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Abstract

:

The article presents the results of research on the range of the impact of a cooling facility on the surrounding ground. An analysis of the heat exchange with the ground and through the building partitions was carried out. The analysis was carried out on the basis of the results of actual field tests carried out throughout the measurement year. The object of the research was an agricultural cold store located in southern Poland. The computational analysis of the interaction between the cooling facility and the ground was based on the numerical elementary balances method. The validation of the calculation model was performed based on the adopted boundary conditions. Calculations for the analyzed variants were carried out on the basis of a geometric model of the cooling facility built in the WUFI®plus program, corresponding to the actual dimensions. The analysis of the energy balance of the studied facility showed that the share of energy flow through the floor to the ground constitutes 8.2% of all energy flows through other partitions and the ventilation system. In order to maintain the set air temperature inside the studied building, intensive cooling was required with an energy demand of 5184.5 kWh/year. The results of the research showed that the range of the thermal impact of the building changes depending on the location of the studied ground area in terms of cardinal direction. The external and internal microclimate characteristics also affect the extent of the impact of the cooling facility on the surrounding ground. Under the assumption of stable values of Θi within a range of 0.0–4.0 °C, the largest range of influence (4.0 m) occurs in the summer.
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1. Introduction


One of the most important criteria for the distribution of fruit and vegetables is their quality. This mainly depends on the conditions and method of storing harvests [1,2]. Depending on shelf life and type, produce can be stored in traditional warehouses or cold stores [3,4]. Cold stores of vegetables and fruits are buildings in which it is possible to precisely define selected parameters of the internal microclimate, the characteristics of which directly affect the quantitative and qualitative features of the stored produce [5,6]. In order to reduce costs, producers increasingly associate in producer groups and cooperatives, which have much greater production potential than individual farms [7]. However, there are many farms that still store harvests in small cold stores and agricultural warehouses. In the case of agricultural cold stores without a controlled atmosphere, ensuring appropriate microclimate conditions in cooling chambers is difficult [8,9]. This is mainly due to the inability to adjust selected parameters, such as the temperature and humidity of the indoor air. In addition, cooling facilities operating on farms will very often not have sufficient thermal insulation of partitions, which translates into increased energy consumption of buildings of this type [10].



Due to the specificity of the internal microclimate in agricultural facilities, an intensive process of heat exchange through partitions and the floor on the ground can be observed [11,12]. In order to protect the facility against the occurrence of an unfavorable and excessive amplitude of internal air temperature fluctuation, it is necessary to provide adequate thermal insulation of external partitions [13,14]. The construction type of the building and the method used in the construction of its foundation, as well as the height and insulation of the floor level, are also important [15]. These factors are essential for their use value. In the case of newly created buildings, attention should be paid to the possibility of using the soil as a medium for dampening the impact of the amplitude of external temperature change on the temperature of the internal air [16,17]. The amplitude of the ground temperature at a depth of as little as 0.50 m below the ground surface shows a value of less than half that of the amplitude of the change in external air temperature [18,19].



The analysis of the energy performance of buildings, especially agricultural buildings, requires continuous research of the internal and external microclimate [20]. In order to obtain a full picture of the phenomena occurring in a given facility, the tests should be carried out in specific periods, such as production cycles and technological breaks. The optimal solution will be to plan the research for at least a 12-month research period, covering the variability of the external microclimate throughout the year [21,22]. Measurement data obtained in this way, subjected to appropriate processing, can be extremely valuable from the point of view of conducting computational analyses aimed at optimizing the operation of a given building in terms of energy. In analyses of this type, numerical methods are very useful, allowing non-stationary conditions to determine the energy characteristics of the tested object and the directions of heat flow [23]. Computer simulations can be carried out using specialized software. However, the choice of a calculation tool should always be supported by the characteristics of the available data and taking into account certain limitations of various tools that require certain simplifications when performing calculations. The most important task during the simulation, however, is the appropriate validation and calibration of the computational model, which, if done correctly, allows for conducting modified variant analyses [24].



With respect to the aforementioned specificity of cooling buildings and the manner of their operation, this paper analyzes the interaction between the ground surroundings and the cooling facility. The aim of the study was to determine the range of the impact of the cooling facility on the surrounding soil. As part of the study, a quantitative analysis of the energy flow through the building partitions and the soil in its surroundings was also carried out.




