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Abstract

:

Approximately 40% of the overall energy consumption of society is consumed by buildings. Most building energy usage is due to poor envelope performance. In regions with cold winters, the corners of structures typically have the lowest interior surface temperature. In corners, condensation, frost, and mold are common. This has a substantial effect on building energy usage and residents’ comfort. In this study, the heat loss of corner envelopes is evaluated, and a suitable insulation construction of wall corners is constructed to increase the surface temperature of the envelope interior. Computational Fluid Dynamics simulation has been used to examine the heat transmission in a corner of an ultra-low energy building in this study. By comparing the indoor surface temperature to the soil temperature beneath the building, the insulation construction of wall corners has been tuned. The study results indicate that the planned insulation construction of wall corners can enhance the internal surface temperature in the corner and the soil temperature under the structure by approximately 8.5 °C, thereby decreasing the indoor–outdoor temperature differential and the heat transfer at ground level. In extremely cold places, the insulation horizontal extension belt installation can help prevent the earth beneath the building from freezing throughout the winter.
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1. Introduction


Energy consumption in buildings makes for a significant component of the world’s energy consumption, with China’s buildings accounting for 30% of primary energy consumption and this proportion reaching 40% in industrialized nations [1,2,3]. Reducing energy consumption and carbon emissions in buildings is a worldwide objective, with several nations passing more stringent energy efficiency rules and objectives. The 2016 introduction of the new building energy code by the US Department of Energy has lowered building energy usage by 30% compared to the previous code [4,5]. The Chinese government declared at the 2021 Global Climate Summit that it will reach peak carbon emissions by 2030 and carbon neutrality by 2060 [6]. The EU member states resolved to take ten years to achieve near-zero energy use in new buildings by 2020 [7]. Japan has also devised a 2030 road map for energy efficiency in buildings, with the goal of zero average energy use in new buildings by 2030 [8]. The Republic of Korea is placing a greater emphasis on residential structures, with goals to attain zero carbon emissions from new residential buildings by 2025 [9].



1.1. Exterior Envelope


To attain these extremely low building energy targets, novel concepts for ultra-low energy consumption, such as passive buildings, near-zero energy buildings, and zero energy structures, have been proposed. Every ultra-low energy building possesses a high-performance envelope. According to Ascione et al. [10], around 70% of a building’s total heat loss occurs through the building’s outside envelope. Congedo et al. [11] offers a comprehensive global view of how indoor comfort conditions change in reaction to outside thermal conditions. Their research also raises the possibility that in the future it may be necessary to compare various envelope types in order to develop predictive models and best practices that can be applied to buildings all over the world. The building envelope is in close contact with the external environment, and its heat transfer performance can have a direct and considerable effect on the energy consumption of the structure. This demonstrates the significance of enhancing the performance of the envelope to decrease the energy consumption of buildings. Research on enhancing the thermal insulation and insulation performance of building envelopes, such as the use of thermal insulation and reflective coatings for envelopes and envelope sensitivity analysis and optimization [12,13], has been a popular topic. Jankovic and Goia [14] discovered that a double-skin facade layout may considerably enhance the thermal efficiency of walls. The characteristics that have the largest influence on building energy consumption are shading coefficient, window insulation, and wall insulation, according to a study conducted by Pan et al. [15] on climate-adaptive energy-saving technology approaches for residential building envelopes in the Shanghai climate. Zhou et al. [16] showed in a case study of a building in northern China that enhancing envelope performance and operational optimization may greatly lower the heating energy consumption of a building. Feng et al. [17] utilized the Lagrangian optimization approach to concurrently evaluate the economic insulation thickness of a building envelope during the energy-efficient retrofitting of existing residential structures. Using EnergyPlus software, Hu et al. [18] compared the energy-saving potential of adaptable envelopes in five climates and showed that adaptive envelopes may cut energy usage by as much as 29%. Gagliano and Aneli [19] proved that opaque ventilated facades can provide energy savings between 20% and 55%. Kishore et al. [20] showed through numerical calculations that phase change materials may minimize yearly heat loss by between 2.8% and 8.2%.



Rathore et al. [21] investigated the potential and energy-saving benefits of microencapsulated phase change materials applied to different building materials and modeled the relevant energy-saving benefits. Homod et al. [22] investigated the envelopes of various building materials and determined that vernacular structures offer the greatest potential for energy savings during a 24 h period, at 47.83%. Vox et al. [23] discovered that growing vegetation on the exterior envelope improved the envelope’s insulation, decreasing heat transmission by 17.24 MJ/m2 in July in a Mediterranean environment. According to Zhao et al. [24], high-performance envelopes can provide better energy efficiency improvements in China’s harsher areas.




1.2. Ground Contact Enclosure


The external envelope consists of many elements, including the roof, outside walls, windows, and doors. To achieve energy efficiency, it is necessary for the various envelopes to work together to produce systems that are devoid of flaws. Zhao et al. [25] used the CFD simulation approach to define and compare the thermal bridges and carried out multi-objective optimization. The study’s findings demonstrate that thermal bridges significantly affect exterior insulation. With the right thermal bridging treatment, the annual heat load to cold load ratio can be lowered from 1.7% to 8.2% to 0.4% to 2.5%. In the cold northern parts of China, each square meter of internal flooring transfers around 151.4 W of heat to the exterior during the winter [26]. This demonstrates that the thermal performance of the floor envelope has a substantial effect on the energy consumption of a structure. In this context, other experts have also conducted relevant research. Yang et al. [27] studied the difference in heat insulation effect between four types of ground insulation systems and their application occasions, providing a theoretical basis for energy-efficient building restoration. Zhang Yahua [26] conducted a heat action analysis of the flooring of buildings in northern China, and calculations prove that insulating measures for floors may effectively prevent heat loss. Bai Yikui et al. [28] discovered that constructing 0.8–1.2 m cold-proof ditches with insulating materials may efficiently raise the temperature of the earth.




1.3. Insulation Construction of Wall Corners


The majority of research on ultra-low energy building envelopes focuses on innovative materials and sensitivity analysis. However, less study has been conducted on important thermal bridge components, particularly wall corner construction. As the area where the wall, ground, and outdoor area meet, the corner structure generates a significant amount of thermal bridging. In seasonally frozen soil areas, incorrect corner construction frequently causes frost, ice, dew, and mold [29,30,31]. Therefore, it is required to investigate the optimal corner thermal insulation construction. Currently, however, the relevant research tends to validate the energy-saving benefit of ground insulation structures or new wall insulation structures. The intricate structure of corner wall construction is more disregarded, the low temperature of its inner surface is not adequately resolved, and there is no better approach to create insulation. Clearly, this does not fulfill the stringent standards for the building envelope of a near-zero energy structure, and further study is required on the insulation design of wall corners. Focusing on the cold environment of northern China, the goal of this work is to develop and optimize ICWC that matches the criteria of ultra-low energy buildings. In this study, the heat transmission theory of building corners is investigated, and the ICWC is constructed based on the findings of the investigation. The developed ICWC is divided into five numerical model groups, and the thickness and length of the insulating layer are altered for each model group. The CFD simulation approach is utilized to examine the heat transfer of the five model groups, with the interior surface temperature at the corner serving as the control index for optimizing the ICWC.



