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Abstract. This paper relates to mining-well technologies. A theoretical 
and methodological approach is proposed to modeling geothermal well 
systems, which includes the development of: principal technological 
scheme of a geothermal system; schemes of transformation and movement 
of energy and a heat-transfer medium; the geothermal system 
phenomenological model; analysis of subprocesses and obtaining their 
mathematical models and, on this basis, the mathematical model of the 
geothermal model as a whole. An example of an advanced open-type 
geothermal well system is studied, which is based on the oil-and-gas well 
with one loop of circulation and the parallel connection of heat pumps at 
characteristic points of the system. The subprocesses of the developed 
phenomenological model are analysed and the characteristic features of 
their mathematical description are revealed; in particular, it is 
substantiated that the redistribution of heat power entering from a fluid-
saturated bed is substantially dependent on the lateral wellbore geometry. 
Another important feature is to model the downhole heat pump and the 
modes in the scheme as a whole, which is based on the mass flow rate of a 
heat-transfer medium in its circulation loop. A generalized formula is 
presented for the heat power of the analysed advanced geothermal well 
system.  

1 Introduction 
This work is devoted to the research and methodological approaches development for 
modeling open geothermal mining-well systems of depleted and existing oil-and-gas fields 
[1 – 12]. Usually, on the basis of one oil-and-gas well (which belongs to the geothermal 
fund), a geothermal system is constructed using heat exchange process between the mine 
rock and a heat-transfer medium. As a heat-transfer medium, both a natural fluid or 
artificial liquid-gas mixtures (propane, butane, etc. [4]) can be used. Heat exchange of a 
heat-transfer medium upflow occurs in the productive bed, bottom-hole zone, bottom hole 
[4 – 5] and in the underground columns [6, 9]. The heated heat-transfer medium rises to the 
surface, where it transfers heat to the target system (for example, heating system). Heat 
exchange of a heat-transfer medium downflow occurs in the injection string and in the bed 
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injection zone. 
Fig. 1 shows a structure diagram of an open geothermal single-well system with lateral 

wellbores on the production line, which was developed on the basis of works [3, 6, 8]. 

 
Fig. 1. The structure diagram of modern open geothermal single-well systems with lateral wellbores 
on the production line and a single-stage heat pump. 

The heat-transfer medium, heated to bed temperature, is taken from the bed 1, and with 
a temperature close to this, it enters to the heat exchanger 5. Heat is pumped in one stage by 
the wellhead heat pump 8. The bottom hole of the injection well is theoretically ignored, 
since a heat-transfer medium with a low temperature (cooling is carried out in the heat 
exchanger 5) after passing through the injection string 6, is to be pumped into the injection 
zone 7 and bed 1 without additional heat-engineering and hydraulic losses. The injection 
string 6 is additionally heat-insulated so that on the way from the heat exchanger to the bed, 
the maximum temperature difference “bed – heat-transfer medium” is preserved. The heat 
of the bedding geological structure as an energy donor is supplied to the bed 1, the near-
wellbore zone 2 and the injection zone 7. Theoretically, existing scientific methodologies 
take into account heating (heat input from the bed) of the bottom hole in oilwell tubing 
section 3 [10, 13]. 

Geothermal system (Fig. 1) can be developed by adding several circulation loops and 
using parallel (sequential) connection of heat pumps. The most promising is the use of a 
one-loop system with the parallel connection of heat pumps between the main stages of 
heat exchange process. 

Methods. A universal research and methodological approach to the description and 
analysis of such systems can be a phenomenological model of the process. This is a scheme 
that reflects the sequence and interconnection of all elementary physical and other processes 
(subprocesses) occurring at each stage of the technological process, in particular, in mining 
complex – during mining and processing of minerals [14 – 18]. Therefore, it is expedient to 
study the phenomenological methodology tools implementation using the example of a 
certain geothermal system with the purpose of obtaining its mathematical model. 

