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Abstract

:

In the field of the efficiency of very shallow geothermal energy systems, there is still a significant need for research activity. To ensure the proper exploitation of this energy resource, the decisive geophysical parameters of soil must be well-known. Within this study, thermal conductivity, as a fundamental property for evaluating the geothermal potential of very shallow geothermal systems, was analyzed and measured with a TK04 device. A dataset, consisting of various geophysical parameters (thermal conductivity, bulk density, water content, and porosity) determined for a large range of different textural soil classes, was collated. In a new approach, the geophysical properties were visualized covering the complete grain size range. The comparison between the measured and calculated thermal conductivity values enabled an investigation with respect to the validity of the different Kersten equations. In the course of this comparison, the influence of effective bulk density was taken into account. In conclusion, both Kersten formulas should be used as recommended and regular bulk density corresponded better to the reference dataset representing the outcomes of the TK04 laboratory measurement. Another objective was to visualize the relation of thermal conductivities within their corresponding textural classes and the validity of Kersten formulas for various bulk densities, depths, and soils. As a result, the accessibility to information for expedient recommendations about the feasibility of very shallow geothermal systems will be improved. Easy, accessible know-how of the fundamentals is important for a growing renewable energy sector where very shallow geothermal installations can also cover heating and cooling demands.
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1. Introduction


Due to climate change and the consequent societal rethinking about energy policies in favor of renewable energies, geothermal energy has become progressively important for heating and cooling demands. One critical issue of facing global warming by using geothermal applications is the reduction of emitted greenhouse gases [1,2,3]. To enable proper and sustainable implementation in today’s energy concepts, research into geothermal systems is fundamental. Compared to solar or wind energy, geothermal systems—as part of the renewable energy sector—are not dependent on diurnal varying climatic conditions. These systems are only affected by seasonal temperature changes until a certain depth [4]. Thus, these systems are available at any time and are sustainable if anticipatorily used [5]. Furthermore, low enthalpy geothermal systems can be installed almost everywhere to enable a decentralized energy supply. In vertical shallow geothermal systems (up to 400 m in depth), the thermal conductivity of unconsolidated soil materials only affects the topmost layers. As the contact area between the vertical geothermal systems and the surrounding unconsolidated soil is very small in relation to the total contact area of the whole installed system, the soil’s geothermal potential within the vertical installations is much less decisive. For these geothermal installations, the thermal properties of the underlying bedrock are essential.



In the field of unconsolidated soil, primarily horizontal geothermal systems like collector systems or special forms such as heat baskets come into play to exploit this very shallow geothermal potential (vSGP). The vSGP is defined as the natural thermal potential of unconsolidated soil from the surface down to the bedrock [6]. Within the very shallow geothermal sector, the output of such geothermal systems hinges substantially on the thermal conductivity of the surrounding soil. Knowledge on the thermal conductivity of soil materials is one key to elaborate the feasibility and dimension of very shallow geothermal systems [7,8,9]. The installation of those horizontal systems does not necessarily require drilling operations and consequently, there is most likely to be no interaction of the system with a water aquifer. As a result, only a limited amount of legislation has to be considered. Hence, the dependency on public authorities, or rather, on environmental legislation for shallow geothermal use [10] and the incurred costs are diminished.



The thermal conductivity of soil is also essential for other soil applications. For example, in the field of buried electrical cables, thermal conductivity is a major parameter [11,12,13,14]. Particularly, along with the expansion of national and cross-border power grids with high voltage power cables [15,16], this soil parameter is a subject of remarkable interest as the installation depth of high voltage power lines is equivalent to very shallow; i.e., in horizontal geothermal applications. In this case, the thermal properties of the backfilling material also has to be of concern [17,18].



The thermal conductivity of unconsolidated soils depends specifically on soil texture and its pore filling material as well as its mineralogy [19,20,21]. Taking the mineralogy solely into account, quartz has a significantly better thermal conductivity than clay minerals [22,23,24]. The soil structure is influenced by various factors like the content of organic matter or the amount of clay [25,26]. In this context, the most relevant parameters are bulk density, soil moisture content, and grain size distribution [27,28,29,30], since neither organic content nor carbonates were present within the investigated soil samples.



Within this study, the main topic was the investigation and visualization of the thermal conductivity of soil with respect to other essential geophysical parameters. Reference values, compiled as part of the former ThermoMap project [7] were used. To determine thermal conductivity (λ), common formulas according to Kersten (1949) were used similarly to the ThermoMap project. These equations are based on these three relevant input parameters: bulk density (ρb), total volumetric water content (θW), and grain size distribution (Equations (1) and (2)). The granulometry, as third relevant parameter, is reflected within the differentiation of both formulas. Equation (1) has to be applied if soils contain more than 50% sand and Equation (2) if soils consist of more than 50% of silt and clay [24,30]. It has to be considered that the following formulas are only valid for unfrozen soil conditions. Although there are other approaches for determining thermal conductivity [19,31,32,33,34,35], to be able to compare the outcomes with other studies, the approach of Kersten (1949) was applied. Additionally, when compared to many other models, the approach used enables its application on all textural soil classes.


