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Abstract

:

The article aims to assess the effects of soil temperature measured in situ on the heat loss analyses of a building. Numerical analyses and in situ measurements of soil temperature profiles for real conditions under a residential building (profile I) in Poland and under the area outside the building (profile II) were performed. Based on the measurement results, a proprietary geometric model of the partition was proposed. The heat flux and heat flow results obtained for reliable models are 4.9% and 6.9% higher compared to a model based on a typical meteorological year for the wall–foundation system and 10.0% and 10.1% higher for the slab-on-ground structure for profile I. The adoption of temperatures from the area outside the building as the boundary condition (profile II) results in greater differences between the obtained results. The difference in heat flow obtained in the numerical analyses for profiles I and II is about 2 W/m2, both for the wall–foundation system and for the slab-on-ground structure calculations. The adoption of temperatures for the ground outside the building led to overestimation in the heat flux calculations, this being due to lower temperatures in these particular layers of the ground.
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1. Introduction


Due to the growing necessity to reduce energy consumption [1,2], it is important to search for the most effective energy-saving solutions and to adopt efficient energy consumption strategies [3]. Related to this is heat gain; for example, through the use of renewable energy sources [4,5] and the need to prevent heat loss [6]. Lee et al. [7] determined a simple ground heat exchanger design capacity, while Park et al. [8] proposed optimal values of BHE spacing for typical irregular BHE cases using the GenOpt optimisation tool. An efficient energy consumption strategy must carry out advanced analyses of heat flow [9,10]. Such solutions are facilitated by computer simulations and the scale modelling of buildings [11]. Most of the tools available on the market anticipate the building’s energy demands but do not provide microclimate simulations. Moreover, these tools need large amounts of data to do this [12,13]. In order to perform energy calculations, such as heat loss calculations from floors or basements, and to use the ground as a potential source for heat pump applications, information on ground temperatures is needed. Unfortunately, the performance of these models strongly depends on an accurate estimation of input factors.



Ground temperature depends on many factors, such as the structure and physical properties of the ground (volumetric heat capacity C, thermal conductivity λ, soil latent heat and moisture), changes in ambient temperature and other variables, as well as (to a greater or lesser extent) the characteristics of the ground surface (vegetation, slope orientation, etc.). Larwa [14] determined that the amplitude of the daily average solar radiation flux strongly affects the total amount of heat transferred between the subsoil and the environment during the year, while other parameters have a negligible effect. Piotrowska-Woroniak [15] presented the phenomenon of thermal ground regeneration in the period between heating seasons, based on measurements from 22 September 2016 to 12 October 2020. The temperature of the ground surface is affected by complex processes of convection and radiation in its immediate surroundings and further out, as well as energy loss due to evaporation and heat transfer between the surface and deeper layers of the ground [16,17]. In addition, the temperature of the ground at a given point depends on its depth beneath the ground surface. Depending on the depth, three ground temperature zones can be distinguished: the near surface zone (surface temperature), the shallow zone (subsurface temperature) and the deep zone. In the near surface zone, the temperature is strongly influenced by the daily fluctuations of the surface ground temperature, depending on weather conditions. In addition, other meteorological factors, such as wind and rain, can cause significant local variations. In the shallow zone, ground temperature depends on seasonal fluctuations and is close to the average annual air temperature. In the deep zone, ground temperature remains almost constant and increases very slowly with depth, depending on the local value of the geothermal gradient [18,19]. The influence of the frost heave of soils has been studied by Zięba et al. [20].