The purpose of this work is to develop a theoretical and methodological approach to 
modeling geothermal mining-well systems using a phenomenological model of an advanced 
open-type geothermal well system based on the oil-and-gas well with one circulation loop and 
parallel connection of heat pumps at characteristic points of the system. 

To achieve this purpose, the following tasks should be performed: 1. Development of a 
principal technological scheme of an advanced one-loop geothermal mining-well system 
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with the parallel connection of heat pumps between the main stages of heat exchange 
process. 2. Development of a phenomenological model that corresponds to the indicated 
technological scheme. 3. The subprocesses analysis of the phenomenological model and 
revealing the characteristic features of their mathematical description. 

3 Results and discussion 
3.1 Principal technological scheme development of an advanced one-loop 
geothermal system  

To exploit the geothermal system of the above type, it is necessary to disclose the well into 
the bed for a sufficient heat-transfer medium flow in the filtration zone near the bottom hole 
of the injection and production lines, in the filtration zone of a bed, in the injection string 
and lifting well, in the cooling heat exchanger of the heat pump (Fig. 1). The heated heat-
transfer medium is lifted up (for depths less than 3 km) along the heat-insulated tubing 4, 
and the cooled heat-transfer medium after the heat exchanger 5 is injected into the bed 1 
through the string without heat insulation 6 (see Fig. 1). The development of larger depths 
and wells with a limited heat flow rate for geothermal energy requires to take into account 
increased heat echange along the strings, along lateral wellbores in open geothermal 
systems. It is expedient also to partially or completely insulate pipes on the injection line or 
take other measures to optimize the geothermal system efficiency as a whole. 

The structure diagram shown in Fig. 1 of an open geothermal single-well system does 
not take into account the fact that, in principle, two-stage heating of a heat-transfer medium 
can be realized, which is possible first in the borehole annulus 6 and only after that in the 
zone of a bed 1 and straight near the bottom hole. It would be possible to implement a two-
stage heating process, if to use more than one heat pump (on the surface near the wellhead), 
hence, it is expedient to set at least two of them. In addition, a heat-transfer medium along 
the injection string should pass in the maximized contact with the near-borehole space, 
entering through this space (outside the heat-insulated oilwell tubing). The last process is 
possible if to take into account the capabilities of modern magnetic coolers and bottom-hole 
heat exchangers, which are proposed by the authors to implement into the circuit practice at 
the bottom hole and in the lateral wellbores of the well bottom hole network system. The 
basis to create an improved technological scheme and the corresponding phenomenological 
model of an open geothermal system for the oil-and-gas well was an analysis of 
experimental research into significant capabilities of extracting thermal energy in the near-
borehole zone of the oil-and-gas wells, which are assigned to the heat production and 
assessed in the range of 1 – 3 MW at depths 3 – 5 km [11 – 13]. The latter parameter is 
comparable with the potential 9 – 15 MW of heat production from depleted oil-and-gas 
beds at the same depths and under the same conditions [16 – 17].  

To increase the efficiency of heat transfer between the main stages of the geothermal 
system heat exchange process, it is expedient to arrange the heat pumps so that they 
separate the heat exchange zones in the bed and in the strings. The developed technological 
scheme of this principle implementation is shown in Fig. 2. 

Fig. 2 shows that the main technological scheme blocks are located on one closed loop 
according to the path of a heat-transfer medium circulation (directions are shown by black 
arrows). Blocks 1 – 8 are flow-through for a heat-transfer medium and each of them causes 
heat exchange processes with directions in accordance with the regime temperature 
distribution and circulation direction. In the scheme, the red arrows show the direction of 
heat inflow to the loop blocks. In particular, in the bed (block 1), bottom-hole zones (blocks 
2, 8), bottom holes, downward and upward injection lines (blocks 3 and 7), discharge 
column (block 6), there is a heat inflow from adjacent mine rocks to a heat-transfer 
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medium. In the oilwell tubing (block 4), the heat is directed towards the mine rock, and in 
the heat exchanger (block 5) and in the bottom hole of injection (block 7), heat is taken by 
the heat pumps and directed towards the consumer of the thermal energy (the thermal 
energy pumping by heat pumps is shown by green arrows). 