λ = 0.1442 × (0.7 × log(θW/ρb) + 0.4) × 10 0.6243 × ρb



(1)






λ = 0.1442 × (0.9 × log(θW/ρb) − 0.2) × 10 0.6243 × ρb



(2)







The thermal conductivity of soil can usually be measured with a needle probe at one finite point. Such measurements only cover a few centimeters of the soil around the probes and most of the probes are roughly 10 cm long [36]. To obtain an overview about a large-scale soil body, many measurements are needed. Furthermore, measurements within a depth of more than 15 cm are difficult to perform without soil removal or heavy machinery [37]. With these methods, extensive and costly (excavation) work has to be executed to obtain representative results in order to analyze the undisturbed thermal conductivity over a depth of several meters. In terms of customized solutions and adapted dimensioning of large-scale, very shallow geothermal systems; however, soil assessment of high accuracy is essential.



In this regard, the analysis of the thermal conductivity of soils within this study should enable an improved soil assessment; i.e., by providing easily accessible visualized correlations between thermal conductivity and soil textural classes. Thermal conductivity has been mainly examined with respect to bulk density, water content, and grain size distribution. A possible application for the usage of effective bulk density with a special focus on clay content was also reflected. To classify the measured results, they were compared with the calculated values of the ThermoMap project [7]. Using these correlations, more convenient thermal conductivity soil investigations can be applied worldwide on any type of soil that is covered by the United States Department of Agriculture (USDA) soil texture classification system [38].



It has to be considered that in this study, due to the TK04 measurements, a stationary system under saturated conditions was investigated. Such circumstances are commonly used to describe the thermal conductivity of soil [19,24,34,35]. However, within a dynamic system like very shallow geothermal installations or buried power lines where significant differences in temperature occur, thermal conductivity is also water flow (vapor diffusion, capillary transport, and convection) dependent [39]. This produces different water flow patterns within soil [40] and consolidated material [41].




2. Materials and Methods


In this study, 61 samples corresponding to nine different soil classes according to the USDA soil texture classification were analyzed. The origin of the samples were the two major German test sides of the ThermoMap project. Both areas, Röttenbach and Büchenbach, are located in the vicinity of Erlangen. Each site is characterized by quaternary, fluvial, and sedimentary deposits. Each sample was tested for its bulk density, water content, and thermal conductivity as well as grain size distribution. By determining the grain size distribution, all investigated samples could be classified using the USDA soil classification. With the mentioned parameters, porosity could be derived. In addition, the feasibility of effective bulk density for thermal conductivity calculations was checked. Subsequently, these data were compared with the calculated thermal conductivity values according to Kersten (1949) and the final lookup table developed within the ThermoMap project [7].



2.1. Soil Parameter


Bulk density ρb, is represented by the ratio of mass of soil substances to occupied volume as given by Equation (3).


ρb = md/Vc



(3)




where md gives the dry mass and Vc is the volume of the TK04 cylinder containing the soil sample. The bulk density of the investigated samples was determined as described in the next section following DIN 18125-2 and classified according to Table 1.



In this study, the effective bulk density, ρb, eff, was also determined and compared with the regular bulk density. The difference between the effective and normal bulk density depends on the amount of clay content nc (Equation (4)) [42].


ρb, eff = ρb + 0.009 × nc



(4)







For each soil sample, its grain size distribution was determined. First, the sand fraction was separated by wet sieving according to DIN ISO 11277. After the sieving process, the remaining soil fractions of clay and silt were measured using the Sedigraph III V1.04 (Micromeritics Instrument Corporation, Norcross, GA, USA) to determine the percentage proportions of grain fractions from clay up to fine sand. The Sedigraph utilizes Stoke’s law of sedimentation and Beer’s law of extinction to separate the different soil fractions. The instrument operates with X-rays to detect the gravity influenced sedimentation process. For these measurements, the samples’ particle density was 2.60 g cm−³ and the analysis temperature 35 °C. Porosity (ϕ) can be calculated from the bulk density and density of the soil components (ρs) (Equation (5)):


ϕ = (1 − ρb/ρs)



(5)







As the majority of the sandy substrate consists of quartz grains, for ρs, the same density as quartz (2.65 g cm−³) was assumed. To consider the computed porosity, the amount of saturated pore volume (Sp) can be determined using the following equation (Equation (6)) [43].


Sp = θw/ϕ



(6)








2.2. Thermal Conductivity Measurements


The thermal conductivity of all soil samples was measured with the TK04 half-space probe from TeKa Thermophysical Instrument—Geothermal Investigation using the methodology in ASTM D5334-08. The numeric principles of the used device are based on a line source theory developed by Blackwell in 1954 [44]. First, the samples had to be dried in a drying chamber at 105 °C for 24 h to ensure complete dehydration. After determining the dry weight, distilled water was added to the sample until all grains were floating in the water body when mixed. The saturated soil sample was then filled into an iron half space cylinder with known internal dimensions and predetermined weight. The cap, containing the temperature sensor and the heating unit, was inserted upon this cylinder filled with soil material and its total weight was measured. A vertical pressure of 1 MPa was applied, pushing the cap onto the soil sample. The difference in height between the cap’s surface and the top of the cylinder was ascertained. These dimensions and the actual weights were used to compute the bulk density. It is important that there are no cavities below the cap, which would lead to incorrect results. In the case of correct preparations, the settings of the measurement program have to be adjusted. For each sample, ten repetitions with cooling intervals of 10 min in between were performed to ensure reproducible results. The TK04 can analyze up to 99 successive repeat measurements for a certain sample adjustment in order to make precision improvements [45].




