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Abstract. The paper deals with modeling of the underground heat 

collector thermal conditions for utilities, calculating variations in 

temperature taking place in the soil mass around the collector as well as 

temperature variations in the air space of the latter. This leads to the 

reduction in the cost of heat and electricity transportation and a significant 

cost cutting of heat that is electricity supply of urban areas. The 

dependences of the thermal soil massiveness on the laying depth of the 

collector and changes in soil temperature in the course of time are 

presented.  

1 The problem of heat and electricity transportation cost 
reduction by controlling thermal conditions of the 
underground heat collector 

The problem of the underground heat collector energy efficiency providing is conditioned 

by the complexity of the engineering structure besides specific features of the surrounding 

soil and its thickness. This leads to many factors influencing conditions for the formation of 

the underground heat collector microclimate. These include the properties of the soil: 

thermal conductivity, thermal massiveness, heat absorption coefficient; outdoor air 

parameters and their change when passing through all layers (soil, enclosing structures of 

the collector) [1, 3, 4, 7]. At the same time, thermal conditions control in the air space of 

the collector based on the EE principles results in cost cutting of heat or energy supply to 

urban areas and cost reduction of the heat consumption by consumers. 

The use of mathematical modeling methods in the study and prediction of the out-door 

air temperature effect on the thermal conditions of the underground heat collector allows 

taking into account thermal massiveness of the soil and enclosing structures, amplitude 

decay of variations in temperature and changes in the time of heat exchange processes 

taking place in the thickness of the soil, enclosing structures and space of the collector [2, 5, 

6, 8, 9].The model must take into account the heat resistance of the enclosure and the fact 

that the heat exchange process between the collector and the outdoor air is not steady-state.  
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2 Background information for energy efficiency modeling 

To build a mathematical model in the process of research, it is necessary to identify the 

effect of outdoor air temperature on the temperature conditions change in the soil mass and 

to describe the unsteady-state processes of temperature influence time lag in the course of 

time. 

Let us consider the temperature change in the soil mass, thermal massiveness and time 

shift depending on the outdoor air temperature at a depth of up to 1.2 m in increments of 

0.1 m (see Fig.1).   

 

 
Fig. 1. Graph of the influence of the maximum outdoor temperature in the warm season on the soil at 

a depth of 1.2 m. 

 

At a depth of 1.1–1.2 m, the temperature in the soil column stabilizes and approaches 

the steady-state process of temperature change. 

Due to the large thermal massiveness and considerable thickness of the soil mass, the 

processes of heat and mass transfer are not steady-state. The time variation of the soil heat 

transfer processes with the outdoor air occurs with a shift in time (phase shift) [10]. 

 

 
Fig. 2. Graph of time shift change (phase) according to the thermal massiveness of the soil. 

 

The graph (see Fig. 2) also shows an increase in the time shift conditioned by the depth 

of the soil mass. It occurs with increasing depth, when the thermal massiveness increases as 

well and hence the time lag of the temperature conditions changes takes place [11].  

Figure 3 is a graph presents the way of the time shift occurring according to the depth of 

the soil mass.  
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Fig. 3. Time shift graph depending on the depth of the soil mass. 

 

With the change in depth, thermal inertia and thermal massiveness change as well and 

hence there is some shift in time of temperature change in the thickness of the soil [12]. 

 

 
 

Fig. 4. Graph of the outdoor air temperature time shift alongside with the change of the temperature 

in the thickness of the soil column. 

 

As can be seen from the graph in figure 4, the temperature change occurs with a time 

shift and the longer the phase shift the lower the temperature is, but within a certain period 

of time the temperature dependence on the time shift is equalized and approaches  

a relatively steady-state process [13]. Figure 5 and figure 6 have the graphs showing the 

influence of the outside air temperature alongside with the temperature in the soil column 

taking into account a time shift, being late in response of the temperature change depending 

on the depth with a step of 0.1 m [13]. 

