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ABSTRACT  

Heat demand for domestic and industrial space heating represents more than 30% of the energy consumption in the UK. Most of 

this energy is currently supplied by natural gas, contributing up to 19% of the carbon footprint of the country in 2017. To reach 

Net-Zero carbon emissions by 2050, the UK Government is looking at new approaches to decarbonize residential heating. Among 

them, using mine-water from abandoned legacy mine workings as a new low-carbon heat source has been of growing interests. 

Using open-loop ground-source heat pump systems, heat energy can be harnessed from the 12-20°C water stored in the large 

underground voids inherited from past mining activities. Although the temperature of the water is expected to increase with depth 

according to local geothermal gradient, temperature measurements in former mine shafts in the UK revealed the lack of correlation 

between the depth of the measurements and the mine-water temperature. The aim of this study is therefore to assess the key 

parameters controlling the temperature profiles in mine-shafts to understand if those can be used to calibrate mine models aiming at 

assessing their long-term geothermal potential. We use the finite-element modelling software OpenGeoSys to simulate groundwater 

flow and heat transfers in a 2D porous media representing a mine of simple geometry. We first analyse the effects of a 500-day 

pumping period followed by mine-water recovery on the temperature distribution in a pumping shaft for different hydraulic 

boundary conditions. We then investigate the effects of the material properties, the mine geometry and pumping scenario on the 

modelled temperature profiles. Time-series of energy change in the system are also calculated to get insights into the relationships 

between the observed mine-water temperature and the actual heat potential of the mine. Preliminary results indicate that the 

hydraulic conductivity of the worked coal seams intersected by the shaft and the nature of the hydraulic recharge governs the 

observed temperature profile and the mechanism of heat recovery in the mine. During pumping, the temperature the shaft also 

depends on the pumping depth and on the temperature of the mine-water flowing at the seam insets, as predicted by the geothermal 

gradient. However, the limited effect of the mined volume and seams inter-connectivity reduce the potential for using temperature 

profiles as calibration tools for the geometry of mine models. Likewise, time-series of energy change suggest that steady pumped 

temperatures cannot give an overall understanding of the long-term potential of the mine. Although the mine-water temperature re-

equilibrates with the surrounding rock within ~20 years following the cessation of pumping, post-recovery profiles moreover 

indicate the existence of long-term perturbations of the temperature gradient around the shaft. Those are attributed to the effects of 

heat convection within highly permeable voids during prolonged dewatering periods and water rebound. Further analysis is being 

undertaken to assess the thermal footprint of long-term mining on the observed temperature distribution in flooded coal mines. 

1. INTRODUCTION  

Mine-water from abandoned legacy coal mines constitute a low-temperature geothermal heat source that can be used for hot water 

or space heating. This low-carbon resource largely available across the UK has been of growing interest as it could contribute to 

reach the Net-Zero carbon emission target set by the 2019 UK's Climate Change Act by 2050 (House of Commons Energy and 

Climate Committee, 2016). In Scotland, Todd et al. (2019) showed that about 7% of the heat requirement could be sustainably 

sourced from abandoned flooded mine workings lying just below populated areas without the need for artificial heat storage. 

Underground coal mines have been described as highly permeable ‘anthropogenic aquifers’ (Adams and Younger, 2001), from 

which important volume of water can be stored and extracted at relatively high rates (Banks et al., 2004). These characteristics are 

the result of a long mining history during which different mining approaches have been employed. In the early times of mining (16-

17th Century), coal was mostly extracted from shallow mines using the pillar-and-stall method. In the early 18th Century, the 

invention of the Newcomen steam engine enabled pumping water more efficiently, allowing access to deeper coal seams. From the 

1950’s, longwall mining was the main method of extraction of coal in deep mines, and many mined areas were reworked using this 

method (Younger et al., 2002). The decline in demand for coal led to the progressive closure of the underground mines from the 

