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Abstract. The paper analyses the impact of location of the vegetable cold store floor in relation to the 

ground level on heat exchange with the soil. The scope includes the analysis of indoor and outdoor 

temperature and soil temperature under the cold store and its surrounding, specification and adaptation of 

the cold store heat exchange model with soil, calculations for chosen variants in non-stationary conditions 

and a comparative analysis of cold store heat exchange with soil and soil temperature in chosen solutions. 

The paper used the results of field studies conducted in a cold store located in southern Poland. The said 

building was used to store carrots from 1 October to 30 June. Three calculation variants were used in 

order to determine in detail the impact of the chosen factors on heat exchange between the cold store and 

soil. The calculations were made based on the elementary balances method in WUFI®plus software. The 

calculation model was validated based on the results of field studies of indoor and outdoor temperature 

and soil temperature in 5 measurement lines at the depth of 0.05, 0.50, 1.00 and 1.50 m. The obtained 

validation results showed a very high correlation of measurement data and calculated data and an absence 

of significant differences. The calculation results for 3 variants showed statistically significant (p < 0.05) 

differences in both soil temperature and heat exchange with the soil. 

Keywords: cooling chamber, energy management, energy efficiency, microclimate, ground temperature 

Introduction 

In order to preserve an adequate commercial, nutritional and biological quality, the 

picked fruit should be stored at a precisely specified temperature, humidity and with an 

appropriate gas composition and lighting in the store (Sun et al., 2004; Zhihang et al., 

2006). Appropriate storage is intended mainly to reduce the intensity of 

microbiological, chemical, physical and biological processes causing unfavourable 

quality changes of the product (Łapczyńska-Kordon and Krzysztofik, 2008; Mazzeo et 

al., 2015). Such processes include breathing, transpiration, change of chemical 

composition, ripening and ageing, and damage caused by various pathogens. Changes in 

the fruit chemical composition take place at a various rate depending on many factors 

such as cultivation, fruit species and variety and, most of all, storage conditions (Wu et 

al., 2012; Phillips et al., 2016). Active cooling and controlled storage atmosphere is 

used to reduce the risk of deterioration of quantitative and qualitative factors (Liu et al., 

2010; Ambaw et al., 2013; East et al., 2013). Other methods of preservation include 

application of edible coats, potentially not hazardous to humans, the main purpose of 

which is inter alia to prevent the fruit discoloration and to destroy harmful bacteria. The 

main benefit of such treatment is a significant extension of the shelf life of stored 

products (Soliva-Fortuny and Martin-Belloso, 2003; Albanese et al., 2007). 
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The heat exchange with soil is an issue that is well known and described in the 

literature. The studies in this area were conducted by inter alia Radoń et al. (2014), 

Nawalany et al. (2014, 2017), Aresti et al. (2018), Janssen (2002) and Deru (2001). Due 

to a large accumulation potential of soil, partially earth-sheltered buildings have a 

reduced demand for heating and cooling energy in comparison to non-earth-sheltered 

buildings, assuming the functional and spatial solutions in such buildings are similar 

(Dronkelaar et al., 2014). 

The paper aimed at determining the impact of cold store floor location relative to the 

ground level on heat exchange between the floor and the soil. 

Materials and methods 

The field studies were conducted in a vegetable cold store in southern Poland. The 

said cold store has a set of rooms, with the manipulation area located at the head of the 

row of two cold rooms. The sorting and packing areas are located in the northern part of 

the building, and the cold rooms in the south-eastern and south-western part. The total 

building area is 232 m2, including 58 m2 of sorting and packing areas, 96 m2 of right-

hand cold room and 78 m2 of left-hand cold room. The building has a steel frame 

structure on a 30-cm wide concrete foundation located 1.0 m below the ground level. 

Important for the heat exchange with the soil is the fact that the foundation is not 

thermally insulated. The chamber floors are made of 10-cm thick cement screed and 

feature a 4-cm thick thermal insulation of hard EPS. An organoleptic soil examination 

showed that the cold store surrounding includes a 40-cm thick humus layer, with a 

1.5-m thick layer of silty clay below it. The outside walls and ceiling of the chambers 

are made of sandwich panels, comprising steel sheets galvanized and painted on both 

sides, and a 15-cm thick EPS core. Polyurethane foam was used at the joints of panels 

to eliminate thermal bridges. 

The storage cycle in the examined facility lasted from 15 October to 30 June, with a 

technological interruption from 1 July to 30 September. The optimum temperature was 

kept by a 20 kW refrigerating unit. The cold rooms’ dimensions were adapted to 

multiples of box pallets in which carrots were kept. The distance between the box 

pallets and walls and between the box pallet rows were 10 cm to 30 cm and 5 cm to 

10 cm, respectively. 