 
Fig. 2. Technological scheme of the open geothermal system based on an oil-and-gas well with lateral 
wellbores and parallel connection of heat pumps. 

3.2 Phenomenological model development  

Phenomenological model development is performed in two stages: 1) development of a 
scheme of transformation and movement of energy and a heat-transfer medium; 2) 
development of the geothermal system phenomenological model. 

According to the technological scheme shown in Fig. 2, a scheme of transformation and 
movement of energy and a heat-transfer medium has been developed (Fig. 3). In this model, 
the output values of each previous set of subprocesses of the technological block are the 
input for the next technological block in the direction of the arrows shown in five different 
colors. A certain process as a set of subprocesses in relation to the energy of two types 
(thermal and gas-hydraulic) and matter (heat-transfer medium) is considered as an element 
of scheme of transformation and movement of energy and a heat-transfer medium. Figure 3 
shows the three main physical processes of the studied geothermal system, which occur in a 
conditionally divided into separate elements (processes) 1 – 10 models: heat transfer 
(indicated by circles upon availability), mass transfer (indicated by squares upon 
availability) and conversion of mechanical energy into potential pressure energy (indicated 
by triangles upon availability). Undoubtedly, the last subprocess takes place in the 
geothermal system – the inflow and loss of gas-hydraulic energy (potential pressure 
energy), but it is shown in Fig. 3 only for active elements in order to simplify visualization. 
This subprocess is positive (energy increase) only in blocks 5, 9 – 10, and in the rest blocks 
there is a process of gas-hydraulic energy loss and partial conversion to thermal energy. 
The processes (elements) blocks in Fig. 3 are numbered in accordance with the 
technological scheme in Fig. 2, since each technological block of the scheme is an element 
of the model of movement and conversion (transformation) of energy and matter. Indeed, 
from Fig. 3 it follows that in each indicated element physical processes of heat and energy 
transfer and/or mass transfer occurs, that is, a set of the three main subprocesses mentioned 
above. Therefore, it is not possible to combine several technological blocks (see Fig. 2) into 
one model element (see Fig. 3). It can be seen from Fig. 3 that mass transfer takes place in 
the 1 – 8 model elements, and heat transfer occurs in the 1 – 3 and 5 – 10 elements. Passive 
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loss of potential pressure energy occurs in the 1 – 4 and 6 – 8 elements. Potential gas-
hydraulic pressure energy is generated only by converting the mechanical energy of the 
pump shaft in the active element 5, where a circulation pump (active element of the 
hydraulic system) is usually set. The direction of movement of heat, mechanical energy and 
the mass transfer are indicated on the model of transformation and movement of energy and 
matter by one-sided arrows. At that, red indicates the heat inflow from the rock massifs into 
the model element, the blue arrow indicates the heat outflow from the element to the rock 
massifs or to the consumer, the green arrow indicates heat transfer from one element to 
another element of the phenomenological model, the black arrow indicates the mass 
transfer from one model element to another element, and the yellow arrow indicates the 
conversion of mechanical energy into potential pressure energy.  

 
Fig. 3. Scheme of transformation and movement of energy and a heat-transfer medium of the 
geothermal system based on an oil-and-gas well with lateral wellbores and working in parallel 
bottom-hole and wellhead heat pumps. 

 
The temperature decreases from element 2 to 4 (Fig. 3), since the bottom-hole zone 3 is 

characterized by an active throttling effect, and the oilwell tubing 4 partially loses heat (not 
intensively). This last fact explains that the heat exchange process is not shown on the 
model for element 4. The temperature gradually increases from element 7 to element 3 (in 
the heat-transfer medium direction, as indicated by black arrows). In the discharge 
(injection string) column 6, the temperature of a heat-transfer medium increases, and in the 
element 7 decreases by the heat pump 9.  