The exact determination of temperature distribution in the ground (especially surface temperature, for which temperature changes are considerable) is not easy. The results of ground temperature measurements in various conditions have been presented by other scientists [21,22]. Popiel et al. [23] presented temperature distributions measured in the ground in Poland from summer 1999 to spring 2001. Le et al. [24] presented a measurement model, the distribution profiles of temperature, and a preliminary assessment of geothermal potential at depths of 0.1–3.6 m in eastern China. Marshalko et al. [25] determined the connections between engineering and geological zones and landscape elements in the Czech Republic. Ground temperature in the near surface and shallow zones has been studied in detail and described in [26,27,28]. Based on the measurement results, models describing the temperature in the ground have been developed. They comprise analytical models (e.g., [17,19,27]), semi-analytical models (e.g., [19,29]), numerical models in 1D, 2D or 3D states (e.g., [16,26,30]) and empirical models, as well as models based on artificial neural networks (e.g., [31]). Mihalakakou et al. [32] developed a model for forecasting daily and annual changes in the earth’s surface temperature based on ten-year hourly temperature measurements for bare earth and short grass coverage in Athens and Dublin. The comparison of eight mathematical models for the prediction of ground temperature (the models predicting ground temperature) was carried out by Michopoulos et al. [28]. Tong et al. [33] developed a numerical model for predicting ground temperature in China. The analyses took into account the influence of short-wave solar radiation, long-wave radiation, latent evaporation energy, heat conduction, heat convection, soil freezing and thawing. Serageldin et al. [34] developed an analytical model to predict the profile of soil temperature distribution, based on six different new cities in different areas in Egypt with four different ground surface cover conditions. They obtained error and correlation coefficient values between their analytical and empirical results of 5.59% and 98%, respectively. Among the available models, due to a relatively simple application and the speed of calculations, the most frequently used analytical models are the semi-infinite solid model and the sinusoidal model. The sinusoidal model has been implemented in most simulation programs, i.e., EnergyPlus [35], DOE-2 [36] and TRNSYS [37], to predict ground temperature distribution. The availability of the method depends on the availability of input data. In order to calculate heat losses through building envelopes, especially those in contact with the ground, simplified analyses are used. The flow of heat through building envelopes is analysed in a steady state, and the thermal resistance method is used to describe the processes taking place. Such simplifications are considered acceptable due to the insignificant share of heat losses to the ground in the entire thermal balance of the building (10–15% in the case of heat losses through basements and foundations and 10% through slab-on-ground structures [38]), the heat flux density distribution [39] and the accuracy resulting from the transformation of three-dimensional tasks into two-dimensional ones [40].



Moreover, the methodology for calculating heat loss by penetration through the ground specified in ISO 13370 [40] introduces a number of simplifications, such as the shape of building projections and characteristic dimensions. The approach presented in the ISO standard assumes pure conduction heat transfer with uniform thermal properties and sinusoidal boundary conditions [23]. In reality, however, the calculation of heat loss from a building to the ground is a complex task, heat conduction being three-dimensional and non-stationary.



Heat loss to the ground has been the subject of many analyses. Borelli et al. [41] presented various forms of nodes in the connection system—a foundation slab with a foundation wall—in the context of changes in linear heat loss coefficients. Pawłowski [42] presented an analysis of a material solution for ground flooring with respect to the new heat and humidity requirements. He calculated the thermal bridge, which is the effect of connecting the foundation wall with the slab (linear coefficient of heat loss λ (W/mK). Medved and Cerne [43] developed their own method of estimating heat loss to the ground based on the so-called weight factor Fg. Abdul-Jabbar [44] analysed four methods of defining heat loss to the ground depending on the geometry of building projections and the depth of foundations. Kang et al. [45] presented a novel co-simulation method of dynamic underground heat transfer with building energy modelling (based on an equivalent slab model).



Henriksson [46] demonstrated that the area of heat loss through a floor surface can be divided into two zones: an internal zone located in the central part of the building, which is not influenced by the temperature of the external environment (Q1), and an external zone, which comprises the area around the external walls with a width of 0.75 m, in which heat loss fluctuates depending on the changes in outside air temperature (Q2). These observations are especially important in the case of a shallow foundation depth of buildings (below 1.0 m), where the foundations are made as benches. This principally applies to single-family houses, bungalows or single-storey houses with an attic and a usable area of approx. 100 m2. A trend of building such houses has become more and more evident in Poland due to the reduction of construction and operation costs, as well as generational changes (a house serves one generation for half of its life). Shallow foundations are also used for lightweight solutions, e.g., modular construction and domes [47]. In addition, with zero-emission houses, it is necessary to reduce or eliminate heat loss through the floor, including the places where the vertical envelope joins the floor on the ground, which has not been fully studied yet. The prediction of ground temperature is an important part of the computer simulations for the assessment of the energy consumption of buildings and efficient energy consumption strategies. Hence, there is a need to improve models describing the temperature in the ground, based on the results of systematically conducted in situ measurements, especially in the era of climate change (in winter 2020/2021 it was observed that, in Poland, temperatures dipped below 0 °C several times in a few weeks). This is related to the behaviour and parameters of soils; e.g., the permeability coefficient on samples after ten cycles of freezing and thawing was presented by Zięba et al. [48].