1960’s. In 1992, only 50 collieries were left opened in the UK and the last one closed in 2015. Following their abandonment and 

the cessation of dewatering, most of the underground collieries were left to progressively flood as water rebounded back to natural 

levels, filling the complex network of voids inherited from the mining activities (Younger and Adams, 1999). A compilation of 

mine-water temperatures in the UK showed that mine-waters are generally hotter than natural groundwater, ranging from 12°C to 

30°C (Gillespie, 2013). Using open-loop ground source heat pump systems, mine-water can be pumped from the mine and used for 

hot water or space heating, with the cooled water disposed of either through treatment and surface disposal or re-injection to 

another coal seam through boreholes or shafts (Banks et al., 2004). Such a system has been implemented in Dawdon, North-East 

England, where a 20°C water is abstracted from the mine before being discharged to the sea (Bailey, 2013).  

To promote the development of heat extraction schemes, the Coal Authority (i.e. responsible for the legacy of UK coal mines) wish 

to get a better understanding of the geothermal resources in mines. To that end, Farr et al. (2020) provided a mapping and synthesis 

of the temperature of Britain’s coalfields at the scale of the Mine-Water Block (MWB) by comparing equilibrium temperatures to 

recent mine-water temperatures measured by the Coal Authority. Their results indicated a good correlation between historic in-situ 
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coal strata temperatures acquired during mining and more recent mine-water temperatures from un-pumped shafts, collected in the 

BGS UK Geothermal Catalogue (Burley et al., 1984; Rollin, 1987). This was suggested to indicate that mine-water from flooded 

workings has reached an approximate temperature equilibrium with the surroundings (Farr et al., 2020). A comparison between 

equilibrium temperatures and temperatures from pumping shafts/boreholes moreover showed that pumping tends to significantly 

alter the calculated geothermal gradient. Although pumped temperatures tend to be higher than equilibrium temperature at shallow 

depth in most MWB, deeper data (300-500 m) in pumped coalfields indicates cooler temperature than in the equilibrium coalfields. 

This was interpreted to result from the mixing between deep warm water and colder surface water in the shaft.  

The lack of data in mine galleries however makes it difficult to know whether such effects are localized in the shaft or spread 

within the hydraulically connected parts of a mine or network of mine (Farr et al., 2020). Being able to extrapolate the measured 

data from shafts and boreholes is critical to be able to estimate the heat potential of mines. The aim of this study is therefore to 

investigate the key controls on the temperature profiles measured in shafts and to get a better understanding of the relationship 

between equilibrium and pumped mine-water temperatures. Using numerical modeling, we analyze the effects of different host rock 

thermal and hydraulic properties, the geometry of the mine galleries, the hydraulic recharge and the pumping scenario on the 

observed temperature profiles during pumping activities and recovery/flooding. In addition, we investigate the relationship between 

the temperature profiles and the energy change in the mine system to get a better understanding of how measured temperatures in 

shafts can be used to gain insights into the mine heat potential. We finally discuss the potential effect of past mining activities on 

the observed temperature in shafts and in the galleries to assess if historical in-situ strata temperatures can be used to estimate post 

closure temperatures in coal mines (Farr et al., 2020). This study does not aim at matching modeling results with real data, which 

will be the aim of a future work. 

2. METHODS 

We use the finite-element modelling software OpenGeoSys to simulate groundwater flow and heat transfers in a 2D porous medium 

representing a mine of simple geometry. The reference mine consists of three worked coal seams located at 100, 130 and 160 m 

depth. They are interconnected via two open shafts separated by a distance of 100 m and embedded in a homogeneous host rock, 

whose properties have been attributed accordingly to the geology of the Coal Measures in UK Coalfields. 