2. Materials and Methods


2.1. Description of the Facility and the Measuring Apparatus


In order to analyze the interaction between the surrounding ground and the cold store and to verify the extent of its impact on the surrounding ground, the results of field tests carried out at a vegetable cold store located in southern Poland were used. The usable area of the studied facility is 143.93 m2. The building has a steel frame structure, embedded on a 30 cm thick concrete foundation, set at a depth of 1.0 m below the ground level. The foundations are thermally insulated with 15 cm EPS (extruded polystyrene). The floors of the cooling chamber are made of cement screed with a thickness of 10 cm and have 15 cm EPS thermal insulation. Organoleptic soil analysis showed that there is a 15 cm layer of humus in the vicinity of the cooling facility, under which sandy clay with a thickness of 1.90 m is deposited. The groundwater table is located at 3.50 m below ground level. The outer walls and ceiling of the chambers are finished with sandwich panels made of steel sheet, which was galvanized and painted on both sides, with a 15 cm thick polystyrene core.



The measurements of the floor and ground temperature were made in 5 measurement columns (A–E). In each of the columns, 4 PT-100 sensors were installed (measurement resolution 0.1 °C, measurement error 0.1 °C). Indoor air temperature measurements were carried out at 4 points at a height of 2.00 m, relative to the floor level. The outdoor air temperature measurements were carried out at a distance of 5.00 m from the building in a meteorological cage. The height of the measurement was 2.00 m, relative to the ground level. The temperature of the indoor and outdoor air was measured using PT100 recorders (measurement resolution 0.1 °C, measurement error 0.1 °C). Measurements were carried out every 60 min (Figure 1). The results of the field studies were used to validate the numerical model.




2.2. Numerical Analysis—Assumptions for Calculations


The computational analysis of the interaction between the cooling facility and the ground was based on the numerical elementary balance’s method. This is currently one of a group of very efficient and accurate calculation methods and is particularly recommended for calculations, taking into account three-dimensional and non-stationary heat flow in the ground and in adjacent structural elements of a building. The idea of the elementary balance method is to divide a complex area into rectangular balance-differential elements. This process is called model discretization. For each differential balance element, energy and temperature balance calculations were carried out assuming a time interval of 60 min. The heat flux flowing through the analyzed area was calculated in a non-stationary manner (1), assuming the time step Δτ, where i—the number of elements, Φixiyiz,…—the energy flux flowing between the balance-differential elements (W).


  Δ Q = Δ τ (  Φ   i x   i y   i z  ,  i  x + 1    i y   i z    +  Φ   i x   i y   i z  ,  i  x − 1    i y   i z    +  Φ   i x   i y   i z  ,  i x   i y   i  z + 1     +  Φ   i x   i y   i z  ,  i x   i y   i  z − 1     +  Φ   i x   i y   i z  ,  i x   i  y + 1    i z    +  Φ   i x   i y   i z  ,  i x   i  y − 1    i z     



(1)







In the analysis, calculations of the energy flow through the floor to the ground were made based on the relationship (2), where: Θi—the temperature of the internal air [°C], Θg—the floor temperature interpolated in a linear fashion, [°C], λs—the heat exchange co-efficient of the ground, where a value of 1.9 W/mK, [EN ISO 6946] was assumed; Rsi—penetration resistance, where a value of 0.14 m2K/W was assumed. Calculations were performed based on the floor temperature measured at a depth of 0.05 m below the surface and the actual course of internal air temperature measured at 4 installed sensors. For the calculations, the internal air temperature was averaged from all measurement points. Subsequently, the unit results (W/m2) were summed up and presented in kWh.


  q =    Θ i  −  Θ g     (    0.05    λ s     )  +  R  s i        [  W ·  m  − 2    ]   



(2)







In order to carry out the calculation analysis, appropriate physical parameters of the ground and cooling facility partitions were adopted based on a technical inventory of the facility and the standard values of the materials (Table 1).



In the first stage of the analysis, the calculation model was validated, including:




	
Selection of the values of technical parameters for the ground and external partitions of the cooling facility;



	
Adoption of a six-month period preceding the relevant calculation period, which eliminated the initial error;



	
Determination of the values of the ventilation and air infiltration streams;



	
Conduct of a simulation of cases where a constant ground temperature was assumed at a depth of 10 m below the cooling facility;



	
Determination of the initial temperature of the ground;



	
Verification of the conformity of the theoretical data obtained with the actual data.








The validation of the calculation model was based on the measured temperature inside and outside the cooling facility. In relation to the temperature of the ground, this was a boundary condition of the third kind. An initial ground temperature of 8.8 °C was also assumed, which corresponds to the average annual outdoor air temperature for Kraków (Poland) (TRY). The statistical significance of differences between theoretical and actual data were checked using the non-parametric Kruskal–Wallis test (p < 0.05). The obtained model calibration results were also subjected to analysis of the mean arithmetic difference, compared to the measurement data. The mean value of this error was determined based on Relationship (3), where: Δθ—mean error, θp—measured temperature, θo—calculated temperature, N—number of measurements.