This study’s primary goal is to create a suitable insulation construction of wall corners. This building should be able to improve the low temperature of the inner surface of the corner walls, which frequently occurs in extremely cold regions, and should also meet the requirements of ultra-low energy buildings for the enclosure structure to increase indoor comfort while also further reducing energy consumption and heat loss through the building envelope. Similar to that, this study is an attempt to demonstrate the overall CFD simulation method heat transfer state of the envelope. Before building construction drawings are created, this method can assess the performance of the envelope and lessen the work involved in energy consumption simulation calculations. It may assist architects in further optimizing the structure’s design.



This study differs from earlier studies in three key ways. First, a novel approach to wall corner insulation construction is suggested. It is distinct from the earlier ultra-low energy building insulation structures. It is a composite insulation structure made up of several separate components that works to effectively increase the wall corner’s interior surface temperature. Second, the heat transfer of the designed ICWC was examined using the CFD simulation analysis method. After the analysis, we can comprehend how the entire ICWC and each component function. This aids in resolving the issue of thermal bridging in similar buildings’ touchdown envelopes. The simulation analysis of various IHEB models is then completed. It was conclusively proven that effective IHEB can prevent the ground beneath the building from freezing. This finding has significant ramifications for reducing the building’s foundation depth, speeding up construction, and protecting temporary structures from freezing and swelling.



The structure of this document is as follows. In Section 2.1, the heat transfer control equations utilized exclusively in this investigation are described. In Section 2.2, the numerical simulation technique for CFD employed in this research is presented. In Section 2.3, an investigation of heat transmission is conducted for wall corners of structures in extremely cold locations in northern China. Based on the findings of the heat transfer study, the ICWC of the ultra-low energy building is built in Section 2.4. The control equations and boundary conditions for CFD simulations are described in Section 2.5. In Section 2.6, the meshing, working conditions, and grouping of the CFD simulation model are discussed. Section 2.7 describes the thermophysical parameters of the building materials utilized in the simulations. Section 2.8 verifies the applicability of CFD simulation methodologies for this investigation. In Section 3, the modeling and optimization procedure is discussed, the experimental results of the five model groups are compared, and the insulating performance of the developed ICWC is confirmed. In Section 4, the impact of the IHEB on the soil temperature beneath the structure is discussed. Section 5 provides a synopsis of the findings.





2. Materials and Methods


This research is a steady-state heat transfer-based CFD simulation experiment. The test site is in Changchun City, Jilin Province, in northern China’s extremely cold region. Before the investigation began, the CFD simulation technique was validated. The major goal of the study was to identify the primary influences on the temperature of the inner surface of the corner by first analyzing the heat transfer theory of the wall corner. The results of the investigation were used to design an appropriate ICWC. The planned ICWC was then divided into three components. Multiple working conditions are present in each component. The aim of varying the working conditions is to optimize one or two variables for each part. An energy-saving building with a typical corner construction is constructed for comparison. After that, the best ICWC model is created by combining the best operating conditions for each component. To check its performance, the best ICWC model is lastly simulated. The flow of the research methodology is shown in Figure 1.



2.1. Calculation Equation


In the simulations, the steady-state heat balance calculation method is used and the conduction heat balance is calculated using the following equation.


   Q λ  =   λ / d      θ i  −  θ e    F τ  



(1)







In Equation (1),    Q λ    is the amount of heat (J) and  λ  is the thermal conductivity of the material in W/(m·K).  d  represents the thickness of the material (m).    θ i    and    θ e    are the temperatures of the inner and outer surfaces of the flat wall (°C), respectively. The area of the flat wall is expressed in  F  (m2) and the time for heat transfer is expressed in  τ  (s).



The building envelope is not made up of a single material but is usually a multi-layered structure made up of several materials. Therefore, the thermal resistance of the different materials should also be considered when calculating the conduction heat balance. Equation (1) can be translated as follows.


   Q λ  =    θ i  −  θ e     R 1  +  R 2  +  R 3  + … +  R n    =    θ i  −  θ e    ∑ R    



(2)







In Equation (2),    Q λ    is the amount of heat (J).    θ i    and    θ e    are the temperatures of the inner and outer surfaces of the flat wall (°C), respectively.    R  1 ~ n     is the thermal conductivity thermal resistance of each material layer (m2·K/W).



The convective heat transfer mechanism is very complex, but the convective heat transfer between the wall surface and the ambient air can be summarized as a positive ratio of the temperature difference between the wall surface and the main flow area, which can be expressed by the following equation.


   q c  =   θ − t   /  R c   



(3)







In the above equation, the convective heat transfer density is expressed as    q c    (W/m2), and  θ  (°C) and  t  (°C) are the wall surface temperature and the air temperature in the main flow zone, respectively.    R c    (m2·K/W) is the convective heat transfer thermal resistance, which is the resistance to heat flow through the boundary layer of the wall, i.e., the heat flow through capacity of the boundary layer.




2.2. CFD Simulation Method


CFD (Computational Fluid Dynamics) simulation methods are gradually mature and applicable in many fields. Fluent, Comsol, and AirPak are the most widely utilized CFD software. In the related study subject of energy-saving envelope structures, the CFD simulation approach is equally useful, and several findings have been obtained.



Pasut and De Carli [32] examined the ventilation impact and temperature change of a double-layered facade using CFD, and the findings demonstrated that CFD can more realistically depict the actual condition. Nasir et al. [33] calculated the insulating values of naturally ventilated facades using CFD techniques. Lotfabadi and Hançer [34] studied the influence of traditional and contemporary building envelopes on thermal comfort and energy efficiency in humid and hot climatic conditions using CFD methodologies. The BCIT Building Science Centre of Excellence [35] conducted a more comprehensive CFD simulation of temperature, airflow, and humidity in cold attic structures. Liu et al. [36] conducted CFD calculations of the energy performance of a transparent water storage envelope construction.



CFD technology provides the benefits of speed, affordability, and precision. Numerous research studies have demonstrated that CFD technology has been widely adopted and utilized in the building envelope industry. In order to explore the planned ICWC and optimize the structure based on the interior surface temperature, CFD simulation was also employed in this work. This study used COMSOL Multiphysics 6.1, the most authoritative and extensively used CFD simulation package, as its CFD software. The simulations were performed on a computer with an i9 central processing unit and 128 g of random access memory.




2.3. Theoretical Analysis of Heat Transfer in Building Wall Corners


The ICWC is a somewhat uncommon enclosure structure, consisting of the intersection of the building’s foundation, outer walls, and the earth beneath the structure. The bottom of the building floor is in direct contact with the soil, and heat transfer occurs mostly by conduction, while the soil is influenced by elements including outdoor air, seasonally frozen soil, and its own nature.