2.3. Data Analysis


For each soil, classified by the USDA soil texture classification, the analyzed soil properties (bulk density and water content) were correlated to the respective thermal conductivity. Taking these parameters into consideration, thermal conductivity was calculated by using Equations (1) and (2) after Kersten (1949) and Farouki (1981) [24,30]. These calculations were also performed with the effective bulk density. To check the validity of both Kersten formulas (Equations (1) and (2)), the thermal conductivity of all samples was calculated with both equations, regardless of their granulometry. These differently calculated and measured thermal conductivities were then compared. Additionally, other standardized thermal conductivity values of the European ThermoMap project [8] were added to the analysis to classify the thermal conductivities under distinct saturated conditions. In the ThermoMap project, the thermal conductivity values were also calculated using the formulas after Kersten (1949) [7]. In the course of this project, thermal conductivity was associated to three different bulk densities: 1.3 g cm−³, 1.5 g cm−³, and 1.8 g cm−³. By comparing the values according to the ThermoMap project with the measured thermal conductivities, the best fit between the calculated and measured thermal conductivity values can be assessed.



Furthermore, the TK04 measurements were compared to the expected thermal conductivities calculated according to Kersten (1949) and Farouki (1981), distinguishing between sand- (Equation (1)) and silt-/clay-dominated (Equation (2)) soils. Additionally, the effect of applying the effective bulk density (Equation (4)) on the Kersten equation was determined.




2.4. Data Projection


To visualize the data in an interrelated way with a focus on the USDA soil texture classification, it was integrated into a GIS software. The spatial position of each data point within the USDA textural classification diagram, an equilateral ternary plot, was defined by a triple of data (i.e., % sand/% silt/% clay). To transfer these spatial data into a GIS software, the data triples were transferred into Cartesian coordinates (i.e., 100% sand = (0,0); 100% silt = (0,1); 100% clay = (1/2,√3/2)).



All 61 samples were imported to ArcMap using the X-/Y-values as described above. Two reference points were added to the dataset to visualize 100% sand (0,0) and 100% silt (0,1), and to create a common working base for further interpolations (Figure 1).



To obtain a coherent distribution within the ternary plot, the data was interpolated. To be able to later apply statistical algorithms, the inverse distance weighting (IDW) algorithm was selected to receive an interpolated raster surface. The IDW was used since the data were located relatively close to each other and, furthermore, the IDW is limited to the range of raw data [46]. The searching radius was set to variable and the number of points within the search radius settings was set to 30 for each ternary plot.



Using this procedure, the three measured soil parameters, bulk density, porosity, and thermal conductivity as well as the comparisons between the measured and calculated thermal conductivities, were plotted. Furthermore, various plots with deviations between different thermal conductivities were generated: first, a comparison between the measured thermal conductivities and values calculated after Kersten (1949); second, a comparison between the measured thermal conductivity TK04 results and the values of the lookup table of the ThermoMap project including the three bulk density stages (see Section 3). The classification for the bulk density plot is based on Sponagel (2005) (Table 1).





3. Results


A summary of the measured results is displayed in Table 2. Based on the grain size distribution, nine different grain size classes according to the USDA soil texture classification from various locations (inside Germany) were examined in terms of bulk density, porosity, and thermal conductivity.



3.1. Bulk Density and Porosity


In general, clayey soils are classified as having low and very low bulk densities (Table 1), ranging from 0.959 g cm−³ up to 1.359 g cm−³ (Table 2) with an average of 1.127 g cm−³. Elevated bulk density values could be observed with an increasing proportion of sand (Figure 2). For sandy clay loam samples, high and marginally very high bulk densities were measured, reaching values of 1.836 g cm−³. However, the range of bulk density within each grain size class was quite large, as observable within the loamy sands or clays.



The computed porosities showed an inverse trend when compared to the bulk density (Figure 3), which was not remarkable/surprising since the calculation was based on the measured bulk densities. Porosity decreased with an increasing content of sand. A minimum porosity of 20.5% appeared for loamy sands- and sandy clay loams. Clays, in particular, showed the highest porosities.




3.2. Thermal Conductivity


The two major objectives in this study focused, on the one hand, on the comparison between the measured thermal conductivity values with the TK04 device and the calculated thermal conductivity values when different Kersten formulas were applied (Section 3.2.2). On the other hand, a comparison of the thermal conductivity values with the TK04-measured device and the calculated ThermoMap values for the three different bulk density values (Section 3.2.3) was performed.



3.2.1. Thermal Conductivity Measurements


Figure 4 displays the distribution of thermal conductivity within the USDA soil texture classification. In this case, the coarse material showed higher thermal conductivity values than the fine material.



Regardless of the grain size classes, all measured thermal conductivities were in a range between 0.906 W (m·K)−1 and 2.435 W (m·K)−1 (Table 2). In this range, clay possessed the lowest values, whereas loamy sand and sandy loam showed very high thermal conductivities. However, the spread of the thermal conductivity in the ‘loamy sand’ and ‘sandy loam’ section was relatively high, as they covered a range from 1.581 W (m·K)−1 up to 2.435 W (m·K)−1. This was accompanied by a positive correlation with increasing bulk density (Figure 5).



A positive correlation of thermal conductivity with increasing sand content was observed (Figure 4) as well as a positive correlation between the bulk densities and increasing sand content (Figure 2). Hence, the relation between thermal conductivity and bulk density as displayed in Figure 5 was not surprising.