  Δ θ =     ∑      |   θ p  −  θ o   |   N   



(3)







After completing the validation process, a significant extension of the measuring range in the facility and in its surroundings was made (Figure 2). A total of 33 measurement columns and 4 measurement levels were adopted for the depths 0.05 m, 0.50 m, 1.00 m, and 1.50 m below the floor and ground level. The measuring range covered up to 5.00 m for each building facade. Due to the much more stable conditions of the internal microclimate of the cooling facility, compared to the external microclimate, a lower density of measurement points in the floor layer and the underlying ground was assumed. In this case, the measurement monitors were arranged in 3 measurement columns for each of the analyzed depths. The adopted assumptions were intended to determine the temperature distribution of the cooling facility floor, the underlying ground, and the ground in the vicinity of the building as accurately as possible. The obtained results were used to determine the range of thermal impact of this type of building on the surrounding environment.



The calculation procedure performed in this work is shown in Figure 3.



Calculations for the analyzed variants were carried out on the basis of a geometric model of the cold store built in the WUFI®®plus program (ver. 3.2.0) software (Fraunhofer Institut fur Bauphysik, Holzkirchen Branch, Germany), corresponding to the actual dimensions.





3. Results


3.1. Validation of the Calculation Model


The results of the actual studies of the internal and external air temperature, as well as the temperature of the floor and the ground, which were used to validate the model, were collected throughout the year (May 2020–April 2021). During the analyzed period, the cooling cycle lasted from 1 May 2020 to 30 June 2020 and from 18 October 2020 to 30 April 2021. In the period from 1 July to 17 October 2020, there was a technological break in the cold store, during which no harvests were stored. The analysis of the results of the calculations at various levels showed clear differences in the formation of the ground temperature between the points inside the cooling facility and in its surroundings. The annual amplitude of soil temperature at point E1 was 29.4 °C, while at point D1 it was very similar and amounted to 29.2 °C. At the points located in the ground under the cooling facility, the values of the annual amplitude of the ground temperature ranged from 13.9 °C to 14.3 °C. At a depth of 1.5 m, a greater impact of the soil on the stabilization of thermal conditions could already be seen. At a depth of 0.50 m, the annual fluctuations in soil temperature decreased almost double that of a depth of 0.05 m. The influence of the cooling facility on the temperature distribution in the ground decreased with depth. At the points located in the vicinity of the studied facility, the annual amplitude of the soil temperature ranged from 14.5 °C (point D2) to 15.1 °C (point E2) (Figure 4). Throughout the cooling cycle, the internal temperature was maintained in the range of 0–4 °C.



The analysis of the validation results showed a very strong correlation of measurement and theoretical data (0.88–0.95). There were no statistically significant differences (p < 0.05) between the measurement data and those obtained as a result of calculations (Figure 5).




3.2. Heat Exchange with the Ground and Energy Management of the Cooling Facility


The analysis of the heat exchange with the ground showed that the total demand for cooling energy in the period considered amounted to 5150 kWh. Due to the fact that the cooling cycle also took place in winter, it was necessary to supply energy for heating purposes (530 kWh) in order to ensure a minimum temperature of 0 °C. In the summer, when the cooling units were shut down, the heat flow to the ground was 590 kWh. Total energy gains from the ground amounted to 2260 kWh, while losses amounted to 1320 kWh per year (Figure 6). Taking into account the energy demand for cooling and heating purposes and the energy balance through other partitions, it was determined that the percentage of land in the energy management of this type of facility is 8.2%.



Aside from the ground, the energy flow in the studied building was analyzed for external partitions, air infiltration, and the cooling system. The analysis of energy flow as a result of ventilation (0.3/h) and infiltration (0.2/h) showed total energy gains of 2394.3 kWh/year. Through the external walls to the interior of the cooling facility, a flow of energy was found amounting to 1434 kWh/year, while heat losses amounted to 421 kWh/year. The ceiling above the cooling chambers had a smaller share in the energy flow in relation to the outer walls. The total heat loss through this partition was 325 kWh/year, while the gains were 1327 kWh/year (Figure 7). A detailed analysis of the functioning of active systems (cooling and heating) showed that the total cooling period lasted 155 days, while additional heating of the chambers was necessary for 27 days during the entire cooling cycle.