2.3.1. Ground Temperature Distribution and Heat Transfer


Since the floor and wall corners of the structure are in direct contact with the soil, the temperature and heat transfer qualities of the soil below the ground surface will have a significant impact on the heat loss from the floor and corner sections of a building. As illustrated in Figure 2a, the subsurface soil on a worldwide scale is consistently separated by latitude and climate conditions. In high-latitude or high-altitude regions, the soil beneath the surface is seasonally frozen soil or an active layer, and, as the depth increases, it becomes permafrost. Permafrost is ground (soil or rock) that has remained below 0 °C for at least two years. As the dimension lowers or the climate warms, the active layer becomes thicker and the permafrost becomes thinner. When the latitude reaches a specific point or the environment reaches a certain temperature, the permafrost will evaporate. Only seasonally frozen and unfrozen soil layers will persist under the ground’s surface. The notion of the seasonally frozen soil layer refers to the soil on the surface of the earth that freezes in the winter and entirely thaws in the summer (also called the active layer). This investigation focuses on seasonally frozen earth. Figure 2d,e depict the global and Chinese distribution of permafrost and seasonally frozen soil.



Typically, the maximum depth of seasonally frozen soil is pretty stable. This study’s experimental site is Changchun, China, where the highest seasonally frozen soil depth is 1.72 m. This stable depth is affected by the local climate, solar radiation, soil characteristics, and the earth’s internal heat. According to Singh et al. [38], the amplitude of soil temperature falls constantly with increasing soil depth. As shown in Figure 2b, after a certain depth, the annual soil temperature difference tends to approach 0 and the soil temperature becomes nearly constant. Typically, this depth is referred to as the soil layer of constant temperature [41], as shown in Figure 2c. The constant temperature in this instance is not truly constant, but it does indicate that the temperature variation is insignificant. When analyzing heat transfer in buildings, it is permissible to disregard the temperature change of the soil below the depth of constant soil temperature. Additionally, it may be understood that the soil layer of constant temperature conveys a small amount of heat to the shallow ground surface. This fraction of heat, along with the average yearly temperature, soil qualities, average annual outdoor wind speed, and the intensity of solar radiation, maintains the maximum depth of seasonally frozen soil.




2.3.2. Heat Transfer of Building Wall Corners


In seasonally frozen soil regions, indoor temperatures are higher than outdoor temperatures during the winter. In addition to the indoor heat carried to the outer air by the building’s envelope (windows, doors, roof, and exterior walls), a portion of the heat is transferred from the ground to the soil beneath the structure. Some of this heat is transported to the soil’s deeper layers. Additionally, the corners of the walls will transfer some heat to the surrounding soil and air.



The outdoor air temperature will be lower than the seasonally frozen soil temperature. Due to the fact that the corner of the wall is in contact with the external area in both directions, its interior surface temperature will be lower than the ground temperature in the building’s center. Greater heat loss and thermal bridge formation are more likely to occur at the corners. The soil beneath the structure will absorb a portion of the heat carried from the building’s interior as well as the heat transported upward from the soil layer of constant temperature. In addition, the earth beneath the structure will transfer heat to the seasonally frozen soil surrounding the structure.



From the above analysis, it can be concluded that the following factors affect the temperature of the inner surface of the wall corner.



	
The indoor temperature of the building.



	
Thermo-physical properties of ICWC.



	
Outdoor temperature and wind speed.



	
Depth of seasonally frozen soil.



	
Depth and temperature for soil layer of constant temperature.








2.4. Corner Construction Design


From the above analysis, we know that we need to do the following if we want to achieve good thermal insulation performance for wall corners to meet the requirements of ultra-low energy buildings.



	
Reduce the heat transfer from the ground to the soil below the building.



	
Raise the temperature of the soil under the building to reduce the temperature difference with the interior.



	
Increase the temperature of the inner surface and improve the insulation performance of the corners to prevent moisture and mold.






In response to the above three purposes, an ICWC is designed, and the specific structure is shown in Figure 3. The designed structure consists of three parts.



	
Vertical insulation reinforcement layer (VIRL, No. 7 in Figure 3).



	
Ground full insulation layer (GFIL, No. 8 in Figure 3).



	
Insulation horizontal extension belt (IHEB, No. 9 in Figure 3).






In contrast to standard energy-efficient structures in cold climates, where insulation is installed along 2 m of the external walls, the intended structure uses GFIL to improve the thermal performance of the ground and limit heat transmission to the soil beneath the building. The IHEB will extend the whole insulation layer to the exterior of the building in order to increase the temperature of the structure’s wall corners and the soil beneath it. VIRL is installed along the outside wall of the IHEB in order to reinforce the base of the wall, the corner of the wall at the internal surface temperature, and to lessen the differential in temperature between the interior and exterior.




2.5. Boundary Conditions


CFD simulation analysis needs to define the boundary conditions that affect heat transfer. From the above analysis, we can learn that the building ground temperature will also affects the depth and temperature of the soil layer of constant temperature, and the depth of the soil layer of constant temperature is calculated by Equations (4) and (5).


  H =   l n [ φ × (  T  m a x   −  T  am   ) / ξ ]      π  a  t 0         



(4)






  φ =   (  1 + 2    λ 1     a 2       π  a  t 0      + 2        λ 1     a 2       π  a  t 0         2   )   − 0.5    



(5)




   T  m a x     is the highest daily average temperature in a year (°C);    T  am     is the annual average temperature (°C);    t 0    is the annual cycle time (s);  a  is the soil temperature conductivity (m2/s);    λ 1    is the soil thermal conductivity, in W/(m·K); and    a 2    is the surface heat transfer coefficient between the ground and the atmosphere, in W/(m2·K).  a  is calculated by Equation (6).


  a =    λ 1     ρ s   c  ps      



(6)




The    ρ s   c  p s     in Equation (6) is the volumetric heat capacity of the soil. The unit is J/(m3·K).



   a 2    is calculated from Equation (7).


   a 2  = 11 + 7  ν   



(7)




 ν  is the annual average wind speed (m/s).



Temperature values for the soil layer of constant temperature were calculated from Equation (8) using the results of Liu et al. [41].


   t H  = t    | x  =  t  am    



(8)




   t H    is temperature for the soil layer of constant temperature (°C) and    t  am     is the mean annual temperature (°C).



The simulated experimental location was within Changchun, Jilin Province, in the harsh cold region of China. The indoor and outdoor environments were set up as follows.



	
Outdoor temperature






Changchun’s extreme lowest monthly average temperature of −22 °C [42] was chosen to test the effectiveness of the corner wall enclosure under extreme cold.



	
Temperature values for the soil layer of constant temperature






The yearly mean temperature in Changchun is 6.1 °C [43]. Substituting this into Equation (8) yields a temperature of 6.1 °C for a soil layer of constant temperature.



	
External surface heat transfer coefficient






The external surface heat transfer coefficient is governed mostly by the outdoor wind speed. The average yearly wind speed in Changchun is 3.5 m/s [43], and using Equation (7),    a 2    may be computed to be 24.10 W/(m2·K).