3.2.2. Thermal Conductivity Measurements vs. Kersten Formulas


The best correlation between the measured and calculated thermal conductivity could be achieved by applying the formulas from Kersten (1949), distinguishing between sand- (Equation (1)) and silt-/clay-dominated (Equation (2)) soils as recommended, and using the measured bulk densities for calculation (Figure 6b). When applying only Equation (1) for the sand-dominated soils, the associated regression line showed a pronounced discrepancy from the line through the origin (Figure 6d) at lower thermal conductivities. For high thermal conductivities, the regression line converged to the line through the origin. An inverse trend can be observed in Figure 6f, where the thermal conductivity was calculated by only applying Equation (2). In this case, a better correlation between the measured and calculated thermal conductivities was noticed for soils with low thermal conductivities, and with increasing thermal conductivity, the discrepancy increased.



However, these observations could not be confirmed in Figure 6a,c,e where the mentioned deviations within the thermal conductivities were not visible in relation to the USDA soil texture classification. An overall higher deviation between the measured and calculated thermal conductivities is illustrated by the comparison of Figure 6a,c,e. Deviations between the measured and calculated thermal conductivities, by the recommended application of the Kersten formulas (Figure 6a), showed significant differences, especially for sandy loam (up to 0.55–0.60 W (m·K)−1) but also for sandy clay (≤0.4 W (m·K)−1), and minor differences for sandy clay and loamy sand (≤0.35 W (m·K)−1). Higher contrasts in thermal conductivities, calculated by applying only Equation (1) (Figure 6c), appeared in the areas of sandy loam and silty clay (up to 0.6 W (m·K)−1). The measured thermal conductivities of clay loam, clay as well as sandy clay loam, on the contrary, hardly deviated from the calculated ones. The overall lowest deviations between the calculated and measured thermal conductivities (Figure 6e) occurred by only applying Equation (2). In this case, differences of ≤0.35 W (m·K)−1 appeared within the loamy sand and silty clay.



By calculating the thermal conductivity with the equations according to Kersten (1949) and by using the calculated effective bulk density (Equation (4)) instead of the measured one, a distinct larger gap in relation to the measured thermal conductivity was observable (Figure 6h). The calculated thermal conductivities were accounted/lifted roughly 1.0 W (m·K)−1 above the measured thermal conductivities. This relationship is also reflected in Figure 6g where a strong deviation between the measured and calculated thermal conductivities was implied. This observation was true for nearly all of the data points and classes, except for some areas within clay loam, loam, and loamy sand.



The calculated thermal conductivities for soils in the uppermost depths stage of 0–3 m and a standardized bulk density of 1.3 g cm−³ ranged from ~1.2 W (m·K)−1 to ~1.5 W (m·K)−1 (Figure 7). The regression line (Figure 7) had a much lower slope of 0.2107 than the line through the origin.




3.2.3. Thermal Conductivity Measurements vs. ThermoMap Values


This slight underestimation is also reflected in Figure 8, where positive and negative deviation of the ThermoMap project values from the thermal conductivities measured with the TK04 were related to the USDA soil texture classification. In particular, sand rich areas (loamy sand, sandy loam, and sandy clay loam) strongly deviated negatively (down to 0.42 W (m·K)−1) from the measured values. In contrast, clays were rather overestimated with a difference in thermal conductivity of up to 0.30 W (m·K)−1. By using a standardized bulk density of 1.5 g cm−³, representing soils at depths of 3–6 m, for calculating thermal conductivity after Kersten (1949), a better fit was achieved. The values generally deviated less from the best fit when compared to the ones calculated for a depth range of 0–3 m. However, a general overestimation of the calculated thermal conductivities calculated with a standardized bulk density of 1.5 g cm−³ was observed in Figure 9. A maximum positive deviation of 0.55 W (m·K)−1 was reached for clay, whereas loamy sand, sandy loam, and sandy clay loam were still underestimated (down to −0.27 W (m·K)−1). The thermal conductivities calculated for soils at a depth of 6–9 m, with an expected bulk density of 1.8 g cm−³, generally showed an unfavorable correlation with the measured thermal conductivity values (Figure 7). This was reflected in the calculated thermal conductivities deviating at least ~0.4 W (m·K)−1 from the highest and ~1.3 W (m·K)−1 from the lowest measured thermal conductivities.



The databases for Figure 8, Figure 9 and Figure 10 are listed in an overview table (Table 3) where the thermal conductivity values for all respective bulk densities, which were defined in the ThermoMap project, were collated.



This observation was confirmed in the soil textural triangle (Figure 10), accounting for a strong positive deviation of up to 1.10 W (m·K)−1 (for clays) calculated from the measured thermal conductivities. The smallest deviations in thermal conductivities were determined for loamy sands, silt-poor sandy loams, and silt-poor sandy clay loams.



When comparing the measured thermal conductivities with the values calculated and sorted after Kersten (1949) (Figure 11), thereby distinguishing between the conventional method using both Equations (1) and (2), and just using either one of the formulas, several observations were apparent. With the exception of two samples, the equation used for the samples with a sand proportion below 50% was applied to all soils with a calculated low thermal conductivity. Whereas for all soils with a calculated high thermal conductivity, the equation for sand proportions above 50% was used. Furthermore, the thermal conductivities calculated solely with Equation (2) always possessed lower values than when calculated with Equation (1). In the area of the lowest thermal conductivities (Section 1/Figure 11), the measured values correlated with the predicted ones that used the Equation (1), although these samples comprised only clayey/silty soils.



