
Monitoring’2022   

 

 

XVI International Scientific Conference “Monitoring of Geological Processes 
and Ecological Condition of the Environment” 
15–18 November 2022, Kyiv, Ukraine 

 

Mon22-065 
Numerical modeling of ground water flow and heat transfer in 
the flooded mine as the site for geothermal system installation 

*D. Rudakov (Department of Hydrogeology and Engineering Geology, Dnipro University of 
Technology), O. Inkin (Department of Hydrogeology and Engineering Geology, Dnipro University 
of Technology) 

SUMMARY 

This study presents the 3D numerical model of ground water flow and heat transfer in a 
former coal mine being flooded and considered as the promising site for geothermal system 
installation. The developed model created in the Modflow software reproduces spatial 
heterogeneity of mined out rocks and flow characteristics on the site of mine nr. 2 
"Novohrodivs’ka" in the Donetsk coal basin. The model was balanced with the available data 
on mine water level rebound. The temperature of mine water drained to maintain a safe water 
level to prevent flooding and salinization of the upper aquifer is expected to range from 18 to 
21ºС, which is consistent with the indicators of the geothermal system at the Blagodatna mine 
in Western Donbas. It was shown by modeling, that active water withdrawal may lead to 
replacing warm mine waters with colder infiltration water and gradual slight lowering of its 
temperature and decreasing the maximum thermal capacity. 
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Introduction. The new post-mining reality in many countries requires taking long-term measures 
to cope with the numerous challenges in mine water management and environmental restoration, 
particularly, sustainable drainage and maintaining the safe ground water level. Along with this, the 
available thermal potential of closed mines and the residual underground space can be leveraged to 
mitigate the energy shortages caused by reduction of using coal as the fossil energy source. 

As a result of overviewing the geothermal potential of closed mines in Donbas (Rudakov et al., 
2020) the promising mining sites were identified for mine water heat recovery. The promising 
locations for geothermal installations need more detailed feasibility studies focusing on evaluations of 
the thermal capacity with considering the profitability issues. This requires application of numerical 
models of coupled mine and ground water flow and heat transport. In this regard, the purpose of this 
paper is to develop a 3D model for heat transport in the mined-out area, which allows to reproduce 
and predict the spatial heterogeneity of groundwater levels and temperature fields around the 
geothermal system operated in the former mining site. 

Method. The mined area of carbonaceous rocks as a potential site to install geothermal systems 
contains underground workings of different geometries and can be considered as essentially the 
heterogeneous and hydraulically permeable medium with alternating more permeable zones (mining 
areas with higher porosity and permeability) and less permeable zones (pillars and zones out of 
mining operations).  

Mine water level rebound can be effectively simulated by the relatively simple analytical model in 
case of a hydraulically isolated mine [2]; but generally, it needs applying numerical tools to analyze 
groundwater and mine water flow and heat transport in a more complicated flow domain, which is the 
part of a larger mined-out area. The numerical model should reproduce the complexity of geological, 
hydrogeological, and mining conditions regarding the available data on a specific site. 

The 3D flow of groundwater and mine water through a heterogeneous strata can be governed by 
the equation [3] 
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where Kx, Ky and Kz are the conductivities along the coordinate axes Ox, Oy and Oz considered 
parallel to the main axes of hydraulic conductivity (longitudinal and transverse), m/d; h the 
potentiometric pressure, m; W the volumetric flow per unit volume, which reproduces the influence of 
sources (W > 0) and/or runoff (W < 0) of water, d-1; SS is the specific storage, m–1; t the time, d. The 
mined-out zones with affected permeability due to created workings are simulated by variable 
conductivities Kxx, Kyy and Kzz. 

Following [3,4] the 3D heat transport in a flooded disturbed rock can be governed by the equation 
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where Т is the water temperature, °С; vx, vy, vz the flow velocity components, m/d; n is porosity, 
dimensionless; ρw and ρsk the density of mine water and rocks, kg/m3; Cw and Csk the heat capacity of 
mine water and rocks, J/(kg⋅K); qΣ the specific heat flow from heat sources (sinks), for example, heat 
extraction by drainage, discharge of water into the shaft or other workings, W/m3; other symbols that 
are similar to those previously defined.  