The field studies were conducted between 1 May 2009 to 30 June 2011, and the 

period from 1 May 2010 and 30 April 2011 was used for this paper. The studies 

included continuous measurements of indoor and outdoor air temperature and floor 

temperature at 1-hour intervals. The temperature was measured by twenty-two 

APATOR TOP 168 sensors based on a PT100 platinum resistor (0.1°C measurement 

resolution, 0.1°C measurement error). The sensors were connected to an HP 34970A 

recorder. The measurement results were used to validate the calculation model that was 

used in this paper. Figure 1 shows the building layout and location of the measurement 

points. 

Three calculation variants were applied to study the impact of cold store floor 

location relative to the ground level on the indoor microclimate and soil temperature 

under the cold store and in its surrounding: variant 1 - floor on the ground level, variant 

2 - floor elevated +0.75 m above the ground level, variant 3 - floor sunk -0.75 m below 

the ground level. The simulation was conducted in WUFI®plus software which allows 

for calculating in a non-stationary approach using the method of elementary balances. 
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Prior to the calculation analysis, the software was validated based on actual 

measuring data. The starting point for the model validation was to build a discrete 

geometrical model divided into balance-differential elements. The model included 

measuring points corresponding to their actual location in the field-studied facility 

(Fig. 2). 

 
a) b) 

  

Figure 1. Location of measurement points in the cold store: (a) plan; (b) section A - A: A, B, C, 

D, E - measuring lines, A1 - A4, B1 - B4, C1 - C4, D1 - D4, E1 - E4 - soil temperature 

measurement points, Θi, Θe - air temperature measurement points 

 

 

 

Figure 2. Section of the modelled facility with division network and layout of soil temperature 

calculation points (model from WUFI®plus software) 

 

 

The physical parameters of the construction materials and soil used in the calculation 

model for validation are presented in Table 1. The minimum indoor air temperature 

used in calculations was Θi,min = 0°C, maximum indoor air temperature Θi,max = 4°C, 

minimum indoor air relative humidity Rhi,min = 80%, and maximum indoor air relative 

humidity Rhi,max = 99%. The natural air change was assumed at 0.3 h-1 and infiltration at 

0.2 h-1. The variant calculation analysis was based on climatic data for a typical 
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meteorological year (TRY) for Krakow, Poland, available in the WUFI®plus software 

database. Correlation analysis was performed for results obtained from all the 

measuring points, based on the Spearman’s Rank Test (the data distribution was not 

normal). The data distribution normality was tested previously using the Shapiro-Wilk 

Test. 

 
Table 1. Physical parameters of the soil and construction materials used in the calculations 

Specification Unit Value 

clay 

bulk density kg·m-3 1600 

heat capacity J·kg-1·K-1 1000 

thermal conductivity W·m-1·K-1 1.80 

humus 

bulk density kg·m-3 1800 

heat capacity J·kg-1·K-1 1260 

thermal conductivity W·m-1·K-1 0.90 

styrofoam 

bulk density kg·m-3 20 

heat capacity J·kg-1·K-1 1500 

thermal conductivity W·m-1·K-1 0.04 

concrete 

bulk density kg·m-3 2300 

heat capacity J·kg-1·K-1 1000 

thermal conductivity W·m-1·K-1 2.30 

gravel 

bulk density kg·m-3 1800 

heat capacity J·kg-1·K-1 840 

thermal conductivity W·m-1·K-1 0.90 

 

 

Results 

Results of experimental studies 

The indoor air temperature during the storage period (15 October - 30 June) was kept 

between 0.0°C and 4.0°C. During the technological interruption from the beginning of 

July to the end of September the indoor microclimate in the cold store changed 

passively depending on the outdoor microclimate; this caused the indoor temperature to 

increase to 15.3°C in August. The maximum outdoor air temperature in that period was 

22.3°C. The indoor temperature fell abruptly in the last week of September after the 

cooling system had been activated to ensure the optimum temperature from the first day 

of the storage period - that is 1 October. From 1 October to 6 December the indoor air 

temperature was kept again at 4.0°C, with small, short-term drops. The drops were 

caused by a decrease of the outdoor air temperature and were in the 0.2 - 0.8°C range. 

In winter the average indoor air temperature in the cold store was in the 1.0 - 1.6°C 

range, and in the remaining months it was near 4.0°C (Fig. 3). 