Based on the above, it can be observed that in the era of energy-saving solutions, the existing calculation methods for heat loss to the ground are still based only on the average temperature of the external and internal environment [40]. Therefore, the aim of the article is to assess the effect of the real ground temperature on a building’s heat loss. For this purpose, numerical analyses and in situ measurements of soil temperature profiles in Poland for real conditions under a residential building and in the ground (outside the building) were performed. The proprietary geometric model of the partition was proposed based on the measurements obtained on the test stand. This assessment is carried out using the methodology and geometric model for the elements in contact with the ground specified in ISO 10211 [49]. Due to the fact that the highest heat losses are observed in the wall strip, the analysis focused on the detail connecting the slab on the ground with the external wall. In the era of changing weather conditions, the obtained results are a valuable contribution in terms of their impact on the assessment of the consumption of energy in urban contexts. Heat and mass transfer are not considered in this study.




2. Methodology


2.1. Subject of Analysis


The subject of the study was a single-family building with a development area of approximately 155 m2. The building is located directly on the foundation benches at a depth of 0.7 m below the ground surface. The 0.3 m × 0.4 m wide benches are made of C16/20 class concrete reinforced with B500SP steel rods. The walls were made as sandwich panels from reinforced concrete class C20/25, 0.1 m thick, and with thermal insulation, 0.1 m thick [47].



The spaces between the benches were filled with sand to a depth of about half of the height, followed by lightweight concrete with a density of 900 kg/m3.



The subsoil was made up of sand of various fractions to a depth of 2.0 m.




2.2. Methodology of In Situ Research


The temperature of the native soil and the embankment soil was measured. The measurement was made at various depths from 0 to approximately 2 m for six consecutive months (from 1 May to 31 October). The temperature was measured along the depth of the subsoil in the following periods:




	
1 May–30 June, when only the flooring on the ground was laid, in 17 points;



	
1 July–31 October, when the entire building envelope was completed, in 8 points.








The temperature was measured in two profiles (see Figure 1):




	
Profile I, located under the building at a depth of −0.05, −0.25, −0.45, −0.65, −0.85, −1.05 and −1.25 m from the foundation depth;



	
Profile II, located in the area outside the building at a depth of −0.15, −0.35, −0.55, −0.75, −0.95, −1.15, −1.35, −1.55, −1.75 and −1.95 m from the ground surface.








Temperature distribution in the ground was measured using a multi-channel, automatic measurement system. Temperature measurements were made with YSI 44,005 thermistors with a measuring range from −40 to + 105 °C and a measurement accuracy of 0.5 °C. The temperature sensors were connected to Geokon 8002 multi-channel recorders. The measurements were recorded every hour.



The outside air temperature was measured on a test stand at the Faculty of Civil Engineering of the Silesian University of Technology in Gliwice (i.e., at a distance from the test site). The measurement was performed using the Ahlborn FMA510H meteorological multi-sensor with a temperature measurement range from −52 to + 60 °C ± 0.1 K [47,50].




2.3. Methodology of Numerical Analysis


The calculations were carried out using the finite element method (FEA) in the THERM program [51]. Two-dimensional heat flow was modelled.



The calculation of heat loss by the elements in contact with the ground was made on the basis of the geometric model given in ISO 10,211 [49]. In the base model, adiabatic limits were adopted in accordance with the assumptions shown in Figure 2. In subsequent analyses, the temperature distribution was adopted in accordance with actual measurements, as presented in the diagram below. At the ground surface, the external air temperature Te was adopted.



The following calculation variants were analysed:




	(1)

	
Base model (based on the assumptions of ISO 10211 [49]): geometric model in compliance with the standard [49]; Ti = 20.0 °C; boundary conditions adopted for the month of October:




	
Variant W_1: Te = 9.3 °C, average monthly temperature of a typical meteorological year TMY [52], temperature of the ground surface Tgr (0.00 m) = Te; below the ground surface, adiabatic temperature distribution (at the depth and width C);



















	(2)

	
Models based on the reliable model: changed model geometry—the dimension C in the geometric model was changed to the real value, i.e., 1.95 m; the temperature at a depth of 1.95 m was adopted, Ti = 20.0 °C; boundary conditions were adopted for the month of October:




	(2a)

	
For Profile I:




	
Variant W_2: Te measured external air temperature, ground surface temperature Tgr (0.00 m) = Te, Tgr (1.95 m) temperature measured at a depth of 1.95 m in Profile I;



	
Variant W_2a: Te measured external air temperature, Tgr (0.00 m) measured ground temperature near the surface, Tgr (1.95 m) temperature measured at a depth of 1.95 m in Profile I.



