Decent accordance was achieved in the middle section between the measured and thermal conductivities predicted with the conventional method. Section 3 shows the measured thermal conductivities that were in agreement with values predicted with Equation (2), despite the samples being sandy soils.






4. Discussion


The aim of this study was to compare the thermal conductivity values derived by the laboratory TK04 measurements and hypothetical soil properties derived from the ThermoMap project and their visualization in USDA textural classes. Bulk densities should preferably be used for thermal conductivity calculations according to Kersten (1949). Generally, for calculating thermal conductivity, a bulk density of about 1.5 g cm−3 fits best. However, an even better result was achieved by distinguishing between certain grain size classes and applied bulk densities. Clay soils were represented best by using the bulk density of 1.3 g cm−3 (Figure 8), whereas a bulk density of 1.8 g cm−³ only provided suitable outcomes for very pure sands (Figure 10). All of the other intermediate grain size classes such as loamy sand, sandy loam, or silts should be calculated with an assumed bulk density of 1.5 g cm−3 (Figure 9). These results corresponded to the bulk density ranges stated by Chaudhari et al. (2013), although a high clay content could mask the effect of an increased organic content [1,2]. In contrast to coarse soils [47], clays possess a relatively high porosity, resulting in lower bulk densities.



Computing thermal conductivity with effective bulk density provided unrealistic high values (Figure 6g and Table 2). This was also observed by Renger et al. (2008), who proposed that the calculation factor for computing the effective bulk density of 0.0009 applied in Equation (4) was too high. This may be due to the predominantly medium to high organic content of the soils, where the factor was derived from [48]. Operating with effective bulk densities showed the highest deviations in fine grained soils (Figure 6g), despite having been particularly developed for this fine grain size fraction.



It must be considered that although a consistent pressure load was applied by measuring with the TK04, different bulk densities were generated dependent on the respective compactibility of each grain size class (Figure 3). Still, the relation between bulk density and thermal conductivity showed a low coefficient of correlation (Figure 5). Thus, bulk density does not solely control the thermal conductivity of soils. Other crucial factors are the degree of saturation (θ), volume fraction of air (n) as well as the volume fraction of solids (νs) [21,28,30,49]. Additionally, mineral type and grain size distribution are decisive for the thermal conductivity of soils [50]. As all samples in this study were measured under saturated conditions, the degree of saturation and volume fraction of air could be neglected. Moreover, a mineralogical test was not conducted. Consequently, only grain size distribution was taken into account.



Clays and silts, in contrast to sandy soils, have a very high porosity (Figure 4), which results in lower bulk densities [47]. As a consequence, by measuring under saturated conditions, the relative amount of water in clays/silts was much higher than in sandy soils. Water intrinsically has a much lower thermal conductivity of ~0.6 W (m·K)−1 [51] than most minerals with values >1.9 W (m·K)−1. Furthermore, the amount of quartz minerals that possess very high thermal properties of up to 7.7 W (m·K)−1 [52,53] was lower in clayey/silty than in sandy soils. Altogether, this led to the decreased thermal conductivities of fine grained soils in contrast to sandy soils. The observations made within this study were thereby in agreement with the results of Brigaud and Vasseur (1989) [52]. Referring to the factors investigated in this study such as bulk density, grain size, and mineralogy, Zhang et al. (2017) reported similar results [50]. This regarded the positive correlation between increasing bulk density, particle size, and thermal conductivity.



When the critical moisture content is reached, thermal conductivity does not further increase significantly. According to Zhang et al. (2017), the critical moisture content of clay-/silt-soils is much higher when compared to that of sandy soils. As a consequence, the calculated thermal conductivities representing high water contents or completely saturated soils are likely to be overestimated, especially for sands (Figure 11).



The reason for the larger fluctuations within the sandy soils when compared to the clayey/silty soils was not thoroughly investigated in this study. However, these fluctuations might be caused by mineralogical variations, different bulk densities, or device-related measurement errors. Furthermore, dynamic hydraulic processes were not considered. However, to measure comparable thermal conductivities, a constant water content is crucial.



In times of fossil fuel shortage [54], all research in the fields of renewable energy systems is fundamental to develop alternative energy concepts for heating and cooling, for example, by the usage of geothermal heat pumps that will increase massively over the next few decades [55]. Detailed knowledge about thermo-physical soil properties is notably beneficial when planning very shallow geothermal systems due to their impact on the efficiency of geothermal installations. Research on thermal conductivity, such as this study, is the foundation for a proper soil assessment regarding sustainable energy supply.




5. Conclusions


Under saturated conditions, the higher the amount of sand or quartz grains, respectively, the higher the thermal conductivity of soil. Additionally, a high bulk density significantly improves thermal conductivity. From the comparison of various thermal conductivities with the measured and classified values as well as different calculations using the formulas after Kersten, the following conclusions can be drawn. Regular bulk density provided the best fit with the formulas to calculate thermal conductivity, whereas effective bulk density led to an overestimation. Furthermore, to calculate thermal conductivity, both Kersten-formulas should be used accordingly and not just one of them.