	
Outdoor solar radiation






Solar radiation outside is cyclically variable. Since January is the coldest month in Changchun, the outside solar radiation intensity is estimated to be 137.75 W/m2 [43], which is the average horizontal solar radiation intensity in January.



	
Depth of the soil layer of constant temperature






The depth of the soil layer of constant temperature is calculated by Equations (4) and (5). Changchun has a maximum daily average temperature of 28.9 °C, an annual average temperature of 6.1 °C, an annual average wind speed of 3.5 m/s, an annual minimum temperature day of 21 January, and an average daily temperature of −22 °C. This climate information was selected as the simulation’s climate conditions. The annual maximum temperature day is 30 June, which corresponds to 204 days of the hottest atmospheric temperature. After inserting the aforementioned parameters into Equations (4) and (5), it is determined that the soil thermoregulation layer depth in Changchun is approximately 9.62 m.



	
Indoor environment






The indoor temperature was assumed to be 20 °C [44] and the heat transfer coefficient of the internal surface was assumed to be 8.7 W/(m2·K) [43].




2.6. Model


2.6.1. Grid Division


Due to the considerable variance in size of the model, the breadth of the soil is 15 m and the thickness of the concrete bedding layer is 100 mm; therefore, an inhomogeneous meshing method was adopted. Key study areas, including wall corners and indoor floors, were encrypted with a grid pattern. The model contains a total of 80,842 grids, and the isotherms are smooth and free of jagged edges, as depicted in Figure 4.




2.6.2. Model Settings


In order to improve the simulation’s efficiency, the building model has been appropriately simplified. The building model is a 10 m long, 10 m wide, two-story residential structure. Figure 4b depicts a portion of the structure. The indoor and outdoor temperatures, the thermal properties of the floor and exterior walls, the intensity of outside solar radiation, and the depth and temperature of the soil layer of constant temperature influence the heat transmission from the ground floor. Therefore, the sections of the model that do not affect the inner surface temperature of the corners were eliminated, leaving only the ground floor of the building. As there are no other structures in the vicinity of the model, the influence of the building’s direction on the solar radiation is disregarded, and the solar radiation is simplified to the horizontal plane. Due to the symmetry of heat transfer, just a quarter of the building’s ground floor is modeled. This is seen in Figure 4c. Only the structural and insulation layers of the exterior walls and floors are modeled. The interior and external finishes of the external and internal walls are eliminated since they have little impact on heat transfer. The model keeps the exterior walls’ 1.2 m height. The building’s foundation consists of a 300 mm thick reinforced concrete mat. The exterior walls are comprised of 200 mm thick hollow block and 300 mm thick EPS insulation panels. The proportions of the model’s natural soil are 15 m long, 15 m wide, and 9.62 m deep.



In order to validate the efficacy of the intended combination construction, the combined construction was separated by component and divided into three distinct models, as indicated in Figure 5 shows the IHEB model (model group C) and the VIRL model (model groups D and E). In conjunction with the design of the integrated construction, the traditional energy-efficient building was also modeled by installing insulation within 2 m of the perimeter wall and establishing a group A model. The ICWC model was configured as a group F model. The precise construction of each model group, the working condition grouping, and naming criteria are displayed in Table 1, and Figure 5 depicts the specific construction design.





2.7. Thermophysical Properties of Materials


Table 2 displays the thermophysical parameters of the materials used in the simulation. The experimental site was created in preparation for the construction of an ultra-low energy building. A geological survey was commissioned for the construction site. The Ground Investigation Report indicates that the experimental site’s soil is a silty clay. The current Chinese national standard [42] stipulates that the thermal conductivity of silty clay is 0.58 W/(m·K), the thermal storage coefficient is 7.69 W/(m2·K), and the specific heat capacity is 1.01 kJ/(kg·K).




2.8. Validation of CFD Simulation Analysis


Numerous investigations have validated the CFD simulation of heat transfer in enclosures. However, there are fewer soil CFD modeling use cases. Further validation is required to determine whether or not it can objectively reflect soil heat transport. In this investigation, CFD simulation methodologies were validated using field experiments. A section of natural soil was selected for manual excavation at a construction site within a factory in Changchun, China. The excavated pit was 2 m wide, 2 m long, and 3 m deep. A probe thermometer was arranged at 0.5 m intervals, with a total of 6 set up. With a range of −50 °C to 199 °C, the probe-type thermometer chosen measures thermocouple contact. The accuracy is 1 °C, and the resolution is 0.1 °C. The error of the validation experiment is estimated to be 1 °C. The error of the CFD simulation experiment is estimated to be 0.1 °C. After 48 h of backfilling and stabilization, data were captured together with the prevailing environmental data. The temperature information is presented in Table 3.



According to the previous calculation, the depth of the soil layer of constant temperature in Changchun is 9.62 m. In the simulation, a 5-by-5-by-9.62 m soil model was used. The model’s surrounding boundary conditions were symmetrical. The temperature of the soil layer of constant temperature was 6.1 °C. The simulated meteorological data utilized actual data from the day of the experiment. The dry bulb temperature was 22.9 °C, the horizontal solar radiation was 138.89 W/m2, and the wind speed was 9 m/s. Figure 6 displays the partition of the model grid and simulation results. Table 3 contains the data generated via simulation.



The mean value of the simulated data was 1.1 °C higher than the mean value of the actual data, with a range between 1.2 °C and 0.2 °C. On average, the standard deviation was 4.9%. The greater the soil depth, the smaller the error. The smaller the soil depth, the larger the error. The hypothesized explanation for this inaccuracy is because water evaporation from shallow soils absorbs heat. This is not accounted for by the CFD simulation. However, the error range is within acceptable parameters, and the trend in temperature corresponds well with actual measurements. Figure 5 displays the trend of temperature. Consequently, the CFD simulation method is relevant to this investigation.





3. Results


3.1. Simulation Results with the Entire Floor Covered with Insulation (Group B)


3.1.1. The Function of Full Floor Insulation


Due to the constant room temperature in the simulation, the change in temperature of the inner surface of the ground does not visually reflect the heat transfer from the underlying structure. The soil temperature beneath the structure is a good visual representation of the heat transfer from the earth. The surrounding environment influences the temperature of the earth beneath the building, and the amount of heat emitted is rather constant. The higher the temperature, the greater the heat transmission from the earth, but the lower the temperature, the less heat transfer.



Table 4 compares the simulation results for the three different scenarios: B1 (no ground insulation), A1 (conventional energy-efficient building with insulation within 2 m of the perimeter ground), and B6 (no ground insulation) (120 mm thick GFIL). The third row in Table 4 displays the temperature as a range reduction to make it easier to compare changes in the minimum temperature of the interior surface. The simulation results for the 16 models in group B are displayed in Figure 7a–p. It is easier to see how the soil’s temperature changed beneath the structure.