Judging by the graphs in figure 5 and figure 6 it can be seen that the time shift and lag 

of temperature influence take place with each step of deepening into the soil. The graph in 

figure 5 shows the variations of the outdoor air temperature and allows seeing the air 

temperature change in the soil column comparing it with the change in the outdoor air 

temperature. Figure 6 presents the graphs of examining of the temperature conditions 

changes in the soil column without taking into account the graphs of the outdoor air 

temperature [14]. 
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Fig. 5. Graph of influence of the outdoor air temperature alongside with the temperature in the soil 

column taking into account a time shift, being late in response of the temperature change depending 

on the depth with a step of 0.1 m. reflecting outdoor air temperature changes. 

 

 

 
Fig. 6.  Graph of influence of the outdoor air temperature alongside with the temperature in the soil 

column taking into account a time shift, being late in response of the temperature change. 

 

Let us consider the temperature change in the soil column, thermal massiveness and 

time shift depending on the temperature of the outdoor air at a depth of 1.3 m to 2.4 m in 

increments of 0.1 m [11]. 

 

 
 

Fig. 7. Graph of the dependence of temperature variations changes in the course of time according to 

the laying depth of soil from 1.3 m to 2.4 m in increments of 0.1 m. 

 

The graph shows that with each step of deepening there is an increasing deviation in the 

time lag of the temperature conditions influence taking place in the soil mass minding that 

the temperature change does not occur immediately, but with a certain period of time equal 

to the time of phase shift. 
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Fig. 8. Graphs of the thermal massiveness of soil and the temperature depending on the depth.  

(line 2 – thermal massiveness, line 5 – temperature). 

 

The graphs show the thermal massiveness changes conditioned by further deepening 

while the decreasing of temperature in soil being minor. This is due to the thermal 

massiveness of the soil, being large enough and its increasing with each step of deepening 

[10]. 

 

 
Fig. 9. Graph of temperature changes in the soil column depending on the time shift [10]. 

 

The graph in Fig. 9 shows that the longer the time lag, the lower the temperature is. 

However, with the time shift of about 300 h, the temperature drop is negligible and with the 

further time shift, the temperature change tends to a steady-state process. Let us consider 

the change in temperature in the thickness of the soil, thermal massiveness and time shift, 

depending on the temperature of the outdoor air at a depth of 2.5 m to 3.5 m in increments 

of 0.1 m [14]. It can be seen that temperature decay and variations together with time lag of 

outdoor air temperature effect on soil layer decrease due to increasing of thermal 

massiveness of soil. 

Let us consider the temperature change in the soil column thermal massiveness and time 

shift depending on the temperature of the outdoor air at a depth of 3.5 m in increments of 

0.1 m [14]. 

Fig. 10 present integrated graphs of the outdoor temperature effect and temperature 

variations decay, taking place in the soil column depending on time. 
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Fig. 10. Graphs of the outdoor temperature effect and temperature variations decay, taking place in 

the soil column depending on time. 

 

These graphs give a complete picture of temperature variations and time delay 

temperature changes due to the increase in the thermal massiveness of the soil with each 

step of deepening. The graphs clearly show the shifts in the time of maximum temperatures 

and reflect a qualitative picture of the temperature variations amplitudes in the outdoor air 

as well as in the soil column within the period of 8–10 years. It can be concluded that in 

3.5m or more soil mass deepening the outdoor air temperature effect can be neglected [11]. 

The type of soil examined in this paragraph was soil loam, being wet and having the 

following parameters: density (wet) ρgr. = 2 710 kg/m3; specific gravity γgr. = 24525 N/m3; 

coefficient of thermal conductivity (wet) λgr. = 1,26 W/m×°C; the heat capacity  

сgr.= 0.84 kJ/kg. (in accordance with state standard 25100-2011. Soils. Classification.) The 

climatic parameters of the outdoor air were taken for the city of Moscow in accordance 

with set of rules 131.13330.2012 construction climatology. The updated edition of building 

codes 23-01-99* (with Change N 2)). 