Due to the comparison between the calculated values according to Bertermann et al. (2014) and the measured TK04 thermal conductivity measurements, an approximation between the laboratory TK04 measurements and actual thermal soil properties could be made. The thermal conductivity values measured with the TK04 can be associated with a depth of 3–6 m based on the ThermoMap depth classification [7], which is in the depth range of very shallow geothermal systems like heat baskets. The collector systems are usually installed at a depth of 1.5 m, which corresponded to lower thermal conductivity values than those measured with the TK04 device. With the evaluated and soil-type-depending thermal conductivities, the system of shallow geothermal heat exchange can be understood more precisely. It should be noted that the measured thermal conductivity values for each grain size class in the mentioned depth represented conditions below the water surface as the TK04 measurements were performed under saturated conditions.
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Nomenclature




	λ [W (m·K)−1]
	thermal conductivity (TC)



	ϕ [-]
	porosity



	ρb [g cm−³]
	bulk density (BD)



	ρs [g cm−³]
	density, soil components



	θW [-]
	water content (WC)



	Sp [-]
	amount of saturated pore volume



	md [g]
	mass, dry



	θ [-]
	degree of saturation



	Vc [cm3]
	Volume, cylinder



	n [cm3]
	volume, fraction of air



	ρb, eff [g cm−3]
	bulk density, effective



	vs [cm3]
	volume, fraction of solids



	nc [-]
	amount of clay content
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Figure 1. Visualization of the shapefile used for further interpolations. 
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Figure 2. Bulk density [g cm−³] distribution dependent on the textural soil classification. 
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Figure 3. Distribution of porosity [-] dependent on the USDA textural soil classification. 
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Figure 4. Distribution of measured thermal conductivity [W (m·K)−1] for the different textural soil classes. 
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Figure 5. Bulk density plotted against the thermal conductivities measured with the TK04. 
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Figure 6. (a) Deviation (%) of the thermal conductivity values using the Kersten formulas (Equations (1) and (2)) from the TK04 measurements; (b) Plot of the measured versus the calculated thermal conductivities after Kersten (Equations (1) and (2)) (Linear regression line = black dashed line); (c) Deviation (%) of the thermal conductivity values using the Kersten formula (Equation (1)) from the TK04 measurement; (d) Plot of the measured versus the calculated thermal conductivities after Kersten (Equation (1)) (Linear regression line = black dashed line); (e) Deviation (%) of the thermal conductivity values using the Kersten formula (Equation (2)) from the TK04 measurements; (f) Plot of the measured versus the calculated thermal conductivities after Kersten (Equation (2)) (Linear regression line = black dashed line); (g) Deviation (%) of the thermal conductivity values using the Kersten formulas (Equations (1) and (2)) and effective bulk density values from the TK04 measurements; (h) Plot of the measured versus the calculated thermal conductivities after Kersten using the effective bulk densities instead of standard bulk densities. (Linear regression line = black dashed line). 
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Figure 7. The measured vs. calculated thermal conductivities according to Kersten (1949) for varying soil depths; i.e., bulk densities according to the ThermoMap project. 
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Figure 8. Positive and negative deviation of the ThermoMap values (BD = 1.3 g cm−3) from the TK04 measured thermal conductivities. 






Figure 8. Positive and negative deviation of the ThermoMap values (BD = 1.3 g cm−3) from the TK04 measured thermal conductivities.



[image: Soilsystems 02 00050 g008]







[image: Soilsystems 02 00050 g009 550] 





Figure 9. Positive and negative deviation of the ThermoMap values (BD = 1.5 g cm−3) from the TK04 measured thermal conductivities. 
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Figure 10. Positive deviation of the ThermoMap values (BD = 1.8 g cm−3) from the TK04 measured thermal conductivities. 
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Figure 11. Comparison between the measured (TK04 results) and calculated thermal conductivities. The calculations according to both Kersten (1949) equations are displayed (sand formula, Equation (1); clay formula, Equation (2)). The values were sorted after the calculated thermal conductivity corresponded to both soil dependent formulas (Equation (1) > 50% sand; Equation (2) < 50% sand). 
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Table 1. Classification of bulk density ranges according to [42].
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	Classification
	Bulk Density [g/cm3]





	very low
	<1.2



	low
	1.2–1.4



	medium
	1.4–1.6



	high
	1.6–1.8



	very high
	>1.8
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Table 2. Data table with the results of all samples investigated. Bulk density and one thermal conductivity (TK04-column) were measured by the TK04 device. Porosity and thermal conductivity according to Kersten (1949) were both computed based on the outcomes of the performed measurements of this study. The third calculated thermal conductivity was provided by the ThermoMap project. Textural soil classes were derived based on the samples granulometry.
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Sample-ID

	
Textural Soil Class

	
Bulk Density [g/cm³]

	
Porosity [%]

	
Thermal Conductivity [W (m·K)−1]




	
TK04

	
Kersten (1949)