As shown in Table 4 and Figure 7, the B6 working condition of the GFIL substantially reduces heat transfer from the ground to the soil below. The average soil temperature within two meters of the building is only 5.13 °C, a decrease of 6.07 °C compared to the B1 working condition and 2.68 °C compared to the A1 working condition. As depicted in Figure 4 and Figure 7, as the ground insulation was increased, the average soil temperature within 2 m of the building gradually reduced, with a maximum decline of 8.8856 °C from 11.196 °C to 2.3104 °C. The decline was almost 79.4%. This demonstrates that GFIL can significantly limit the heat transmission from the indoor floor to the soil below. The average temperature of the earth beneath the floor drops at a slower rate as the thickness of the insulation increases. The GFIL is too thick and does not provide additional energy savings benefits, but rather increases economic costs and carbon emissions.



The group B model’s simulation results are shown in Figure 8 and Table 5. The three curves depict the link between GFIL and the inner surface’s minimum temperature, average temperature, and soil temperature in the two meters below building surface. The curves’ general trend agrees with the results of the prior investigation. The curves in Figure 8 can be used to learn it. A thickness of 200–240 mm is more appropriate for GFIL in cold areas (XPS).



As illustrated in Table 4, the temperature representation of the simulation data is compressed so that distinct low-temperature zones are visible at the wall’s roots and corners. The GFIL and perimeter floor paving insulation can make the low temperature phenomenon at the wall’s roots and corners much weaker, but it cannot be eradicated entirely, especially at the corner site. For A1 and B6 working conditions, the lowest surface temperatures on the exterior of the walls were 16.25 °C and 16.24 °C, respectively.




3.1.2. Low Temperature at the Roots and Corners of Walls


Figure 7q–s show the simulation results of heat flow at the wall corners for B1, A1, and B6 operating conditions. For simulation results with the lowest temperatures, it can be seen that the GFIL increases the temperature of the inner surface face at the corner. The additional 60 mm of insulation raises the corner temperature by 2.57 °C, from 13.330 °C to 15.900 °C. Increasing the thickness of the insulation marginally raises the temperature. The simulation findings for 300 mm of insulation versus 100 mm of insulation resulted in a 0.43 °C rise in the internal surface temperature. Despite the fact that the GFIL has increased the ground temperature, the temperature at the wall’s corner is still much lower than the average indoor temperature and the ground temperature. There is currently no specific temperature restriction in China for the inside surface of the envelope, which just needs to be devoid of condensation. However, international requirements for low-energy buildings require that the difference in temperature between the inner surface of the envelope and the internal temperature not exceed 3 °C. When the temperature difference surpasses 3 °C, condensation and mold are likely to form in environments with high humidity. Looking at Figure 7, it can be determined from Figure 7q–s that the previously analyzed heat transport from the ground is broadly compatible with the simulated scenario. The heat flow is from the high-temperature region to the low-temperature region, and it is most intense at the corners of the building’s outer walls. Neither pavement insulation within two meters of the perimeter floor nor GFIL can effectively resolve this issue.





3.2. Simulation Results for the Insulated Horizontal Extension Belt Configuration (Group C)


As seen in Table 6, the IHEB can play a role in improving the average ground temperature, the lowest temperature value at the corner, and the soil temperature beneath the building, and the trend of improvement is more consistent. However, the average temperature of the inner surface and the low temperature at the wall’s corner are only marginally increased. The simulation results of the group C model are shown in Figure 9 plotted against the inner surface’s minimum temperature, average temperature, and soil temperature within two meters of the building. As depicted in Figure 9, the IHEB has a minor increase in the average temperature of the inner surface of the floor and a low temperature at the wall corner. The IHEB was laid over a distance of 3 m. However, the temperature increase at the corner of the wall was only 0.119 °C, which is not a satisfactory solution to the problem of low internal surface temperature at the corner of the wall.




3.3. Results of VIRL Simulations (Groups D and E)


As demonstrated in Table 7, the VIRL significantly improves the low temperature at the wall’s corner. The minimum temperature at the wall’s corner is increased by 1.043 °C to 17.671 °C when the height of VIRL is 800 mm. When the thickness of VIRL is 200 mm and the height is 350 mm, the requirement that the temperature of the inner surface of the envelope must not be lower than the indoor temperature by 3 °C can be met. If greater insulation is desired, a height of 500 mm is more acceptable.



By altering the thickness of the VIRL, the group E model has evolved from the D11 model. The heat flow density analysis for the B1, E4, and E7 working conditions is shown in Figure 10. The heat flow will be from indoor to outdoor through the corner in the B1 case in the figure because there is no VIRL added. The corner’s thermophysical characteristics will be significantly enhanced by the VIRL in the E4 case. E4 will significantly reduce the heat flow density at the corner compared to the B1 case and will also be the edge length of the heat flow transfer path from the interior ground. The heat flow will be transferred from the interior to the soil under the building and then to the outdoor soil. The VIRL lets the dense heat flow from the corners of the walls migrate outwards, thereby increasing the internal surface temperature at the corners and roots of the walls. At 200 mm, the VIRL is 0.38 °C higher than at 50 mm. At an indoor temperature of 20 °C, a 100 mm thick VIRL can raise the corner temperature above 17 °C. Figure 11 depicts the relationship between the inner surface’s minimum temperature and the height and thickness of the VIRL. As can be seen, there is essentially a diagonal relationship between the height of VIRL and the minimum surface temperature. An upward convex curve represents the relationship between the VIRL thickness and the inner surface’s minimum temperature. This shows that the temperature increase of the inner surface becomes smaller and smaller as the VIRL thickness increases. Figure 11 demonstrates that the VIRL at 150–200 mm provides superior insulation without increasing insulating material waste.




3.4. Optimization of ICWC


By comparing data from the simulation results, the optimal working conditions from the models of groups B, C, D, and E were combined to form the model of group F. The GFIL has a thickness of 240 mm, the IHEB has a length of 800 mm and a thickness of 240 mm, and the VIRL has a height of 500 mm and a thickness of 150 mm.



As shown in Table 8, the simulations result for all group F model indicators exceeded the optimal working conditions model for each group. The lowest temperature of the inner surface at the corner of the wall for the group F model was 17.349 °C, an increase of 0.059 °C from the E3 working condition and 0.732 °C from the B13 working condition. In addition, the average soil temperature rose by 0.117 °C in comparison to the C5 condition. With the call to reduce carbon emissions and save materials, the ICWC of the group F model can more effectively solve the problem of low internal surface temperatures at the corners of the walls, as well as raise the soil temperature beneath the building, resulting in a substantial reduction in heat transfer from the interior to the exterior.





4. Discussion


This study aims to meet the criteria of ultra-low energy buildings by optimizing energy-saving approaches for corner enclosures in order to eliminate excessively low temperatures on their internal surfaces and enhance indoor comfort. This study’s findings and techniques can therefore be used as references and guidelines for the design and retrofitting of ultra-low energy buildings in extreme cold climates.