3 Results of modelling and controlling the thermal conditions 
of the underground heat collector  

Fortran programming language and Force 2.0 compiler were chosen for mathematical 

modeling. The initial data are the following: soil temperature (initial) tgr.0 °С; the 

temperature of internal air tair °С; coefficient of soil thermal conductivity λgr., W/m×°C; 

coefficient of thermal conductivity of enclosing structure layers λcon., W/ m×°C; 

coefficient of soil thermal conductivity сgr., kJ/kg; coefficient of thermal conductivity of 

enclosing structure layers сcon., kJ/kg; soil density ρgr., kg / m3; density of enclosing 

structure layers ρcon., kg / m3. A segment from the supply to the exhaust shaft, shown in 

Fig. 11, was taken as a design element of the underground collector. The segment length is 

250 m and the volume of the design element for modelling is 0.1 m3. Having separated the 

under-ground collector into two symmetrical parts along the length, it is divided into 

segments. Along the length, axis k, the selected collector segment is divided into  

2620 segments, along the width, axis i, - into 45 segments and in the depth from the ground 

surface, axis j, – into70 segments. In each of the segments the unsteady heat transfer and 

the effect of thermal massiveness on the delay of temperature fluctuations in time are 

calculated. When calculating this problem, we set the boundary conditions of the third type, 

set the temperature of the external and internal air, which varies over time and the processes 

of non-stationary heat transfer between the collector, soil and surfaces of enclosing 

structures and engineering communications, the air flow rate at the inlet to the supply shaft 

of the underground collector. The result of the calculation is the change of the collector 
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thermal conditions over time and the rate change along the collector, estimation of the soil 

thermal massiveness affecting the temperature shift in time [12]. 

 

 
 

Fig. 11. Design part of the underground collector divided into segments of 0.1 m. 

 

Fig.13 demonstrates the graphs of changing temperature in the collector depending on 

time and without regard to changing outer air temperature for better consideration of 

temperature changes within the collector. 
 

 
 

Fig. 12. Temperature field in the air along the underground collector in the range from -25°С to 32°С. 

 

       These graphs more clearly show the temperature changes within the underground 

collector in the range of small amplitude fluctuations, which allows seeing the shifts of the 

maximum temperature fluctuations over time. Graphs of Fig. 12 and 13 demonstrate how 

the temperature in the underground collector changes over time. The graphs show shifts of 

temperature maxima, they are not as pronounced as in the soil mass due to the low thermal 

massiveness of the air. However, it can be seen from the graphs that the temperature change 

is sinusoidal with some time delay and the influence of the outer inlet air has a noticeable 

change in thermal conditions only on a relatively small length of the collector in its initial 

sections. With the further passage of the air along the collector, the convective component 

of heat transfer and mass transfer decreases and the temperature stabilizes in the range of 

+8°C (± 0.5°C), which does not go beyond the requirements of the minimum temperature 

of internal air in the underground collector that does not have internal heat surpluses [13]. 
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Fig. 13. Graphs of changing temperature in the collector depending on time and without regard to 

changing outer air temperature. 

 

4 Summary 

At present there are no software systems for modeling and calculating the thermal 

conditions of the underground collector, and it does not allow accurately calculate heat 

losses in the underground collector. The proposed model gives an opportunity to calculate 

the parameters of the underground collector thermal conditions, changing in time, which 

leads to lower transportation costs of thermal and electric energy and reduces energy 

consumption by consumers. With the help of the proposed model, it is possible to predict 

the processes of heat exchange in the soil mass and the effect of thermal massiveness 

depending on the type of soil, climatic region and effects of outer air parameters on the 

parameters of the collector thermal conditions in time. The problem of energy saving 

during transportation of heat and electricity is solved, which directly affects the reduction 

of energy consumption by consumers. 
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