The floor temperature analysis in point A1 showed 4.2°C on the last day of the 

storage period. On the first day of the next storage cycle, the floor temperature was 

11.6°C and decreased gradually. It was that in the analysed calculation variant 

determined the time necessary to reduce the floor temperature to the value from the end 

of the storage period is 18 days. 

In points C1, B1 and A1 located in the soil under the cold store, the annual soil 

temperature amplitude was in the 13.9 - 14.3°C range. A larger impact of the soil on the 

stabilisation of thermal conditions is visible at the depth of 1.5 m. At the depth of 

0.50 m, the annual temperature fluctuations were reduced almost twofold compared to 

the depth of 0.05 m. The impact of the cold store on the soil temperature decreases with 

depth. In points located in the facility surrounding, the annual soil temperature 
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amplitude was from 14.5°C (point D2) to 15.1°C (point E2), and in points under the 

cold store it was from 7.5°C (A2), 6.5°C (B2) and 6.6°C in C2 (Fig. 4). 

 

 

Figure 3. Outdoor (Θe) and indoor (Θi) air temperature 

 

 
a) 

 
b) 

 
c) 

 

Figure 4. Measured soil temperatures in lines A, B and C: (a) temperature points A1 (0.05m), 

A2 (0.50 m), A3 (1.00 m) A4 (1.50 m); (b) points B1 (0.05 m), B2 (0.50 m), B3 (1.00 m), B4 

(1.50 m); (c) points C1 (0.05 m), C2 (0.50 m), C3 (1.00 m) and C4 (1.50 m) 



Sokolowski – Nawalany: Experimental study of the impact of the vegetable cold store floor location on heat exchange with the soil 

- 8184 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 17(4):8179-8189. 

http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 
DOI: http://dx.doi.org/10.15666/aeer/1704_81798189 

 2019, ALÖKI Kft., Budapest, Hungary 

The soil temperature in the cold store surrounding depended on the indoor and 

outdoor air temperature. The annual soil temperature amplitude in point E1 was 29.4°C, 

and at the depth of 1.5 m in the same measuring line (E4) it was 9.2°C. The calculation 

results showed the highest soil temperature in the measuring point E1 in June (18.8°C), 

and the lowest soil temperature (-10.6°C) was recorded in January in the same 

measuring point (Fig. 5). 

 
a) 

 

b) 

 

Figure 5. Measured soil temperatures in lines D and E: (a) temperature points D1 (0.05m), D2 

(0.50 m), D3 (1.00 m) D4 (1.50 m); (b) points E1 (0.05 m), E2 (0.50 m), E3 (1.00 m), E4 

(1.50m) 

 

 

Results of generalising calculations 

The calculation model was validated based on measured temperature inside and 

outside the cold store. In relation to the soil temperature, the measured temperature was a 

boundary condition of the third kind. The initial soil temperature was assumed at 8.8°C, 

which corresponds to the average annual outdoor air temperature for Krakow (TRY). 

The highest correlation coefficient (0.95 - 0.99) was determined for measuring points 

E2, E3, E4, D2, D3, D4, C2, C3, C4, B2, B3, B4, A2, A3 and A4. Consequently, the 

conformity of calculation and measurement data at the depth of 0.50 m, 1.00 m and 

1.50 m can be considered full. In the case of points E1 and D1, located 0.05 m below the 

ground level, and A1, B1 and C1 located under the floor, the correlation coefficient was 

0.85 - 0.88, so the conformity of measurement and calculation data should be considered 

very high (Fig. 6 and Fig. 7). 

It should be emphasised that in winter the actual soil temperature at the depth of 0.10 m 

differed from the calculated values by 11.2°C in line E and 11.0°C in line D. The reason 

was the impossibility to account for the snow cover. The differences occurred, however, 
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only for a short time and were not significant for the entire period of study. The statistical 

significance of differences was tested using the Kruskal-Wallis (p < 0.05) test. 

 
a) b) 

  
c) d) 

  

Figure 6. Calculated and actual soil temperature: (a) A1; (b) A4; (c) C1; (d) C4 

 

 

The analysis of heat exchange intensity between the indoor air and the soil for the cold 

store with the floor at the ground level (variant 1) showed that the soil share in the total cold 

store energy balance was 16.6%. The highest energy gains from the soil were discovered in 

October (478.5 kWh). As a result of technological interruption in the summer, there was an 

intensive heat flow to the soil in July (588.1 kWh). The location of the cold store floor 