	(2b)

	
For Profile II:




	
Variant W_3: Te measured external air temperature, ground surface temperature Tgr (0.00 m) = Te, Tgr (1.95 m) temperature measured at a depth of 1.95 m in Profile II;



	
Variant W_3a: Te measured external air temperature, Tgr (0.00 m) measured ground temperature near the surface, Tgr (1.95 m) temperature measured at a depth of 1.95 m in Profile II.




















Heat conductivity indexes of the materials used in the calculations are presented in Table 1.



The percentage accuracy of the calculation error (maximum error energy norm) was adopted at 5% and the number of iterations (maximum iterations) was equal to ten.



Then, the verification calculations were performed using the PsiTherm program. The analysed node was treated as a 3D connection. The material assumptions were taken from Table 1. The geometry of the connection was built according to the assumptions of the standard EN ISO 10211 (variant W_1; Figure 3) and individual assumptions for the variant W_2 and W_3 (Figure 4).



With each calculation, the value of the average heat flux through the internal surfaces for the analysed detail was determined.





3. Results and Discussion


3.1. Measurement Results


Figure 5 presents the course of ground temperature in time at different depths under the building (Profile I) and outside the building (Profile II). For Profile I, the obtained temperature range was from 9.0 to 19.1 °C and for Profile II it was from 6.7 to 28.1 °C. It can be observed that the distribution of ground temperature under the building is more homogeneous than that outside the building. Moreover, for the first distribution, hourly temperature changes are not so high as observed for the temperatures of ground unshielded by the building.



Moreover, the variation in hourly temperature values decreases with depth. This is also confirmed by the results of ground measurements obtained by Xu and Spitler [53], who obtained a flatter distribution of temperatures measured in time for the depth of 1.0 m than for the depth of 0.5 m.



Figure 6a,b present changes in average daily ground temperature along the depth for individual months (marked with respective colours). This is confirmed by lower variation in the daily temperature range (lower temperature range) over a month for the ground located under the building compared to the ground temperature distribution in the area outside the building at the same depth (see the dashed line in Figure 6). In colder months (October), higher temperatures were obtained for the ground under the building than for the ground outside the building, yet the opposite was true for the warmer summer months (July, August), when lower temperatures were observed in the profile under the building. It is surprising that the highest temperatures in the profile under the building were obtained in September.



Based on a comparison of the measured ground temperature results to the outside air temperatures (Figure 7), it can be observed that the maximum temperatures in September are similar to the maximum temperatures in August and are lower than the maximum temperatures in July. The number of higher amplitudes in September, however, is greater than that in August, and the said month was also preceded by warmer months, so in the months preceding September the ground was heating up, reaching the highest temperatures in the profile under the building in September. The ground temperature also did not drop immediately in response to the decrease of external temperatures, as the building shielded the ground against the direct impact of air temperature. Moreover, the said observation speaks for the accumulation of heat over a certain period (heat capacity of the ground).



A higher impact of external temperature on the obtained temperature distribution in the ground was observed for the unshielded area (Profile II). The course of the outside air temperature is presented in Figure 7 and the average monthly temperatures in Table 2.



The changes of average monthly temperature along the depth for Profiles I and II are presented in Figure 8a,b, respectively. It can be observed that the large thermal mass of the ground results in a slow reaction to the changes in temperature fluctuations in the outside air. The high amplitude of the outside air temperature fluctuations is dampened according to the depth. The amplitude of ground temperature in Profile I (under the building) is lower.