4.1. Regression Analysis


It is vital to investigate the process by which ICWC increases the interior surface temperature, so we conducted the required regression analysis on the findings of the experiment. This can help to clarify how ICWC operates. Additionally, it makes it possible to understand IHEB, VIRL, and GFIL’s roles and functions more intuitively.



The correlation between the variables in each group of models and the outcomes of the three simulations was the first analysis carried out (inner surface temperature minimum, ground temperature mean, and bottom soil temperature mean). Table 9 displays the analysis’ findings.



The Pearson correlation coefficient in statistics calculates the linear correlation.



It is determined using Equation (9).


  γ =  1  n − 1     ∑   i = 0  n       x i  −  x ¯     σ x             y i  −  y ¯     σ y           



(9)




 γ  in the formula is the sample correlation coefficient.    x i    and    y i    are the coordinate values of the sample points.  n  is the number of samples.      x i  −  x ¯     σ x      and      y i  −  y ¯     σ y      are the standard scores of    x i    and    y i   , respectively.   x ¯   and   y ¯   are the sample means.    σ x    and    σ y    are the sample standard deviations.



The correlation is stronger when the correlation coefficient is greater in absolute value, closer to 1 or −1, stronger when the correlation coefficient is smaller, and weaker when the correlation coefficient is smaller.



Table 9 shows that for the temperature minimum on the inner surface, the correlations of the variables for all four groups of models are positive. This means that as the variables rise, the minimum surface temperature also rises. It can also be inferred that as the four groups of models perform better, the minimum value of the inner scale temperature will also rise in line with that.    H E    is the one with the biggest impact, followed by    L C    and    L D   . The effect of    H B    is the smallest. This shows that the thickness of GFIL (   H B   ) has the least impact on the inner surface temperature, whereas the height of VIRL (   L D   ) has the greatest impact. The average temperature of the inner surface showed a positive correlation with all four variables.    L D    and    L C    have the best correlations. In comparison to    L D    and    L C   , the correlation between    H B    and    H E    is not significantly different and is even lower. Consequently, it is understood that the most significant factor is still the thickness of the VIRL (   L D   ). Therefore, it can be concluded that VIRL has a significant impact on the rise in the internal surface temperature. IHEB and GFIL did play a supporting role, though, and that cannot be disregarded. It is also known that when compared to the correlation of the temperature minimum on the inner surface, the correlation of the average temperature on the inner surface of    H B    increases by 0.12 units. Although GFIL does not have a significant impact on the inner surface temperature’s minimum value, it does have a significant impact on its mean value, which is essentially the same as IBEB’s impact.



Positive correlations existed between    L C   ,    L D   ,    H E   , and average soil temperature within 2 m beneath the building. The correlation between    L C    and    H E    was 0.91 for    L C    and 0.65 for    H E   , respectively. For    H B   , the correlation was −0.92. This shows that    H B    causes a significant decrease in the average soil temperature within 2 m below the building, while other factors raise this temperature. This is due to the fact that GFIL reduces heat transfer from the interior to the soil beneath the building, resulting in a drop in soil temperature.



Multiple Regression Analysis


Multiple regression analysis is a statistical analysis method that considers one variable as the dependent variable and one or more other variables as the independent variables in the variables of interest, and establishes a linear or nonlinear mathematical model quantitative relationship between multiple variables and analyses them using sample data. Multiple regression analysis of the results of this experiment can simplify the more complex working mechanism of ICWC into an intuitive empirical formula. In environments with more comparable climatic conditions, the empirical equation can be used directly to estimate corner insulation performance. The architectural design could benefit greatly from this work.



   H B   ,    L C   ,    L D   , and    H E    are the independent variables in the multiple regression experiment. Temperature minimum on inner surface, the average temperature of the inner surface, and the average temperature of the soil within 2 m below the building are the dependent variables. Equations (10)–(12) provide the empirical formulas for each dependent variable and each independent variable.


   t M  = 15.082 +   7  H B  +  L D    / 1000  



(10)






   t A  = 19.227 +   2  H B  + 0.024  L C  + 0.068  L D  + 0.041  H E    / 1000  



(11)






   t S  = 8.644 +   − 25  H B  +  L C    / 1000  



(12)







In the equation,    t M    is the temperature minimum on the inner surface.    t A    is the average temperature of the inner surface.    t S    is the average temperature of the soil within 2 m below the building.    H B    is the thickness of GFIL (mm).    L C    is the length of IHEB (mm).    L D    is the height of VIRL (mm).    H E    is the thickness of VIRL (mm).





4.2. IHEB’s Function


IHEB’s function is a major crucial aspect. The simulation results reported in Section 3 demonstrate that the IHEB results in a more significant increase in the soil temperature beneath the structure, without increasing the heat transfer from the interior to the soil below the building. With a 1.2 m long IHEB, the average soil temperature within two meters of the building is 1.4017 °C higher than without the extension strip. Simultaneously, the IHEB relocates the 0 °C isotherm of the soil beneath the building.



Figure 12 shows the simulation results of the 0 °C isotherm positions for the C1, C4, C7, and C9 operating conditions. The figure shows that the 0 °C isotherm for C1 and C4 conditions is still partially below the building. The 0 °C isotherms for the C7 and C9 conditions are completely out of the building. This indicates that the 0 °C isotherm will gradually move away from the building as the length of IHEB increases. At IHEB lengths longer than 800 mm, the soil temperature beneath the building’s main body is over the 0 °C isotherm, indicating that the soil is not frozen. The effect of the IHEB on the soil beneath the building’s main body will not only reduce the building’s energy consumption but will also alter the building’s foundation depth. In colder climates, structures are typically buried deeper than the depth of the local permafrost. A properly installed IHEB allows the impact of permafrost on the building foundation to be ignored and just the bearing capacity of the soil on the foundation to be evaluated, which can greatly reduce the amount of excavation necessitated by the permafrost issue. IHEB construction is also ideally suited for temporary buildings, such as dormitories for construction workers and houses for disaster assistance, which may be constructed with remarkable rapidity.



The envisaged ICWC is derived from the common ground insulation extension construction of ultra-low energy buildings and combines it with the practice of cold gutter insulation construction. It has been demonstrated that the ICWC raises the internal surface temperature; however, some issues remain unresolved. First, the ICWC is overly thick in some places. This causes the material to easily distort following freeze–thaw cycles, and its durability is compromised. Second, the IHEB will prevent the soil beneath the building from freezing, but the soil in front of the IHEB will attain temperatures below 0 °C. This implies that the IHEB requires additional frost-resistant construction to prevent distortion and damage caused by freezing and expansion. Thirdly, the simulation studies conducted to date are still relatively limited to seasonally frozen soil areas, and it is necessary to conduct additional testing to see whether the developed structure is appropriate in other cold places. These are also the most important concerns that must be investigated in the future.