The pressures are distributed in the circulation loop of a heat-transfer medium in 
accordance with the mechanical energy inflow from the pump shaft, hydrostatic pressure 
drop (in regard with the weight of a heat-transfer medium in the columns) and hydraulic 
losses in each of the model elements (Fig. 3). The maximum pressure drops are 
undoubtedly formed in the heat exchanger 5, columns 4 and 6, and the bed 1.  

The developed scheme of transformation and movement of energy and a heat-transfer 
medium in the geothermal system (Fig. 3) simplifies obtaining of a phenomenological 
model (Fig. 4).  

The phenomenological model contains three main subtypes of subprocesses – heat and 
mass transfer, heat transfer, and thermal-mechanical transformation.  

Subprocesses 1.1 and 1.2 reflect the thermal energy inflow into the system.  
Subprocesses 2.1, 2.2, 2.3 are heat exchange processes between a heat-transfer medium 

and a fluid-saturated bed.  
Subprocesses 3.1, 3.2, 3.3 – the processes of heat redistribution, which is collected in 

the bed along the bed zone and bottom-hole zone.  
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Subprocesses 4.1 – 4.8 – circulation processes of the heat-transfer medium, heat and 
mass transfer. 

Subprocesses 5.1 – 5.3 – processes of heat and mass transfer and conversion of the 
thermal energy into mechanical and hydraulic for the operation of the circulation pump and 
heat pumps.  

Subprocess 6 – the output of thermal energy to the consumer.  
 

 

Fig. 4. Phenomenological model of an open-type geothermal system based on the oil-and-gas well 
when using two heat pumps at the bottom hole and wellhead, as well as one circulation pump. 

 
The output parameters of subprocesses and the global output parameter of the model are 

the parameters of the thermal energy. The developed phenomenological model is the basis 
for obtaining a mathematical model of each of the subprocesses and the geothermal system 
as a whole. Moreover, it presents a concept of the thermal energy movement from the inlet 
to the outlet of an open-type geothermal system on the basis of the oil-and-gas well. In 
addition, each specific phenomenological model clearly corresponds to the technological 
scheme. 

In the studied example, a technological scheme is proposed and a corresponding 
phenomenological model is developed for the case if there is a cycle of the reverse use of 
the thermal energy fraction of near-borehole rocks and fluid-saturated rocks for the 3 
pumps drive (two heat pumps at the bottom hole and wellhead and one circulation 
pump). The energy is introduced into the system from the pumps in two subzones, where 
there is a technological need to activate heat transfer and support the mass transfer process. 
Thermal energy inflows from the mine rocks of a bed and lateral mine rocks near the 
columns, then, it is taken by the heat pump near the wellhead. In the developed model, the 
thermal energy loss in the oilwell tubing is ignored, since modern columns are equipped 
with high-quality heat insulation. 

In subprocesses 4.1 – 4.8, an increase or decrease in the thermal energy of a heat-
transfer medium occurs, which is characterized by its temperature Т. Changes in 
temperature (obtaining or loss of the thermal energy) occur during the transition between 
zones that are shown vertically and horizontally. Vertically, four such zones are shown: 
above the earth’s surface, a column, lateral wellbores and a bed with bottom-hole zone 
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(BHZ). Horizontally, there are three such zones – upward with lifting from the bottom hole, 
intermediate with the BHZ and the bed in the vicinity of the BHZ, as well as injection zone 
with discharge to the bottom hole.  

The developed phenomenological model (Fig. 4) can be considered as universal when 
exploiting only one horizon at a certain depth. However, when disclosing an oil-and-gas 
well at the depths of several layers of geothermal horizons, the number of downhole heat 
pumps and zones of vertical differentiation should be increased by the number of 
additionally developed horizons. This is necessary to reduce the thermal potential of the 
circulating heat-transfer medium to a minimum value before it inflows into the bed. In 
accordance with this, the configuration of the phenomenological model is also transformed. 