The monthly average ground temperatures were compared with the average outside air temperature (Table 2). It can be observed that ground temperatures directly beneath the ground surface were almost in phase with air temperatures and their values were close to the average air temperatures, which corresponds with the near surface zone [18,19]. The spread of ground temperature decreases with the depth (Figure 6). This is in line with the observations of other scientists [54]. Moreover, the maximum and minimum ground temperatures occur later than the corresponding air temperatures (the maximum or minimum occurs later than the corresponding temperature at the surface). The same phenomenon was observed by Florides and Kalogirou [54], who found that the maximum temperature of the ground at a depth of 2–3 m under the surface occurs about 5–6 months later than the average maximum temperature of the surface for calcareous sandstone and in situ mari [55]. Moreover, this is in line with the correlation obtained by Kasuda and Archenbach [56].



In the present study, it was demonstrated that the ground temperature change at a depth of more than 1.25 m below the ground level for a given month is less than 1% (Figure 8a), which proves its stability and the lack of impact of the outside air temperature. At a depth of 1.25 m below the foundation (1.95 m below ground level for the area where the building is located), no influence of the outside air temperature on the ground temperature was found (Figure 8b).



The strength of the interdependence between air temperature and ground temperature at successive measurement points for Profiles I and II was described with determination coefficients as a measure-of-fit quality of the model. Assuming that the coefficient of determination defines the percentage extent to which one variable explains the variability of the other, we can conclude the following:




	
A decrease of the strength of interdependence between the variables (outside air temperature and ground temperature at a given depth) was observed with growing measurement depth. In other words, this means that the impact of outside temperature disappears with the depth (R2 from 0.760 to 0.342; a logarithmic decrease-of-fit coefficient was observed with growing depth).



	
Outside air temperature exerts a smaller impact on ground temperature under the analysed building (R2 equal to about 0.080–0.364).









3.2. The Results of Numerical Analyses


The conducted analyses were performed for stationary conditions, with October adopted as a representative month. The selected monthly average temperatures were used in the numerical analyses (see Table 3). The analyses were performed for five calculation variants in accordance with Section 2.2.



Figure 9 and Figure 10 present the results of the numerical analyses for monthly average temperatures. At the intersection of the foundations and the wall, we can see the highest concentration of isotherms, regardless of the adopted boundary conditions (temperatures). The isotherms form a convergent bundle of lines at this point. As the distance from the partition increases, the isotherms occur less frequently in the base model (Figure 9a) than in the other two models (Figure 9b,c). According to the assumption, this is an adiabatic distribution. For the reliable models (Figure 9b,c), we observe the dilution of isotherms at a distance of 1.0 m from the partition, followed by a parallel horizontal run of the isotherms. Despite the adoption of different temperatures on the ground surface and at a depth of 1.95 m (the bottom of the model) in the reliable models (Figure 9b,c), no changes in the distribution of isotherms or in their values were observed. This is probably related to slight differences in the adopted temperatures at the edges of the model (the difference of 1.0 °C for ground surface temperature and the difference of 1.6 °C for ground temperature at a depth of 1.95 m).



The heat flux density lines are perpendicular to the isotherms (see Figure 10). In each case, the highest heat flux density was obtained at the joint between the outer wall and the foundation. Then, the heat flux density decreases with the increasing distance from the outer wall. The distribution of fluxes in terms of quality, however, is different. Therefore, based on heat flux distribution, it can be concluded that the most vital place in terms of heat loss through the partition and foundation is the connection point between the wall and the foundation, regardless of the adopted distributions of ground temperature with growing depth. The highest values were obtained for the base model, and the area in which they occur was significantly smaller than that for the reliable models with limited dimensions. For the reliable models, lower heat flux was observed, and thus lower heat losses through the partition and through the slab-on-ground structure. This means that, based on the temperatures of a typical meteorological year (TMY), the obtained results are on the safe side.



Figure 10 shows changes in the heat flux density at the edges of the analysed system. The aim of the numerical analyses was to indicate differences in heat flow, which are a consequence of the simplification of the geometric model from the typical soil model (depth of 2.5b, where: b = the width of the building; according to EN ISO10211 [49]) to the model with a limited depth up to about 2.00 m (Figure 2).



Heat flux and the corresponding heat flow per 1 m2 was determined for each of the variants. The analysis was performed for the entire wall–foundation system (Table 4) and for the slab-on-ground structure alone (Table 5).



The obtained results refer to the entire detail, i.e., to the joint between the wall and the slab-on-ground structure, modelled in accordance with the guidelines of the standard [49].



