, by using a fibre-optic cable for DTS, every change of the ground constitutional variation might not be covered.



Acuna and Palm [26] used fibre-optic cables for temperature investigations while applying a TRT; however, they focused on the borehole thermal resistivity more than on the surrounding material. Hence, a high resolution was not decisive within their case. Aranzabal et al. [24,44] stated that novel instruments, such as the GEOsniff, have various advantages over standard sensors and fiber optics and also regarding the spatial resolution.



In research regarding TRT modelling, homogenous, isotropic, and temperature-independent materials representing the borehole are often assumed [25,27]. Due to the homogeneous granite underground in one case, within the verification measurements, no high resolution of temperature determination was needed, and the use of 10 m segmentations might be adequate [27].



Due to the slightly divergent aim of this study, which was to inject an unusual high amount of thermal energy per metre (140 W/m), compared with common TRTs, a clear increase of temperature could be achieved (partly around 10 degrees). This high amount of thermal energy per metre was possible due to the shallow depth of the investigated helical BHE system. In contrast, an application on deeper shallow geothermal systems (>100 m) may result in heat injection values between 5–30 W/m and a lesser temperature increase [26,27].



The results of Pambou et al. [28] did not exceed values of around 55 W/m and a temperature increase of 1–2 degrees by applying a relative high heat injection rate due to the system length. Although, a similar heat load was applied, for instance around 1500 W [24], the reached temperatures were distinctly lower than within this study (inlet temperature ≈ 50 °C) due to the system depth. Regarding a further investigation [55], where a similar power load was applied on a 15 m deep helical BHE, relative high temperatures (up to 45 °C) could have been reached. However, the temperature difference between the inlet and outlet temperature was only about 3 degrees, whereas this differential within our study was around 8 degrees, which is likely due to the difference in the ground thermal conditions. Mainly argillaceous layers (silt + silty clay) were stated there. Nevertheless, a distinctly higher amount of organic material might be present, as a 2.5 m thick peat layer was described [55].



While applying a heat load, the temperature development within such a short system as used within this study might be more uniform, whereas a deeper BHE produces an irregular temperature distribution over the depth [14,27]. Thus, the results of this study may be applied within subsequent analysis without an otherwise obligatory depth related correction.



Regarding the thermal evolution within the vicinity of the borehole (a 20 cm distance to the helical system) the measured temperatures were 18 degrees less than the inlet temperature and 10 degree less than the outlet temperature, which represents a far more significant temperature decrease within the same borehole as a 2-degree difference within the research of Aranzabal et al. [24]. This can be clarified by the different distance from the observer pipe to the geothermal system (20 cm vs. <5 cm) where the heat load was applied and by the much higher temperature gradient, which was achieved within this study.



Regarding the temperature development of the beginning recovery phase, this study confirms certain findings ascertained by numerical simulations: There, as set values, the referenced research [25] used a thermal conductivity of 1.2 W/(m∙K) for the grout and 2.5 W/(m∙K) for the surrounding material. With these settings, a general temperature loss 5 h after stopping the heat injection within the vicinity of the borehole of around 4 degrees was simulated, which fits very well with the measured temperature loss of this study (4–5 degrees after 5–6 h).



The generated data within this study can be used to build or refine numerical models in order to acquire greater insight into the details of heat distribution and heat dissipation in the vicinity of BHEs. Numerical simulation studies could also enable the effects of different heat transfer scenarios to be examined, such as the directional heat flow rather than only the lateral heat dissipation. To place these findings within a broader context, similar investigations using other soil configurations are needed. Field tests should also be carried out using different grouting materials, and the results should be analysed to classify their impact on heat dissipation as Borinaga-Treviño et al. [56] did.



The findings of this study might also be used to develop new or to refine existing simulation models for geothermal applications. There is the potential to use the measured temperature profiles to determine other parameters, such as the borehole thermal resistance [25,26,27]. Additionally, a Darcy flow analysis or a Péclet number analysis could be performed by interpreting the temperature logs [28]. The derivation of these hydraulic quantities may also support the idea of differentiating between areas in which heat is primarily transferred by conduction and those in which the convection dominates, as introduced in [14].



As demonstrated within this research, ERT measurements can significantly improve the insights regarding the hydraulic ground properties. As the ERT measurements showed clear horizontal layering without significant lateral inhomogeneity, the results of the temperature monitoring study should be applicable to all parts of the ERT transect, including the locations of the other BHE.




5. Conclusions


This case study demonstrated that DTS can be used to draw conclusions regarding the thermal properties of the ground surrounding a geothermal system. By combining the results of this thermal test following a DTRT, the ERT measurements, and additional analyses, two parameters that have a significant impact on the thermal behaviour of the ground were identified: the soil texture and the amount of organic matter.



The specific outcomes of this study are:




	
Diurnal temperature fluctuations were relevant in the near-surface coarse fill layer and, to some extent, in the subjacent transition zone down to the capillary fringe of the groundwater level. Short-term variations in the atmospheric temperature at the surface were found to influence the temperature profile down to a depth of around 1.5 m.



	
The main textural soil classes were distinguished by ERT, and the results showed that the recorded localised temperature profiles were transferable laterally to other parts of the ERT transect.



	
A significant thermal effect in the vicinity of the helical BHE was observed less than two hours after the heat load application. This early onset was attributable to the high thermal conductivity of the grouting used in this study.



	
When a heat load with an inlet temperature of 40–50 °C was injected, the temperature in the vicinity (distance of about 20 cm) of the geothermal system was around 18 °C lower, while the difference between the inlet and outlet temperatures (T_in–T_out) was about 8 °C.