5. Conclusions


As a major energy user, it is vital to minimize energy consumption in buildings, and promoting ultra-low energy buildings aggressively is unquestionably a potent strategy for doing so. The extremely low energy consumption levels and severe construction criteria of ultra-low energy buildings exert more demands on the envelope system. In this study, CFD modeling was employed to simulate the corner wall envelope of an ultra-low energy structure, and a comparative method was employed to validate the performance of the constructed ICWC. In addition, the applicability of the CFD simulation method to this study was confirmed, and it was proved that the experimental results were not affected by the margin of error. By dividing the planned ICWC model into five groups and comparing them to conventional energy-efficient building floor insulation structures, a total of 58 models were analyzed. The following are the study’s findings:




	
GFIL can significantly reduce heat transfer from a building’s interior to the soil below. When GFIL’s XPS panels are 240 mm thick, the soil temperature within 2 m of the building is 2.75 °C, a drop of 5.06 °C compared to typical perimeter floor layer insulation. Compared to an uninsulated structure, a reduction of 8.44 °C is observed.



	
Incorporate IHEB in GFIL. The longer the IHEB, the less heat is transported from the soil beneath the building to the surrounding soil, resulting in an increase in temperature. When the IHEB is 800 mm long, the average soil temperature beneath the building is 1.13 °C higher than when there is no IHEB. When the IHEB is 3000 mm long, the average soil temperature within two meters of the building rises by 1.78 °C. Following analysis, an IHEB length of 800 mm is deemed suitable.



	
In seasonally frozen areas, a reasonable arrangement of the insulation IHEB allows the soil temperature underneath the building to be above 0 °C and not freeze. Under the boundary conditions chosen in the simulations, the soil temperature below the building was above 0 °C when the IHEB length was 800 mm.



	
Traditional perimeter ground insulation, the GFIL, and the IHEB do not resolve the problem of low internal surface temperatures at the roots and corners of walls.



	
The VIRS was successful at increasing the internal surface temperature of the wall’s base and corners. In the test scenario, the 500 mm tall and 150 mm thick VIRS was the most cost-effective and appropriate solution. It increased the surface temperature to 17.29 °C.



	
The designed ICWC improves the interior surface temperature of the corner and also possesses the benefits of models in groups C and D. The optimal performance of the ICWC is achieved with a 240 mm thick GFIL, an 800 mm long IHEB, and a 500 mm tall and 150 mm thick VIRL. It can reach an internal surface temperature of 17.35 °C at the corner, a ground temperature of 19.69 °C on average, and a soil temperature of 4.42 °C on average within −2 m below the building, which is superior to the performance of the other three sets of models operating independently.








Through CFD simulation analysis, the designed ICWC improves the overall thermophysical properties of the ground, reduces the heat transferred out, and further reduces the energy consumption of the building. It also solves the problem of low internal surface temperature at the corners and roots of walls in seasonally frozen soil regions, which makes them prone to condensation and mold. IHEB raises the temperature of the soil beneath and around the building floor. This allows the building to be constructed without regard to the effects of seasonal frost and can reduce the depth of burial of the building. It also provides a new vision for decreasing the amount of foundation trench earthwork necessary in seasonally frozen soil regions and for the speedy construction of emergency homes.
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	CFD
	Computational Fluid Dynamics



	ICWC
	Insulation construction of wall corners



	IHEB
	Insulation horizontal extension belt



	EPS
	Expanded polystyrene



	VIRL
	Vertical insulation reinforcement layer



	XPS
	Extruded polystyrene



	GFIL
	Ground full insulation layer



	COMSOL
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Figure 1. Research methodology flow chart. 






Figure 1. Research methodology flow chart.



[image: Energies 16 01325 g001]







[image: Energies 16 01325 g002a 550][image: Energies 16 01325 g002b 550] 





Figure 2. (a) Sketch of permafrost variation [37]. (b) Annual Amplitude of Soil Temperature [38]. (c) Soil layer of constant temperature. (d) Northern Hemisphere Permafrost Distribution [39]. (e) Distribution of permafrost types in China [40]. 
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Figure 3. Insulation construction of wall corners. (1) Hollow brick walls. (2) Reinforced concrete raft slab foundations. (3) The 200 mm thick EPS board wall external insulation. (4) Concrete bedding. (5) Soil. (7) EPS VIRL. (8) XPS GFIL. (9) XPS IHEB. 
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Figure 4. (a) Model gridding. (b) Building section diagram. (c) Simulation models. 
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Figure 5. Model construction for each working condition. (a) Group A model construction. (b) Group B model construction. (c) Group C model construction. (d) Groups D and E models. (e) Group F model construction. (1) Hollow brick walls. (2) Reinforced concrete raft slab foundations. (3) The 200 mm thick EPS board wall external insulation. (4) Concrete bedding. (5) Soil. (6) Ground insulation within 2m of the perimeter of the external wall. (7) EPS VIRL. (8) XPS GFIL. (9) XPS IHEB. 
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Figure 6. (a) Validation of model meshing. (b) Temperature simulation results. (c) Line graph of measured and simulated data. 
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Figure 7. Group B model temperature distribution map. (a) Model B1 temperature distribution, (b) Model B2 temperature distribution, (c) Model B3 temperature distribution, (d) Model B4 temperature distribution, (e) Model B5 temperature distribution, (f) Model B6 temperature distribution, (g) Model B7 temperature distribution, (h) Model B8 temperature distribution, (i) Model B9 temperature distribution, (j) Model B10 temperature distribution (k) B11 model temperature profile, (l) B12 model temperature profile, (m) B13 model temperature profile, (n) B14 model temperature profile, (o) B15 model temperature profile, (p) B16 model temperature profile, (q) B1 heat flow direction profile, (r) A1 heat flow direction profile, (s) B6 heat flow direction profile. 
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Figure 8. Thickness of GFIL versus each temperature. 
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Figure 9. Length of IHEB versus each temperature. 
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Figure 10. Heat flow density division diagram. (a) B1 heat flow direction diagram, (b) E4 heat flow direction diagram, (c) E7 heat flow direction diagram. 
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Figure 11. Height and thickness of the VIRL in relation to the minimum ground temperature. 
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Figure 12. Map of the location of the 0 °C isotherm. (a) Model C1 temperature cloud. (b) Model C4 temperature cloud. (c) Model C7 temperature cloud. (d) Model C9 temperature cloud. 
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Table 1. Working conditions’ settings and simulation parameters.
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	Condition No.
	Model Grouping
	Model Parameters
	Variable Values





	A1
	Group A
	  Insulation   layer   laid   within   2   m   of   the   perimeter   ground   with   a   thickness   of    H A   .
	    H A  = 100   m m   



	B1~B16
	Group B
	  The   entire   floor   is   covered   with   insulation .   The   thickness   of   the   insulation   is   indicated   by    H B   .
	    H B  = n 20   n = 0 , 1 , 2 · · · 15     



	C1~C16
	Group C
	  Add   IHEB   to   the   optimal   working   conditions   of   the   group   B   model .   The   length   of   the   extension   band   is    L C   .
	    L C  = n 200   n = 0 , 1 , 2 · · · 15     