Table 1: Petro-physical, thermal and hydraulic properties for the 2D reference mine model 

 

We first analyze the effects of pumping and recovery under different hydraulic conditions on the temperature profile in the 

production shaft. The impact of a westward regional hydraulic gradient is assessed using constant heads of 0 m on the eastern 

boundary and of 10, 20, 50 and 80 m on the western boundary. Additionally, we study the effects of a westward hydraulic flow of -

1.3×10-8 m3/s using Neumann lateral boundary conditions. This hydraulic flow corresponds to the flow required to maintain a 

hydraulic gradient of ~10 m between the lateral boundaries of the model. For each scenario, we assume a geothermal flux of 0.085 

W/m², calculated for a temperature gradient of 30°C/km and a mean effective heat conductivity of 2.82 W/m°C. We investigate the 

effects of the geothermal gradient, the host rock properties (i.e. heat conductivity, heat capacity, hydraulic conductivity), the seam 

properties (i.e. porosity, hydraulic conductivity), the mine geometry (see Fig. 1), the volume of mined rock and the pumping 

scenario (i.e. production rate, pumping depth) on the temperature profile. For each scenario, the overall change in energy content of 

the system is moreover calculated to gain insights into the relationships between the observed mine-water temperature and the heat 

potential of the mine. Initial steady-state conditions are calculated for each of them before simulating dewatering in order to 

account for possible shifts in the initial energy content of the flooded mine.  

 

Figure 1: Sketch of the 2D mine model with different geometrical features and boundary conditions. 
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3. RESULTS 

Fig. 2 shows temperature data extracted from a vertical profile in the pumping shaft, after 500 days of pumping/dewatering at a rate 

of 0.05 m3/s. This production period was chosen in accordance with the time required for thermal and hydraulic steady-state to be 

reached in the shaft in the reference model (Table 1). In the scenarios with constant head boundaries and a seam productivity of 1 x 

10-2 m/s, pumping results in a decline in head down to the depth of the lowest seam (i.e. about -160 m) at the shaft location. 

Scenarios with a lower seam permeability induced a greater drawdown at the shaft location due to lower hydraulic recharge (i.e. up 

to -1600 m for a hydraulic conductivity of 1 x 10-5 m/s). Similar observation was made for models with hydraulic flux boundaries, 

where the head was lowered down to -800 m due to the reduced availability of water recharge. In all the production scenario (Fig. 

2a-e), temperature offsets are visible in the profiles where the shaft intersects the mined seams. This suggests that the high 

permeability of the worked seams creates zones of higher productivity from where inflows of water into the shaft are enhanced. 

Profiles for the host rock heat conductivity, heat capacity and hydraulic conductivity, the hydraulic gradient, the seam and host rock 

porosity and the pumping rate are not displayed here due to their limited or absence of impact on the temperature profile. 

 

Figure 2: Temperature profiles obtained after 500 days of pumping for a) pumping depths of 60 m and 190 m under 

constant head and hydraulic flux boundary conditions, with different b) geothermal gradients, c) geometrical 

features, d) mined volume and e) seams hydraulic conductivity under constant head boundaries. f) Temperature 

profile obtained after flooding and heat recovery. The arrows indicate the direction of temperature recovery for each 

scenario.  

3.1 Boundary Conditions 

3.1.1 Hydraulic Flux and Head Gradients 

Temperature profiles displayed in Fig. 2a suggest that the choice of a Dirichlet or Neumann hydraulic boundaries tend to 

considerably impact the temperature profiles during pumping activities. In models with constant head boundaries, the average 

temperature in the shaft is highly controlled by the temperature at the shallowest seam when water is pumped from below the mined 

area, resulting in cooling in the mined interval. Conversely, the temperature in the shaft increases relative to the initial temperature 

gradient when pumping is performed from above the mined seam, as the average temperature is controlled by the inflow at the 

deepest seam. A flow rate of -1.3×10-8 m3/s chosen to maintain the head gradient of 10 m across the model tends to favor cooling at 

the well location when the pump is located below the seams, and favor warming when the pump is located above the worked seams. 

The nature and extent of hydraulic recharge could therefore explain a large range of temperature observed at a same depth interval 

(Farr et al., 2020).  

Further analysis on the effect of the regional hydraulic gradient on the measured temperature profile is performed, based on 

hydraulic heads of 10, 20, 50 and 80 m at the eastern boundary. For each scenario, new initial steady state conditions are calculated 

before starting pumping simulations. Results (not displayed here) after 500 days of pumping indicate that an increase in the 
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hydraulic gradients only slightly decreases the temperature in the mined area, suggesting that high regional hydraulic flow rate 

through the highly conductive seams tends to reduce the amount of heat recharge to the well during pumping. 