	
The high-resolution distributed temperature sensing technique used in this study produced a detailed temperature profile in which the two argillaceous layers of low thermal diffusivity were identified by the corresponding peaks in the temperature profile. The low thermal diffusivity values in these regions were explained by the generally lower thermal conductivities of the surrounding fine-grained soil materials. At any one time, the relative temperature difference within a single temperature profile was about 3–4 °C, which was related to the ground texture.



	
An increased fraction of organic matter in the argillaceous domains might also contribute to the lower thermal conductivity of these layers.








With these outcomes, a precise picture of the thermal behaviour for different ground layers within the investigated case is available. Due to seasonal temperature and moisture variations and ground-dependent thermal behaviour, a general transferability of the results to other BHEs cannot be stated. The thermal evolution particular within the saturated zone should be representative for similar ground conditions and should be considered for future helical BHE dimensioning, by applying similar thermal tests and TRTs.
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Figure 1. On the left is a schematic of the helical borehole heat exchanger (BHE) installed at the UVP test site, showing the overall and the effective borehole depth (in m) and the additional single-U probe without connection to the system. On the right side is the top of this installation. 
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Figure 2. The GEOsniff Validation Box with two GEOsniff sensors (green/black balls) and two blind balls (white), which are for checking the recoverability of the real sensors. 
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Figure 3. The electrical resistivity tomography (ERT) line used at the test site in Valencia. The first electrode was located at the south-west end of the line. 
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Figure 4. (a) Lithological column at the test site. (b) Results of the organic content analysis. 
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Figure 5. The applied heat load (16–17 May 2018). The inlet temperature (T_in), outlet temperature (T_out), and ambient temperature (T_amb) are also displayed. The vertical lines represent the times when the GEOsniff measurements were made (first set of dashed lines: undisturbed 1 + 2; solid lines: impact 1–7; and second set of dashed lines: down 1–5). 
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Figure 6. This figure shows the inverted electrical resistivity results before (A) and after shutting down the heat load (B) from the southwest (SW) to the northeast end (NE) by depicting the fifth iteration with errors of 3.1% and 2.9%, respectively. The ERT line at the Valencia test site passed over the helical BHE where the heat load was applied. At the position of the helical BHE the lithological column was implemented. The resistivity values are plotted on a logarithmic scale. 
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Figure 7. Plot of the temperature profiles measured before, during, and after applying the heat load. All temperatures were recorded within the additionally inserted single-U probe. 






Figure 7. Plot of the temperature profiles measured before, during, and after applying the heat load. All temperatures were recorded within the additionally inserted single-U probe.



[image: Energies 14 02632 g007]







[image: Table] 





Table 1. The exact electrical resistivity (ER) values of the respective fifth iteration of the inversion process of both ERT measurements (before and after shutting down the heat load) directly at the helical BHE position at 16 and 1.5 m before and behind this position (at 14.5 and 17.5 m) for the first 4 m of depth.
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Potential Depth (Res2DInv Output)

[m]

	
ER Values before Shutting down the Heat Load [Ohm∙m]

	
ER Values before Shutting after the Heat Load [Ohm∙m]




	
14.5 m

	
16.0 m

	
17.5 m

	
14.5 m

	
16.0 m

	
17.5 m






	
0.3

	
88

	
175

	
56

	
101

	
233

	
62




	
0.5

	
88

	
173

	
57

	
101

	
206

	
62




	
0.8

	
89

	
123

	
57

	
102

	
84

	
63




	
1.2

	
90

	
74

	
56

	
103

	
43

	
63




	
1.5

	
22

	
22

	
24

	
20

	
19

	
22




	
1.9

	
12

	
13

	
15

	
14

	
14

	
15




	
2.3

	
12

	
13

	
14

	
14

	
14

	
14




	
2.9

	
12

	
13

	
14

	
14

	
14

	
14




	
3.4

	
13

	
13

	
14

	
14

	
14

	
14




	
4.0

	
14

	
14

	
14

	
14

	
14

	
14
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Table 2. The soil thermal properties according to VDI 4640-1 [2] and Bertermann et al., 2018 [46] assigned to the layering structure in the lithologic column under saturated conditions.
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Lithologic Column

	
VDI 4640-1

	
Bertermann et al., 2018




	
Depth

[m]

	
Layer

	
Volumetric Heat Capacity

[MJ/(m3∙K)]

	
Thermal Conductivity

(Recommended Value)

[W/(m∙K)]

	
Thermal Conductivity

[W/(m∙K)]






	
0.0–1.0

	
(1) Fill

	
1.6–2.2 1

	
1.4 1

	
-




	
1.0–2.0

	
(2) Clayey silt

	
2.0–2.8

	
1.8

	
1.2–1.4




	
2.0–4.6

	
(3) Soft organic clay

	
2.0–2.8

	
(clay/silt) 1.8

(peat) 0.4

	
1.0–1.2




	
4.6–5.1

	
(4) Fine sand

	
2.2–2.8

	
2.4

	
2.2–2.4




	
5.1–5.4

	
(5) Mud 2

	
1.5–2.5

	
2.4

	
1.4–1.6




	
5.4–7.8

	
(6) Clays–Silty clays

	
2.0–2.8

	
1.8

	
1.2–1.4




	
7.8–10.6

	
(7) Gravelly sand

	
2.2–2.8

	
2.4

	
2.2–2.4








1 Represents ‘moist’ conditions. 2 The values for this layer correspond to ‘loam’ values.
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