	
I3

	
Loamy Sand

	
1.060

	
60.0

	
2.197

	
1.088




	
II2b

	
Sandy Loam

	
1.561

	
41.0

	
1.834

	
2.080




	
II3a

	
Loamy Sand

	
1.723

	
35.0

	
2.318

	
2.542




	
III2a

	
Sandy Clay Loam

	
1.598

	
40.0

	
1.771

	
2.179




	
III2b

	
Sandy Clay Loam

	
1.836

	
31.0

	
2.426

	
2.910




	
III3a

	
Sandy Clay Loam

	
1.503

	
43.0

	
1.398

	
1.934




	
III3b

	
Clay Loam

	
1.246

	
53.0

	
1.429

	
1.169




	
III4b

	
Sandy Clay Loam

	
1.672

	
37.0

	
1.912

	
2.388




	
III5a

	
Clay

	
1.359

	
49.0

	
0.959

	
1.341




	
III5b

	
Sandy Loam

	
1.707

	
36.0

	
2.019

	
2.493




	
IV2b

	
Clay

	
0.959

	
64.0

	
0.906

	
0.815




	
IV3a

	
Clay

	
1.185

	
55.0

	
1.147

	
1.084




	
IV3b

	
Clay

	
1.134

	
57.0

	
1.188

	
1.017




	
IV4

	
Clay

	
1.134

	
57.0

	
1.152

	
1.017




	
RD2

	
Clay

	
1.085

	
54.6

	
1.241

	
0.936




	
RD3

	
Clay

	
1.106

	
52.6

	
1.183

	
0.954




	
RD4

	
Clay

	
1.078

	
50.4

	
1.266

	
0.904




	
RD5

	
Sandy Loam

	
1.547

	
24.6

	
1.704

	
1.831




	
RD6

	
Clay Loam

	
1.071

	
56.2

	
1.169

	
0.924




	
RD7

	
Loam

	
1.209

	
45.2

	
1.293

	
1.057




	
RE1

	
Sandy Clay Loam

	
1.595

	
23.9

	
2.020

	
1.949




	
RE2

	
Sandy Clay Loam

	
1.532

	
26.6

	
2.065

	
1.823




	
RE3

	
Sandy Clay Loam

	
1.718

	
21.0

	
2.285

	
2.258




	
RE4

	
Sandy Loam

	
1.644

	
22.9

	
2.173

	
2.072




	
RE5

	
Sandy Clay Loam

	
1.624

	
23.6

	
1.873

	
2.025




	
RE6

	
Sandy Loam

	
1.629

	
23.6

	
2.070

	
2.041




	
RF1

	
Sandy Clay Loam

	
1.483

	
28.9

	
1.875

	
1.730




	
RF2

	
Loamy Sand

	
1.694

	
20.5

	
2.412

	
2.170




	
RF3

	
Loamy Sand

	
1.560

	
25.5

	
1.687

	
1.880




	
RF4

	
Sandy Loam

	
1.694

	
21.0

	
2.413

	
2.182




	
RF5

	
Loamy Sand

	
1.545

	
26.5

	
2.189

	
1.856




	
RF6

	
Loamy Sand

	
1.538

	
26.9

	
2.037

	
1.844




	
RF7

	
Loamy Sand

	
1.544

	
26.1

	
2.192

	
1.845




	
RI-2

	
Silt Loam

	
1.260

	
52.4

	
1.157

	
1.189




	
RI-5

	
Sandy Clay Loam

	
1.590

	
39.9

	
1.666

	
2.156




	
RIII-2

	
Silty Clay

	
1.450

	
45.1

	
1.138

	
1.494




	
RIII-5

	
Clay Loam

	
1.360

	
43.0

	
1.317

	
1.294




	
RIV-1b

	
Sandy Clay Loam

	
1.280

	
51.6

	
1.355

	
1.452




	
RIV-2

	
Clay Loam

	
1.210

	
54.5

	
1.180

	
1.119




	
RIV-4

	
Clay Loam

	
1.440

	
45.6

	
1.281

	
1.478




	
RIX-1

	
Clay

	
1.100

	
58.4

	
1.098

	
0.974




	
RVIII-2

	
Loamy Sand

	
1.770

	
33.1

	
2.435

	
2.688




	
V2

	
Sandy Loam

	
1.667

	
37.0

	
1.921

	
2.373




	
VA2

	
Clay Loam

	
1.340

	
43.0

	
1.407

	
1.257




	
VA3

	
Clay Loam

	
1.560

	
43.0

	
1.762

	
1.725




	
VA4

	
Clay Loam

	
1.430

	
43.0

	
1.345

	
1.431




	
VA5

	
Loam

	
1.490

	
42.0

	
1.487

	
1.548




	
VA6

	
Sandy Loam

	
1.650

	
52.0

	
1.616

	
2.475




	
VA7

	
Sandy Loam

	
1.650

	
43.0

	
1.665

	
2.385




	
VA8

	
Sandy Loam

	
1.660

	
52.0

	
1.674

	
2.510




	
VA9

	
Sandy Loam

	
1.620

	
36.0

	
1.581

	
2.205




	
VB1

	
Sandy Clay Loam

	
1.470

	
35.0

	
1.230

	
1.767




	
VB10

	
Sandy Loam

	
1.590

	
54.0

	
1.591

	
2.286




	
VB2

	
Clay Loam

	
1.210

	
43.0

	
1.477

	
1.043




	
VB3

	
Sandy Clay Loam

	
1.360

	
54.0

	
1.517

	
1.384




	
VB5

	
Loam

	
1.300

	
36.0

	
1.408

	
1.122




	
VB6

	
Loam

	
1.270

	
42.0

	
1.352

	
1.129




	
VB7

	
Silty Clay Loam

	
1.360

	
48.8

	
1.257

	
1.344




	
VB8

	
Loam

	
1.430

	
43.0

	
1.466

	
1.431




	
VB9

	
Loam

	
1.410

	
54.0

	
1.426

	
1.488




	
VI3b

	
Sandy Loam

	
1.723

	
35.0

	
2.378

	
2.542
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Table 3. TK04-measured thermal conductivities (TC) for each classified soil sample and three calculated ThermoMap thermal conductivity values; each column has one single bulk density (BD) value. The three different bulk density values represent the depth layers 0–3 m, 3–6 m, and 6–10 m [7].
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	Sample-ID
	Textural Soil Class
	TC (TK04) [W/(m·K)]
	TC ThermoMap [W (m·K)−1] (BD = 1.3 g cm−³)
	TC ThermoMap [W (m·K)−1] (BD = 1.5 g cm−³)
	TC ThermoMap [W (m·K)−1] (BD = 1.8 g cm−³)