3.1.2 Geothermal Gradient 

We then assess the effect of the geothermal gradient on the temperature profiles resulting from a 500-day long pumping period. 

Geothermal gradients of 10, 20 and 30°C/km are set so that the temperature at 130 m depth (i.e. mid-seam depth) is 13.15°C.  

Results displayed in Fig. 2b shows that for a pumping depth of 180 – 200 m, an increase in the geothermal gradient increases the 

amplitude of the temperature drops at the seams insets, so that the temperature at the shallowest seam matches the temperature 

predicted by the initial gradient. In those scenarios, the average temperature in the mined interval is linearly correlated to the 

surface temperature, which decreases as the geothermal gradient increases. This shows that the shallow part of the geothermal 

gradient can highly affect the observed temperature in the shaft.  

3.2 Geometry 

Fig. 2c shows the temperature profiles for models with different geometries (Fig. 1). These include a) a decrease in the seam 

spacing from 30 m to 15 m, b) an increase in the number of seams from 3 to 6, c) an increase in the seam thickness from 2 to 4 m, 

d) the addition of two staple shafts connecting the seams and e) an increase in the well spacing from 100 to 500 m. In those 

scenarios, the relatively high hydraulic conductivity of the mined seams (of 1×10-2 m/s,) relative to the surrounding rock (of 1×10-7 

m/s,) allows ‘steps’ to be visible at each intersection with the shaft. Results suggest that the depth range spanned by the mined 

seams (i.e. seam density, number of seam) has the largest influence on the average temperature in the mined area, in accordance 

with Banks et al. (2004). The deeper the seams, the higher the temperature of the water available for mixing in the shaft.  

We also investigate the impact of the volume of the mine on the temperature profiles. In this series of models, we assume six areas 

of intensive mining or collapsed material with 25% porosity. The effective density, conductivity and heat capacity have been 

attributed accordingly to the relative proportion of mined seam/host rock in those areas (Table 1) in order to maintain a geothermal 

flux of 0.085 W/m². Results displayed in Fig. 2d suggest that the volume of mined rock controls the average temperature in the 

shaft. Above the pump location, the average temperature decreases with increasing mined volume while below the deepest seam, 

the temperature increases with increasing mined volume, with a temperature difference of up to 0.5°C between the two end-

members scenarios. One of the possible reasons for the observed decrease in the average temperature with increasing void volume 

could be explained by the lower heat conductivity of the water that fills the pores. This has been observed to a much smaller extend 

when performing a sensitivity analysis for the host rock heat conductivity (see section 3.3.1). 

3.3 Intrinsic rock Properties 

3.3.1 Host rock hydraulic Conductivity Kr 

We investigate the effect of different host rock permeability Kr = 1×10-8 m/s, 1×10-7 m/s (reference model), 1×10-6 m/s and 1×10-5 

m/s) on the temperature profile after 500 days of pumping for a seam hydraulic conductivity Ks = 1×10-2 m/s. Results (not 

displayed here) indicate that the permeability of the host rock does not affect the observed temperature in the mined interval. The 

greatest perturbations are observed above the shallowest seam, where the higher the host rock permeability and the higher the 

temperature. This suggests that higher rock permeability enhances hydraulic recharge throughout the whole depth range of the 

well/shaft, allowing an inflow of heat that restricts the temperature drop away from the geothermal gradient. This improved 

recharge is confirmed by a slight reduction in the drop in head from -160 to -155 m at the pump location when increasing the 

permeability from 1 x 10-7 to 1 x 10-5 m/s. Although casings in the shafts/wells would prevent this hydraulic recharge to occur, 

further analysis (see section 4.1) confirms that increasing the rock permeability favors heat recharge to the system.    