It can be observed that the results obtained in the numerical analyses with the use of the basic geometric model (Variant W_1) are consistent with the results obtained in the reliable model based on temperature profiles under the building (Variant W_2/W_2a, Profile I). The heat flux and heat flow results obtained for the reliable models are 4.9% and 6.9% higher compared to the base models for the wall–foundation system, and 10.0% and 10.1% higher for the slab-on-ground structure for Variant W_2 (Profile I). For Variant W_2a (Profile I), however, the results are higher by 2.4% and 4.0% for the wall–foundation system, and by 7.7% and 7.7% for the slab-on-ground structure. The adoption of temperatures from the area outside the building as the boundary condition (Profile II) results in higher differences between the obtained results of the numerical analyses. The difference in heat flow obtained in the numerical analyses for ProfilesI and II is about 2 W/m2, for both the calculations for the wall–foundation system (Table 5) and the slab-on-ground structure (Table 6). Moreover, the adoption of temperatures for the ground outside the building leads to the overestimation of the heat flux calculation, which is caused by lower temperatures in the particular layers of the ground.



Table 6 shows the calculation results for the analysed 3D connection for all tested cases. Figure 11 presents the distribution of isotherms for variants W_2, W_2a, W_3 and W_3a.



Numerical modelling in the PsiTherm program (treating the connection as a 3D node) did not show significant differences in the distribution of the temperature field on the partition surface (Figure 11) or in the heat flux values (Table 6) between the analysed variants. It was found that the ground temperatures, which change at a depth of 1.95 m (depending on the buildings located above them or the lack thereof), do not substantially affect the temperature distribution profile on the surface of the elements and the heat losses. Simplifying the geometry of the model (variants W_2 and W_3) and reducing the soil depth to about 2.0 m are not a source of additional discrepancies in the obtained results.



The main goal of this study was to explore initial diagnostics of heat loss depending on adopted temperature profiles. In addition, the typical soil model was abandoned. The dimension of the ground to a depth of 2.5b (where b = the width of the building) was limited to a depth of about 2.0 m. The adopted ground model for this study, i.e., the model of building foundation, provides results similar to the values obtained for the model of the ISO 10211 standard [49]. Therefore, the calculations of heat loss can be reduced to simple models with limited dimensions, thus eliminating the problem involving the adoption of fictitious adiabatic limits for the standard-specific depth of ground (ISO 10211 [49]). The performed numerical analyses refer to a steady state and take into account the heat transport model based on the principle of conduction in a soil medium with constant thermal properties. The algorithm used does not consider the complex processes of heat and mass transport and their influence on the change of the hygrothermal state of the soil and partition materials.





4. Conclusions


The aim of the research was to assess the effects of soil temperature measured in situ on the heat loss analyses of a building. The profiles of ground temperature under and outside a building were measured. Based on the measurements obtained on the test stand, the authors proposed their own geometric model of the partition. The assessment was carried out using the methodology and geometric model for elements in contact with the ground as specified in ISO 10211 [49]. Based on the results of the experimental study, the following important conclusions can be drawn:




	
Henriksson’s calculation model confirmed that the impact of floor slab insulation in its central area on thermal transmittance is small. The insulation of the wall strip, even with a low thickness of insulation material, gives a measurable effect in the form of reduced heat flow.



	
The research results presented for the representative period were used to develop the authors’ own geometric model of a slab-on-ground structure, using the measured temperatures as boundary conditions.



	
As a result of using the measurements as boundary conditions, changes were obtained in the results of heat loss analyses compared to when the traditional boundary conditions based on a typical meteorological year (TMY) were adopted in the analyses. The heat flux and heat flow results obtained for reliable models are 4.9% and 6.9% higher compared to the base models for the wall–foundation system, and 10.0% and 10.1% higher for the slab-on-ground structure for Variant W_2 (Profile I). For Variant W_2a (Profile I), however, the results are higher by 2.4% and 4.0% for the wall–foundation system, and by 7.7% and 7.7% for the slab-on-ground structure. The adoption of temperatures from the area outside the building as the boundary condition (Profile II) results in higher differences between the obtained results of the numerical analyses. The difference in heat flow obtained in the numerical analyses for Profiles I and II is about 2 W/m2 for both the calculations for the wall–foundation system (Table 5) and for the slab-on-ground structure (Table 6). The adoption of temperatures for the ground outside the building leads to overestimation in heat flux calculations, which is caused by lower temperatures in the particular layers of the ground.