3.3. Thermal Interaction with Ground


The range of the impact of the building on the surrounding ground was analyzed taking into account the orientation of the cooling tower, in relation to cardinal direction. A total of 148 measuring monitors were adopted at depths of 0.05 m, 0.50 m, 1.00 m, and 1.50 m. The monitors were located in 10 measurement columns for each cardinal direction. The results of the numerical analysis allowed the extent of the impact of the studied building on the environment to be determined. The thermal interaction between the building and the ground in the summer and winter for selected days was also analyzed.



For the summer period, the analysis of the simulation results from the eastern side of the cold store showed that the range of impact on the surrounding soil did not exceed 4.00 m (Figure 8a). The internal temperature during this period was maintained at 4.0 °C. On the south side, the range of impact of the studied cooling facility did not exceed 3.00 m. In the 6S column, 3.00 m from the external wall of the building, a ground temperature stabilization was found in the range of 14.4–20.9 °C, depending on the depth (Figure 8b). The analysis of the thermal conditions prevailing in the ground to the western side of the building showed similar values as for the area located to the eastern side (Figure 8c). To the north side (Figure 8d), the range of impact of the studied building on the ground was 4.00 m. Beyond 4.00 m from the building, the ground temperature at a depth of 0.50 m to 1.50 m was stabilized in the range of 14.0–20.5 °C. To the north, to a depth of 0.50 m, lower values of ground temperature by 0.4–0.7 °C were found, relative to the southern orientation of the building.



In winter, the average temperature inside the cooling facility ranged from 1.0 °C to 1.6 °C. Due to the high value of the daily amplitude in this period (20.3 °C) and the periodic retention of the snow cover, the measurement level located at a depth of 0.05 m was not taken into account to assess the range of impact on the surrounding soil. The analysis of measurement data from points located at depths of 0.50 m, 1.00 m, and 1.50 m showed a reduced range of the building’s impact in the winter, compared to the summer period. On the eastern side (Figure 9a) and the southern side (Figure 9b), the observable thermal impact of the building on the surrounding ground did not exceed 2.00 m. In the case of the areas located to the north (Figure 9c) and west (Figure 9d), the range of impact of the studied building was up to 3.00 m. The ground located on the north side, at depths of 1.00 m and 1.50 m, also showed very similar temperature values in all studied measurement columns. The differences between the measurements for the mentioned depths did not exceed 0.6 °C.





4. Discussion


The current state of knowledge shows that the share of the ground in the total energy balance of residential and industrial buildings is about 5–10% [25,26] in relation to the flow of heat through external partitions and ventilation losses. However, buildings intended for an agricultural purpose are characterized by a different specificity of their internal conditions, particularly the temperature and relative humidity of the air [27,28]. Depending on the structure of the building, the surface of its external partitions and, above all, its purpose, the percentage share of partitions in contact with the ground in its energy gains and losses may significantly affect the energy economy of this type of building [29,30,31]. The numerical method used in the research allowed for accurate matching of the model to the actual conditions. The validation of the model proved that conducting an extended energy and environmental analysis will allow results to be obtained that are strongly correlated with actual measurements. Small agricultural buildings are not often studied in terms of construction physics. The conducted research is an original case study of a given building with specific material, construction, and technological solutions. Computational models can be adapted and modified for many factors in terms of construction, materials, as well as boundary conditions, such as external and internal microclimate [32,33,34,35]. The results obtained in this work are the result of a piece of pilot work on the precise determination of the range of thermal impact on the environment of buildings used for agricultural purposes. This is particularly important in these times, when rational energy management, including in agriculture, is very important [36,37]. In order to optimize the energy consumption of agricultural buildings, the most effective solution is to check a given case in real conditions through long-term polygon measurements and to conduct simulations based on numerical methods that will allow the adoption of the most advantageous material, construction, and technological solutions. In the case of areas with a high density of buildings, it is also possible to determine the impact of buildings used for different purposes on the thermal conditions prevailing in the ground and their interaction with each other.