	D1~D17
	Group D
	   VIRL   is   added   to   the   optimal   working   conditions   of   the   group   B   model .   The   height   of   the   reinforcement   layer   is    L D  .   
	    L D  = n 50   n = 0 , 1 , 2 · · · · 16     



	E1~E7
	Group E
	  Combining   the   best   working   conditions   for   the   group   B   and   E   models ,   varying   the   thickness   of   the   VIRL .   The   thickness   is   denoted   by    H E   .
	    H E  = n 50   n = 0 , 1 , 2 · · · · 6     



	F1
	Group F
	The optimal conditions of the models in groups B, C, D, E are combined to form the group F model.
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Table 2. Thermophysical properties of materials.
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	Name of Material
	Application Area
	Thermal Conductivity W/(m·K)
	Specific Heat Capacity kJ/(kg K)
	Density

kg/m3





	Reinforced concrete
	Mat foundation
	1.74
	0.92
	2500



	Extruded polystyrene board
	Floor insulation
	0.032
	1.38
	35



	Expanded polystyrene board
	External wall

insulation
	0.039
	1.38
	20



	Hollow block
	Facade walls
	0.74
	-
	1520



	Silty clay
	Soil
	0.58
	1.01
	13.44
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Table 3. Comparison table of measured and simulated data.
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	Name of Material
	Depth

(m)
	Equipment Readings (°C)
	Simulation Data

(°C)
	Error

(°C)





	Thermometer 1
	−0.5
	25.1
	26.3
	1.2



	Thermometer 2
	−1.0
	24.3
	25.2
	−0.9



	Thermometer 3
	−1.5
	23.2
	24.3
	−1.1



	Thermometer 4
	−2.0
	21.6
	22.9
	−1.3



	Thermometer 5
	−2.5
	20.5
	21.3
	−0.8



	Thermometer 6
	−3.0
	21.0
	20.7
	0.3










[image: Table] 





Table 4. Temperature distribution of B1, A1, and B6 working conditions.
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	B1 Working Conditions
	A1 Working Conditions
	B6 Working Conditions





	Temperature

simulation results
	 [image: Energies 16 01325 i001]
	 [image: Energies 16 01325 i002]
	 [image: Energies 16 01325 i003]



	Simulation results for reduced temperature range
	 [image: Energies 16 01325 i004]
	 [image: Energies 16 01325 i005]
	 [image: Energies 16 01325 i006]
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Table 5. Simulation results for Group A and B working conditions.
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	Condition No.
	Temperature Minimum on Inner Surface (°C)
	Average Temperature of the

Inner Surface (°C)
	Average Temperature of the Soil Within 2 m Below the Building (°C)





	A1
	16.25
	19.39
	7.81



	B1
	13.33
	18.96
	11.20



	B2
	15.01
	19.22
	9.14



	B3
	15.58
	19.32
	7.70



	B4
	15.90
	19.39
	6.63



	B5
	16.10
	19.44
	5.80



	B6
	16.24
	19.48
	5.13



	B7
	16.34
	19.52
	4.59



	B8
	16.42
	19.54
	4.14



	B9
	16.48
	19.57
	3.77



	B10
	16.52
	19.59
	3.45



	B11
	16.56
	19.61
	3.18



	B12
	16.59
	19.62
	2.95



	B13
	16.62
	19.63
	2.75



	B14
	16.64
	19.64
	2.58



	B15
	16.66
	19.66
	2.44



	B16
	16.67
	19.67
	2.31
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Table 6. Simulation results for Group C working conditions.






Table 6. Simulation results for Group C working conditions.





	Condition No.
	Temperature Minimum on Inner Surface (°C)
	Average Temperature of the

Inner Surface (°C)
	Average Temperature of the Soil Within 2 m Below the Building (°C)





	C1
	16.56
	19.61
	3.18



	C2
	16.58
	19.61
	3.53



	C3
	16.60
	19.62
	3.85



	C4
	16.61
	19.62
	4.11



	C5
	16.63
	19.63
	4.31



	C6
	16.64
	19.63
	4.46



	C7
	16.65
	19.63
	4.58



	C8
	16.66
	19.63
	4.68



	C9
	16.66
	19.63
	4.75



	C10
	16.67
	19.63
	4.81



	C11
	16.67
	19.64
	4.85



	C12
	16.67
	19.64
	4.89



	C13
	16.68
	19.64
	4.91



	C14
	16.68
	19.64
	4.93



	C15
	16.68
	19.64
	4.95



	C16
	16.68
	19.64
	4.96
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Table 7. Simulation results for Group D and E working conditions.
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	Condition No.
	Temperature Minimum on Inner Surface (°C)
	Average Temperature of the

Inner Surface (°C)
	Average Temperature of the Soil Within 2 m Below the Building (°C)





	D1
	16.62
	19.64
	3.12



	D2
	16.65
	19.64
	3.15



	D3
	16.69
	19.64
	3.17



	D4
	16.74
	19.65
	3.20



	D5
	16.80
	19.65
	3.22



	D6
	16.84
	19.66
	3.22



	D7
	16.94
	19.66
	3.23



	D8
	17.05
	19.67
	3.28



	D9
	17.12
	19.67
	3.25



	D10
	17.24
	19.68
	3.25



	D11
	17.37
	19.68
	3.25



	D12
	17.41
	19.69
	3.25



	D13
	17.47
	19.69
	3.26



	D14
	17.54
	19.69
	3.26



	D15
	17.58
	19.70
	3.26



	D16
	17.63
	19.70
	3.26



	D17
	17.67
	19.70
	3.26



	E1
	16.62
	19.63
	2.75



	E2
	16.99
	19.66
	2.81



	E3
	17.17
	19.68
	3.68



	E4
	17.29
	19.68
	3.11



	E5
	17.37
	19.68
	3.25



	E6
	17.41
	19.69
	3.40



	E7
	17.45
	19.69
	3.46
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Table 8. Comparison of Group F models with other optimal models.
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	Condition No.
	Temperature Minimum on Inner Surface °C
	Average Temperature of the

Inner Surface °C
	Average Temperature of the Soil Within 2 m Below the Building °C





	A1
	16.25
	19.39
	7.81



	F1
	17.35
	19.69
	4.42



	B13
	16.62
	19.63
	2.75



	C5
	16.63
	19.63
	4.31



	E4
	17.29
	19.68
	3.11
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Table 9. Pearson correlation coefficient.






Table 9. Pearson correlation coefficient.





	Variables of Models (mm)
	Temperature Minimum on Inner Surface
	Average Temperature of the

Inner Surface
	Average Temperature of the Soil Within 2 m Below the Building





	    H B    
	   γ    =   0.768
	   γ    =   0.887
	   γ    =   −0.923



	    L C    
	   γ    =   0.927
	  γ =   0.908
	   γ    =   0.906



	    L D    
	   γ    =   0.992
	   γ    =   0.993
	   γ    =   0.886



	    H E    
	   γ    =   0.922
	   γ    =   0.870
	   γ    =   0.650
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