Usually, the depth-dependent temperature can be set on outer side boundaries of the flow domain, 
whereas the geothermal heat flux is known on the bottom. Vertical workings such as shafts and wells 
are simulated as point sources regarding the scale of the flow domain. Heat inflow through such wells 
with coordinates (xi, yi), flow rates Qi, and the temperature excess over the background temperature in 
rocks ∆Ti during the time period (0, t) can be calculated by the ratio 
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Similarly, we can evaluate the heat amount extracted by a well pumping out mine water. 
The initial groundwater head and temperature at the beginning of geothermal system operation 

are set based on the measurements, monitoring data, and temperature distribution in rocks considering 
lithological variations. In case if the cover sediment thickness is identified, the rock temperature can 
be evaluated as proposed in [5] based on the available measurements 

                                                       = +Γ +Γr nl cr cr br brT T H H ,         (4) 
where Tnl is the “neutral” layer temperature or the local mean annual temperature, °С; ,Γ Γcr br  the 
geothermal gradient in cover and bedrock deposits, respectively, °С/m; ,cr brH H  the thickness of 
cover and bedrock deposits, m. 

Concept model development and finite-difference approximation governing equations was 
performed according to [3,6,7], with refining the grid size in the zones of active water circulation and 
heat exchange. 

Site characterization. As a potential site to install a geothermal system we consider the mine 
nr. 2 “Novohrodivska” located in the southern part of the Krasnoarmeysky coal-mining district of 
Donbas; it was put into operation in 1951 and now is closed. The mining site occupies the area of 
about 18 km2; the maximum depth of mining works is –370.3 m a.s.l. whereas the shaft elevation 
+205 m a.s.l. The coal seams occur below the elevation of +120 m a.s.l.; the local base of 
groundwater runoff to the Solona River valley lies above at the elevation of +155 m a.s.l. with the 
mostly watered rocks and soils [8]. The mine nr. 2 “Novohrodivska” borders on the southern 
boundary to the closed mine named after D. Korotchenko, whereas on the northern and eastern 
boundaries with the active coal mine nr. 1 “Novohrodivska” and “Kotlyarevska”. 

Model development. The numerical model developed in the software ModFlow 2009 reproduces 
the influence of non-stationary sources and sinks of water and heat (drainage and discharge of 
thermally used water), the transient modes of heat transfer with varying water temperature during 
injection and abstraction, heterogeneous structure of the flow domain. The created model 
encompasses two coal-bearing layers separated with a low permeable layer, as well as the roof of 
seam l1 and the bottom of seam k8; thus, the flow model comprises five slightly inclined layers. The 
flow area of up to 20 km2 is covered with the grid of block size 100×100 m.  

According to the geological structure, the Novogrodovsky fault in the north of the mining site as 
the local tectonic disturbance was assumed to be a hydrodynamically impermeable boundary 
governed by Eq. (3) at qΓ = 0. In the southwest and southeast site borders, where the coal seams are 
directly connected with watered Paleogene-Neogene sediments, we applied Eq. (4), which relates the 
flow rate in the Paleogene-Neogene aquifer with the head difference across the boundary. The specific 
flow based on inter-mine flows was set on boundary segments with the mine named after D.S. 
Korotchenko and the mine nr. 1-3 “Novohrodivska”. The zones of active mining inside the domain 
were simulated as the areas of higher permeability and porosity. 

The temperature field in the flow domain before the potential operation of the geothermal system 
was set according to the geothermal gradient assuming temperature constancy at the outer flow 
boundary at a considerable distance from the pumping point and the deep heat flux on the domain 
bottom. A second kind boundary condition with a known flow rate and calculated temperature was set 
on the mine shaft treated as the inner flow and heat sink. 

The porosity was defined as the sum of natural pores and fractures and mined out voids. Its 
variations in space were evaluated based on the available mining drawings in each horizon of mining 
with a known volume. The shaft was simulated as a big well abstracting mine and ground waters from 
the flow domain with varying discharge. The conductivity of coal sandstones within the interval 0-
200 m was taken in the range of 0.1–0.3 m/d, and for the interval from 200 m to 500 m – 0.01–0.05 
m/day. The initial temperature was set according to the depth and local geothermal gradient. 