3.3 Analysis of the phenomenological model subprocesses  

Denote by W, J/s – the total power of thermal, hydraulic and mechanical energy. The total 
heat power Wsum enters from the bed and near-borehole fluid-saturated rocks: 

Wsum = W1+W2+W3+W4+W5.           (1) 

Hydraulic losses in the circulation loop (upward and downward flow) of a heat-transfer 
medium:  

W11 = W10 – Wtnb – Wtnw,          (2) 

where W12 = Wtnw is losses of mechanical power in the system for the drive of the wellhead 
heat pump, W10 is total power losses for the drive of all pumps. 

The heat-transfer medium enters to the injection line with power W9. The overall energy 
balance of the studied geothermal system based on an oil-and-gas well is: 

W = Wsum – W10 – W6 = W1+W2+W3+W4+W5 – W6 – W10,    (3) 

where W6 is heat losses in the underground part of the columns, which for the technological 
scheme (Fig. 2) occur mainly outside the injection string.  

Additional designations: W7 is heat power from the rocks, which enters into the lateral 
wellbore of the injection line, taking into account of hydraulic losses in this lateral 
wellbore. W8 is heat power from the rocks, which enters into the BHZ of the injection line, 
taking into account the pressure losses in the BHZ.  

It follows from formula (1 – 3), as well as from the balanced equations and power 
values between subprocesses in Fig. 4 that the heat power W comes to the consumer 
reduced relative to the total heat inflow from mine rocks by the sum of the hydraulic and 
thermal-mechanical losses of the system through the entire scheme as a whole.  

The inflow of heat power Wsum from subprocesses 1.1 and 1.2 to 2.1 – 2.3 and the 
element-by-element redistribution of heat depends on the temperature distribution in the 
BHZ and in the lateral wellbores. Such an analysis is performed in [20 – 24] and can be 
used when implementing this technological scheme in production. The approach is based 
on the method of step-by-step reduction of a vector-parametric lattice cell with 
recalculation of parameter tables in a cycle. Subprocesses 4.1 – 4.8 and 5.1 – 5.3 are 
described in detail in terms of their modeling in the works [25 – 28]. Thus, almost all of 
these subprocesses are well described by well-known mathematical and algorithmic 
methods [29 – 33]. The exceptions are the subprocesses of the line 3.1 – 3.3, which have 
the phenomena of gravitational cases in the subprocesses 3.1 – 3.2 and the balance-
compensating phenomenon in the subprocess 3.3, which are imposed on the thermal 
processes of the powers passage redistribution in the scheme.  

For subprocesses 3.1 and 3.2, the systems of differential equations in vector-matrix 
form have been developed, which are similar and are substantiated by the “figure-eight” 
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graph of the flow and energy scheme (Fig. 3): 

Mq1 = Mq2,      (4) 

where Mq1, Mq2 are mass flow rates for the downward and upward lateral wellbores; 

W2 + W3 + W4 = λ Sc1 /lσ1 dSd1/dT1 + λ Sc2 /lσ1 Sd2/dT2,   (5) 

where W2, W3, W4 are heat power obtained by lateral wellbores and BHZ; λ is the average 
thermal conductivity of a heat-transfer medium; lσ1, lσ1 are characteristic heat exchange 
lengths; Sc, Sd

 = Scsin(α) area of convective-conductive heat exchange and area of thermal 
diffusion; α – angle of lateral wellbore inclination; 

P2P1 = ρZR (T2 – T1) + ρgdH,    (6) 

where P2, P1 are average pressures of the injection and productive lateral wellbores; T2, T1 
are average temperatures of lateral wellbores; ρ, Z, R are density, compressibility and 
constant of a heat-transfer medium averaged over the overal heat exchange zone; dH is 
elevation difference between midpoints of heat exchange centers.  