5. Conclusions


Heat transfer between the surroundings and the ground depends primarily on the physical properties of the ground, such as heat conduction coefficient, heat capacity, and specific density. The size of the surface of the partitions in contact with the ground or the surrounding air is also important. The validation of the calculation model was carried out on the basis of the results of field measurements of the temperature of both outside and internal air and the temperature of the ground in five measuring columns at depths of 0.05, 0.50, 1.00, and 1.50 m. The obtained validation results showed a very high correlation of measurement data with calculated data and the absence of statistically significant differences. The aim of the simulations carried out in the next step was to obtain information on the extent of the impact of the examined cooling facility on the surrounding ground. A quantitative analysis of the energy balance for building partitions and the cooling and ventilation systems was also carried out. Analyzing the obtained results, it was found that the tested cooling facility affects the surrounding ground for no more than 4.00 m, in relation to the external foundation walls. The results of the research showed that the range of the thermal impact of the building changes depend on the location of the studied ground area in terms of cardinal direction. The external and internal microclimate characteristics also affect the range of the impact of the cooling facility on the surrounding ground. Under the assumption of stable values of Θi within the range of 0.0–4.0 °C, the largest range of influence (4.0 m) occurs in the summer. To the south side, the impact range of the building was smaller and amounted to 3.00 m. The analysis of the energy balance of the studied facility showed that the share of energy flow through the floor to the ground constitutes 8.2% of all energy flows through other partitions and the ventilation system. In order to maintain the set air temperature inside the studied building, intensive cooling was required with an energy demand of 5184.5 kWh/year. In winter, when the outside air temperature dropped well below 0.0 °C, the facility required periodic heating, which required the need to provide 1147.3 kWh of energy during the entire research year. In order to reduce the energy demand for cooling purposes, partial embedding in the ground can be considered for facilities of this type. This solution will allow for an increase in the area of partitions having direct contact with the ground, which is characterized by far more stable thermal conditions than outside air. In this case, the variability of the range of impact of the partially embedded building on the surrounding ground and the impact on the energy management of such facilities should be analyzed.
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Figure 1. Diagram of the studied facility and arrangement of the measurement points of the floor, soil, and internal and external air temperatures: (a) projection; (b) cross-section. 
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Figure 2. Distribution of the measurement points of the floor and ground temperature: (a) projection, (b) cross-section A-A, (c) cross-section B-B. 






Figure 2. Distribution of the measurement points of the floor and ground temperature: (a) projection, (b) cross-section A-A, (c) cross-section B-B.



[image: Energies 15 09338 g002]







[image: Energies 15 09338 g003 550] 





Figure 3. Scheme of the analysis procedure. 
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Figure 4. The course of the measured temperature of the indoor air (a) and outdoor air (b) and the temperature of the ground in measurement points E1–E4 and D1–D4 (c). 
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Figure 5. The course of the measured and calculated temperature of the floor and the ground for the selected measurement points: (a) point A1, (b) point B2, (c) point C1, (d) point D3. 
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Figure 6. The course of heat exchange between the studied vegetable cold store and the ground: (a) hourly course, (b) monthly balance. 
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Figure 7. Energy balance for the tested cold store in annual terms, the period when reheating was required and in the cooling period. 
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Figure 8. Ground temperature in the studied measurement columns at depths of 0.05 m, 0.50 m, 1.00 m, and 1.50 m to the: (a) east, (b) south, (c) north, and (d) west. Summer period (June 25, Θe = 27.7 °C; Θi = 4.0 °C). 






Figure 8. Ground temperature in the studied measurement columns at depths of 0.05 m, 0.50 m, 1.00 m, and 1.50 m to the: (a) east, (b) south, (c) north, and (d) west. Summer period (June 25, Θe = 27.7 °C; Θi = 4.0 °C).
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Figure 9. Ground temperature in the studied measurement columns at depths of 0.05 m, 0.50 m, 1.00 m, and 1.50 m to the (a) east, (b) south, (c) north, and (d) west. Winter period (January 12, Θe = −2.7 °C; Θi = 0.5 °C). 
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Table 1. Physical parameters of ground and construction materials of the cooling facility partitions used in calculations.
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Specification

	
Unit

	
Value






	
Clay

	
density

	
kg·m−3

	
1600




	
specific heat

	
J·kg−1·K−1

	
1000




	
thermal conductivity coefficient

	
W·m−1·K−1

	
1.8




	
Humus

	
density

	
kg·m−3

	
1800




	
specific heat

	
J·kg−1·K−1

	
1260




	
thermal conductivity coefficient

	
W·m−1·K−1

	
0.9




	
Styrofoam

	
density

	
kg·m−3

	
20




	
specific heat

	
J·kg−1·K−1

	
1500




	
thermal conductivity coefficient

	
W·m−1·K−1

	
0.04




	
Concrete

	
density

	
kg·m−3

	
2300




	
specific heat

	
J·kg−1·K−1

	
1000




	
thermal conductivity coefficient

	
W·m−1·K−1

	
2.3




	
Gravel bedding

	
density

	
kg·m−3

	
1800




	
specific heat

	
J·kg−1·K−1

	
840




	
thermal conductivity coefficient

	
W·m−1·K−1

	
0.9




	
Steel

	
density

	
kg·m−3

	
7900




	
specific heat

	
J·kg−1·K−1

	
460




	
thermal conductivity coefficient

	
W·m−1·K−1

	
17








Source: based on PN-EN ISO 6946:2008.
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