Results and discussion. To maintain the water level, the flow abstraction from the shaft was 
adjusted according to the infiltration w with the following estimates: 1950 m3/d for w = 35 mm/a, and 
2500 m3/d for w = 45 mm/a. According to the suggested scenario, geothermal system operation––
water extraction with subsequent thermal use of mine water––begins when the water level approaches 
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the elevation +185 m in water-bearing Paleogene-Neogene sands. The calculations were performed 
for the period of the system operation of 25 years, which is usual practice for geotechnical systems, 
such as water intakes when estimating groundwater reserves. The convergence of the numerical 
model in terms of water balance terms was found to be quite high, with the difference between the 
inflow and outflow components in all layers not exceeding 0.1%. This is sufficient for practical 
purposes due to variation of flow properties in the model layers up to 103. 

Due to the drainage effect of water abstraction from the shaft a zone of depression with the 
groundwater heads below +185 m forms in all aquifers (Fig. 1). A small elevation over this level in 
Paleogene-Neogene sands is not critical because the maximum level does not exceed +187 m, so does 
not reach the bottom of the upper aquifer (+190 m) and stabilizes over time. This will prevent from 
undesirable rising of the water level rise and entering mineralized mine water to the upper aquifer, i.e. 
maintain a safe water level and long-term isolation of mine water from ground water used by 
population. 

 

   
a)                                                                      b) 

 
Figure 1 Predicted groundwater level and water temperature by the end of the operation period (25 
years): a) in layer 4 (untouched low-permeable Carbon sediments), b) in layer 5 (mined oud 
permeable Carbon sediments). Blue lines show piezometric head, m, red lines – temperature, °С. 
Infiltration rate is 35 mm/a 
 

According to the calculations, mine water and ground water at different depths is expected to be 
cooling during the operation due to the replacement of pumped warmer water with colder infiltration. 
A larger inflow from above is simulated by increasing mean-annual infiltration w from 35 to 45 mm/a 
(Fig. 2); the temperature at control points near the shaft in the lower permeable horizon of mining 
(layer 7) decreases by 2.06°С and 2.45°С, and in the upper permeable horizon of mining (layer 5) by 
1.1 °С and 1.34°С, respectively. The decrease in temperature can reach 2.8°С depending on the depth 
of water intake and infiltration; this may cause the gradual reduction of the maximum thermal 
capacity up to 3% after 5 years of operation and by 9–16% after 25 years due to the prevailing heat 
extraction over heating by the geothermal flux from beneath. However, this will not significantly 
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affect the thermal capacity of potentially installed open systems as they usually do not entirely use the 
available potential. Besides, the flow directions can change as a result of changes in mine water 
management in the flooded mining areas. 

 
Figure 2 Temperature of mine water flowing in the shaft from three permeable layers during the 
operation assuming different infiltration w: 1) from layer 7; 2) from layer 5; 3) from layer 3. S is the 
average temperature of the water taken from the shaft 
 

Conclusions. The developed numerical 3D model of groundwater flow and heat transfer properly 
reproduces the spatial heterogeneity of flow properties in mined out rocks, flow and temperature 
fields around the water abstraction point feeding a potential geothermal system in a closed mine nr. 2 
“Novohrodivska”. The estimated temperature range of mine water drained for maintaining a safe 
water level to prevent flooding and salinization of the upper aquifer ranges at 18–21°С. It was found 
that the replacement of warm mine water with colder infiltration water from above will lead to a 
gradual decrease in temperature by 1.7–2.8°С depending on the depth of water intake and infiltration. 
The maximum thermal capacity is expected to reduce up to 3% after 5 years of operation and by 9–
16% after 25 years due to the prevailing heat abstraction over heating by geothermal flux. This is 
likely not to seriously affect the thermal capacity in case of installing a geothermal system as it does 
not entirely use the available energy potential of mine waters. 
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