W2 + W3 + W4 – W7 – W8 = W6;          (7) 

P = ρZRT,      (8) 

where P, ρ, Z, R, T are 3D matrices of distributed pressures, density, compressibility, 
constant, and temperature of a heat-transfer medium in a system with distributed 
parameters. 

From the system of equations of mass, energy, movement, scheme balance of powers 
and state (4 – 8), it can be seen that the redistribution of powers W2 from outlet 2.2 and 
W3 + W4 from outlet 2.3 depends on the lengths lσ and the angles of lateral wellbores 
inclination α, elevation differences dH between midpoints of the lateral wellbores (for 3.2) 
or the BHZ of the downward and upward lines (for 3.1).  

Subprocess 3.3 is described by the system of equations (4, 6, 8 – 10) for a graph with 
the geometric “H”-type topology on the column zone line (Fig. 3), where the parameter 
indices now correspond not to lateral wellbores with different depths, but to the oilwell 
tubing (index – 1) and injection (index – 2) column: 

W5 = Mq2 Cp dT – W6 – W4,     (9) 

where W5 is heat power, which is obtained by a heat-transfer medium in the column area 
and is lifted to the surface (Fig.4); W4 is heat power entering from the near-borehole zone to 
the bottom-hole lateral wellbores (overflow between the zones of the columns and lateral 
wellbores); Ср is average heat capacity of a heat-transfer medium in the injection string; 
dT is longitudinal gradient of a heat-transfer medium temperature, which takes place on the 
line from the wellhead to the bottom hole.  

COP(W10 – W11 – W12) = W5,      (10) 

where СOP is downhole heat pump efficiency coefficient. 
An analysis of the complete system of analytical dependences (1) – (10) using an 

example of a schematic-technological organization (Figs. 2 and 3) shows that a quantitative 
index of the power transfer W5 from the bottom hole part of the injection line to the inlet of 
the upward flow into the oilwell tubing can be determined only on condition of a specific 
mass flow rate of a heat-transfer medium Mq. Consequently, the heat exchangers of the type 
“lateral wellbore – downhole heat pump” should be designed taking into account the entire 
range of mass flow rates during circulation.  
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4 Conclusions 
A theoretical and methodological approach is proposed to modeling geothermal mining-
well systems, which includes the development of: principal technological scheme of a 
geothermal system; schemes of transformation and movement of energy and a heat-transfer 
medium; the geothermal system phenomenological model; analysis of subprocesses and 
obtaining their mathematical models and, on this basis, the mathematical model of the 
geothermal model as a whole. An example of an advanced open-type geothermal well 
system has been studied in detail, which is based on the oil-and-gas well with one 
circulation loop and the parallel connection of heat pumps at characteristic points of the 
system.  

1. An advanced technological scheme of a geothermal mining-well system has been 
developed that takes into account two-stage parallel pumping of heat from the near-
borehole space and the bed of an open geothermal single-well system, which has lateral 
wellbores of the bottom hole branching. At the same time, the possibility was taken into 
account  of setting heat exchangers of the downhole heat pump on the network bottom hole 
system using the lateral wellbores lengths with individual bottom-hole zones.  

2. A scheme of transformation and movement of energy and a heat-transfer medium, 
which corresponds to the indicated technological scheme, as well as a geothermal system 
phenomenological model have been developed.  

3. The subprocesses of the phenomenological model have been analysed and the 
characteristic features of their mathematical description have been revealed; in particular, it 
has been substantiated that the redistribution of heat power entering from a fluid-saturated 
bed is substantially dependent on the lateral wellbore geometry. Another important feature 
is to model the downhole heat pump and the modes in the scheme as a whole, which is 
based on the mass flow rate of a heat-transfer medium in its circulation loop; a generalized 
formula is presented for the heat power of the analysed advanced geothermal well system.  

This work was conducted within the project “Development of scientific bases for energy-efficient 
technologies of fluid development” (State registration No. 0120U100361). 
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