	
Numerical modelling and treating the connection as a 3D node did not show significant differences either in the distribution of the temperature field on the partition surface (Figure 11) or in the heat flux values (Table 6) between the analysed variants.



	
The presented research results are preliminary studies, the purpose of which is to discuss the correctness of the available heat flow models involving the contact of buildings with the ground. In addition, as part of future research, it is planned to perform an analysis for an entire year and for non-stationary conditions.
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Figure 1. Schematic of the arrangement of temperature sensors. 
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Figure 2. Geometry of the model. 
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Figure 3. Geometry of the 3D model. 
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Figure 4. Geometry of the model adopted in the calculations—an example for variants W_2, W_2a, W_ 3, W_3b. 
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Figure 5. Hourly ground temperatures at various depths; 1 May–31 October: (a) Profile I; (b) Profile I. 
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Figure 6. Daily average ground temperature profiles at various depths, 1 July–31 October: (a) Profile II; (b) Profile I. 
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Figure 7. External air temperature, 1 May–31 October. 
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Figure 8. Monthly average ground temperature profiles at various depths, 1 July–31 October: (a) Profile II; (b) Profile I. 
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Figure 9. Distribution of isotherms: (a) base model W_1; (b) model W_2 for Profile I; (c) model W_3 for Profile II. 
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Figure 10. Heat flux density distribution: (a) base model W_1; (b) model W_2 for Profile I; (c) model W_3 for Profile II. 
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Figure 11. Temperature field changes for a 3D node of the foundation–wall connection with a slab: (a) model W_2, (b) model W_2a for Profile I; and (c) model W_3, (d) model W_3a for Profile II. 
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Table 1. Properties of materials.
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	Material
	Heat Conductivity Index λ (W/m·K)





	Reinforced concrete
	1.700



	Thermal insulation
	0.027



	Lightweight concrete
	0.097



	Sand
	2.000
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Table 2. Properties of materials.






Table 2. Properties of materials.





	

	
Monthly Average Temperature (°C)




	
July

	
August

	
September

	
October






	
External air

	
20.6

	
19.3

	
17.1

	
8.7
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Table 3. Temperatures adopted in the calculations.
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Model

	
Variant

	
Internal Air Temperature Ti (°C)

	
External Air Temperature Te (°C)

	
Surface Ground Temperature Tgr(0.00 m) (°C)

	
Ground Temperature at a Depth of 1.95 m

Tgr(C)/Tgr(1.95 m) (°C)






	
Base model

	
W_1

	
20

	
9.3 °C

	
Te

	
Adiabatic




	
Reliable model

	
W_2 Profile I

	
20

	
8.7 °C

	
Te

	
15.2




	
W_2a Profile I

	
20

	
8.7 °C

	
9.7

	
15.2




	
W_3 Profile II

	
20

	
8.7 °C

	
Te

	
13.6




	
W_3a Profile II

	
20

	
8.7 °C

	
9.7

	
13.6
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Table 4. Summary of the results of the numerical analysis for the wall–foundation system.
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Parameter

	
Base Model

	
Reliable Model




	
Profile I

	
Profile II




	
W_1

	
W_2

	
W_2a

	
W_3

	
W_3a






	
Heat flux (W)

	
28.5

	
29.90

	
29.19

	
36.76

	
35.95




	
Heat flow (W/m2)

	
5.50

	
5.88

	
5.72

	
7.20

	
7.04
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Table 5. Summary of the results of the numerical analysis for the slab-on-ground structure.






Table 5. Summary of the results of the numerical analysis for the slab-on-ground structure.





	
Parameter

	
Base Model

	
Reliable Model




	
Profile I

	
Profile II




	
W_1

	
W_2

	
W_2a

	
W_3

	
W_3a






	
Heat flux (W)

	
20.61

	
22.68

	
22.20

	
29.03

	
28.54




	
Heat flow (W/m2)

	
5.57

	
6.13

	
6.00

	
7.84

	
7.71
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Table 6. Heat flux in the analysed 3D connection for all tested cases.
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Parameter

	
Base Model

	
Model




	
Profile I

	
Profile II




	
W_1

	
W_2

	
W_2a

	
W_3

	
W_3a






	
Heat flux (W)

	
46.1

	
49.01

	
45.06

	
49.81

	
45.79
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