+0.75 m above the ground level (variant 2) reduced the soil share in the energy 

management to 8.2% relative to variant 1. The energy demand for cooling was 4920.5 kWh, 

and for heating 682.7 kWh. The analysis of variant with the floor -0.75 m under the ground 

level indicated that such variant significantly increases the soil share in the cold store energy 

balance relative to variant 1. During one year the soil share in the cold store energy balance 

for variant 3 was 32.8%. Similar to the two previously discussed variants, the highest heat 

gains were in October (891.5 kWh). The analysis of the balance of heat exchange with soil 

indicated high energy gains of 2054.6 kWh (Fig. 8). 
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Figure 7. Statistical agreement of the measured and calculated data, E1 – E4; C1 – C4; A1 – 

A4 – floor and ground temperature measurement points 

 

 
a) 

 

b) 

 

c) 

 

Figure 8. Heat exchange between the cold store and soil: (a) variant 1; (b) variant 2; (c) 

variant 3 
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The highest dynamics of heat exchange with the soil was determined in variant 3, 

with a 3-month cooling period from 1 October to 30 June and a 3-month technological 

interruption from 1 July to 30 September. The annual amplitude of the heat stream 

flowing through the soil in that period was 4849.4 kWh. The least soil share in the total 

cold store energy balance was found in variant 2 with the floor elevated +0.75 above the 

ground level (Table 2). The swap of the floor level relative to the ground level affects 

the decrease of the soil temperature under the cold store even by 4.0°C. Similar to the 

soil temperature, the data deviated from the normal distribution also in case of the cold 

store-soil exchange. The analysis of the significance of differences between the 

individual variants indicated that all the examined solutions significantly affect the heat 

exchange between the cold store and soil. 

 
Table 2. Calculation results of the heat exchange between the cold store and soil and the 

cold store energy demand for heating and cooling, annual balance for all variants 

 Variant 1 Variant 2 Variant 3 

Heat gains from the ground (kWh∙rok-1) 2259.1 1876.1 3452.0 

Heat losses to the ground (kWh∙rok-1) -1319.7 -1417.7 -1397.4 

Participation of the ground in cold store energy balance throughout 

the year (%) 
16.6 8.2 32.8 

Energy demand and for cooling (kWh∙rok-1) 5141.4 4920.5 5745.5 

 

 

The results show that the cold store floor elevated +0.75 m above the ground level 

decreases the cooling energy demand by 220.9 kWh per year compared to the variant 

with the floor at the ground level. The floor located below the ground level seems to be 

the least favourable option as it significantly increases the cooling energy demand. It 

should be noted that such a relationship occurs as a result of a unique storage 

technology. There is a 9-month storage period in the examined cold store, and the 

technological interruption takes place in the summer. 

Discussion 

The obtained generalising results of the simulation can be accepted as reliable and 

universal for all buildings of this type. Numerical analysis is one of the most accurate 

and frequently used methods in science (Janssen et al., 2004; Radoń et al., 2014; 

Nawalany et al., 2017; Dong, 2017; Bambara and Athienitis, 2018). However, the 

authors have not encountered such analysis for a vegetable cold store. Compared to 

other agricultural buildings, for example a greenhouses, a cold store has a significantly 

higher share of soil in the total energy balance of the building. In greenhouses, the soil 

share in the total energy balance is about 5% (Nawalany et al., 2014). The results 

presented in this paper indicate that in a cold store such a value is 16.6% in the case of 

the floor on the ground level. The studies (Bambara and Athienitis, 2018; Hyung-

Kweon et al., 2018) indicate the need to verify the impact of the cold store thermal 

insulation at various floor location variants on the intensity of heat exchange with the 

soil and the soil share in the total energy balance of the building. An adequate building 

insulation can lead to even a 5-fold decrease of the soil share in energy gains and losses 

of the building (Nawalany et al., 2017; Dong, 2017). 
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Conclusions 

The studies show that the cold store floor location has a significant impact on the 

heat exchange with the soil. When a cold store is partially earth-sheltered (floor 0.75 m 

below the ground level), the heat flow from soil increases even by 16.2% compared to 

the variant with the floor at the ground level. A floor elevated above the ground level 

(+ 0.75 m) decreases the heat flow from the soil by 8.4% compared to the variant with 

the floor at the ground level. The variants with the floor above and below the ground 

level significantly affect the cold store energy balance. The share of the foundation and 

floor in a partially earth-sheltered cold store is 32.8%, and 8.2% in an elevated cold 

store (+ 0.75 m). Significant differences can also be observed in the cooling energy 

demand. The most favourable variant is the one with the elevated floor in which the 

cooling energy demand is 4920.5 kWh/year. The least favourable variant is the one with 

the floor -0.75 m below the ground level as it increases the cooling energy demand to 

5745.5 kWh/year. 
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