	I3
	Loamy Sand
	2.197
	1.41
	1.78
	2.50



	II2b
	Sandy Loam
	1.834
	1.42
	1.77
	2.51



	II3a
	Loamy Sand
	2.318
	1.41
	1.78
	2.50



	III2a
	Sandy Clay Loam
	1.771
	1.43
	1.77
	2.50



	III2b
	Sandy Clay Loam
	2.426
	1.43
	1.77
	2.50



	III3a
	Sandy Clay Loam
	1.398
	1.43
	1.77
	2.50



	III3b
	Clay Loam
	1.429
	1.17
	1.38
	1.88



	III4b
	Sandy Clay Loam
	1.912
	1.43
	1.77
	2.50



	III5a
	Clay
	0.959
	1.17
	1.41
	1.90



	III5b
	Sandy Loam
	2.019
	1.42
	1.77
	2.51



	IV2b
	Clay
	0.906
	1.17
	1.41
	1.90



	IV3a
	Clay
	1.147
	1.17
	1.41
	1.90



	IV3b
	Clay
	1.188
	1.17
	1.41
	1.90



	IV4
	Clay
	1.152
	1.17
	1.41
	1.90



	RD2
	Clay
	1.241
	1.17
	1.41
	1.90



	RD3
	Clay
	1.183
	1.17
	1.41
	1.90



	RD4
	Clay
	1.266
	1.17
	1.41
	1.90



	RD5
	Sandy Loam
	1.704
	1.42
	1.77
	2.51



	RD6
	Clay Loam
	1.169
	1.17
	1.38
	1.88



	RD7
	Loam
	1.293
	1.17
	1.37
	1.86



	RE1
	Sandy Clay Loam
	2.020
	1.43
	1.77
	2.50



	RE2
	Sandy Clay Loam
	2.065
	1.43
	1.77
	2.50



	RE3
	Sandy Clay Loam
	2.285
	1.43
	1.77
	2.50



	RE4
	Sandy Loam
	2.173
	1.42
	1.77
	2.51



	RE5
	Sandy Clay Loam
	1.873
	1.43
	1.77
	2.50



	RE6
	Sandy Loam
	2.070
	1.42
	1.77
	2.51



	RF1
	Sandy Clay Loam
	1.875
	1.43
	1.77
	2.50



	RF2
	Loamy Sand
	2.412
	1.41
	1.78
	2.50



	RF3
	Loamy Sand
	1.687
	1.41
	1.78
	2.50



	RF4
	Sandy Loam
	2.413
	1.42
	1.77
	2.51



	RF5
	Loamy Sand
	2.189
	1.41
	1.78
	2.50



	RF6
	Loamy Sand
	2.037
	1.41
	1.78
	2.50



	RF7
	Loamy Sand
	2.192
	1.41
	1.78
	2.50



	RI-2
	Silt Loam
	1.157
	1.15
	1.38
	1.90



	RI-5
	Sandy Clay Loam
	1.666
	1.43
	1.77
	2.50



	RIII-2
	Silty Clay
	1.138
	1.16
	1.42
	1.92



	RIII-5
	Clay Loam
	1.317
	1.17
	1.38
	1.88



	RIV-1b
	Sandy Clay Loam
	1.355
	1.43
	1.77
	2.50



	RIV-2
	Clay Loam
	1.180
	1.17
	1.38
	1.88



	RIV-4
	Clay Loam
	1.281
	1.17
	1.38
	1.88



	RIX-1
	Clay
	1.098
	1.17
	1.41
	1.90



	RVIII-2
	Loamy Sand
	2.435
	1.41
	1.78
	2.50



	V2
	Sandy Loam
	1.921
	1.42
	1.77
	2.51



	VA2
	Clay Loam
	1.407
	1.17
	1.38
	1.88



	VA3
	Clay Loam
	1.762
	1.17
	1.38
	1.88



	VA4
	Clay Loam
	1.345
	1.17
	1.38
	1.88



	VA5
	Loam
	1.487
	1.17
	1.37
	1.86



	VA6
	Sandy Loam
	1.616
	1.42
	1.77
	2.51



	VA7
	Sandy Loam
	1.665
	1.42
	1.77
	2.51



	VA8
	Sandy Loam
	1.674
	1.42
	1.77
	2.51



	VA9
	Sandy Loam
	1.581
	1.42
	1.77
	2.51



	VB1
	Sandy Clay Loam
	1.230
	1.43
	1.77
	2.50



	VB10
	Sandy Loam
	1.591
	1.42
	1.77
	2.51



	VB2
	Clay Loam
	1.477
	1.17
	1.38
	1.88



	VB3
	Sandy Clay Loam
	1.517
	1.43
	1.77
	2.50



	VB5
	Loam
	1.408
	1.17
	1.37
	1.86



	VB6
	Loam
	1.352
	1.17
	1.37
	1.86



	VB7
	Silty Clay Loam
	1.257
	1.17
	1.40
	1.90



	VB8
	Loam
	1.466
	1.17
	1.37
	1.86



	VB9
	Loam
	1.426
	1.17
	1.37
	1.86



	VI3b
	Sandy Loam
	2.378
	1.42
	1.77
	2.51
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