3.3.2 Seam hydraulic conductivity Ks 

Several authors suggested the importance of the effects of permeability contrasts between the mining voids and the host rock on the 

temperature distribution in mines (i.e. Renz et al., 2009). To verify this hypothesis, we here perform a sensitivity analysis on the 

effect of the hydraulic conductivity of the coal seams on the temperature profiles. Using hydraulic conductivities Ks of 1×10-5 m/s, 

1×10-4 m/s, 1×10-3 m/s and 1×10-2 m/s (reference model) for Kr 1×10-7 m/s, we show that the productivity of the seams largely 

impacts the measured temperature profile in the mined interval, where the higher the permeability the higher the average shaft 

temperature (Fig. 2e). Those moreover highly control the drop in head at the pump location, ranging from -160 m for Ks = 1×10-2 

m/s to –1600 m for Ks = 1×10-5 m/s, for a pumping rate of 0.05 m3/s. Further analysis showed that for the same contrasts in 

hydraulic conductivity evaluated (i.e. 103, 104, 105), the temperature profiles can be highly different depending in the absolute seam 

permeability. The temperature profiles measured in shafts therefore mostly depend on the absolute permeability of the host rock 

and the seams rather than on the permeability contrasts. Both tend to control the hydraulic flux and the extent of convective heat 

recharge that governs the pattern of the temperature profile during pumping. 

3.3.3 Seam Porosity   

In mines, the amount of void space is expected to depend on the mining approach (i.e. pillar-and-stall or longwall mining) and on 

the volume of coal extracted. However, following the closure of a mine, subsidence, collapse and fracturing of the roof together 

with the backfilling of the galleries often tend to alter the initial void volume (Younger and Adams, 1999). Several methods have 

been deployed in the past to derive estimates of the residual porosity in mine workings (see Table 2). The reference model 

presented in this study considers the seams and the shafts as porous medium of porosity  = 25% (i.e. amount of residual void in a 

fully mined coal panel) and 100% (i.e. open voids), respectively. To account for the uncertainty in the residual volume of void in 

mine galleries, we investigate the impact of different seam porosity (i.e. 15%, 25%, 50%, 55% and 75%) on the temperature profile. 

Results (not displayed here) show that the seams porosity does not affect the observed temperatures in the shaft. In opposition to the 

seam permeability, the porosity does not improve the seam-shaft interconnectivity nor control the hydraulic flow rate in the 

galleries, but only informs on the volume of water stored in the mine. The relatively small change in void volume induced by a 
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change in seam porosity at the scale of the mine (in opposition to the mined volume presented in section 3.2) would explain the 

limited impact on the heat flow in mines and on the measured temperature profiles. Further analysis discussed in section 4.1 (Fig. 3) 

however show that the volume of water does affect the energy content in the mine system. 

Table 2: Summary of the characteristics and expected residual void volume in coal mines following their closure, depending 

on the mining approach. 

 

3.4 Production Scenario 

3.4.1 Pumping rate 

Farr et al. (2020) suggested that variations in the average profile temperature observed at Horden over time might be caused by 

changes in pumping rate. To verify this hypothesis, we simulate the temperature profile in the pumping shaft after 500 days of 

pumping at rates of 0.01, 0.05 (reference model), 0.1, 0.2 and 0.5 m3/s. Results (not displayed here) show that the pumping rate 

does not affect the temperature in the mining area. Above and below the mined seams, slightly cooler and warmer temperatures are 

modelled for higher pumping rates. This suggests that as the production rate increases, colder water is dragged from above and 

warmer water is accessed from depth, without significantly changing the average temperature. However, further investigation is 

required to evaluate the potential effects of a change in the balance between extracted mine-water and natural recharge on the 

temperature profile. 

3.4.2 Pumping depth 

We finally look at the impact of the pumping depth on the temperature profiles. Pumps located at 50-70 and 180-200 m depth are 

set in a series of two models with constant head and constant flux boundary conditions. The resulting profiles are shown in Fig. 2a 

and indicate that the location of the pump defines the boundary between a zone of cooler temperature above it and a zone of warm 

temperature below. This has been predicted by i.e. Banks et al. (2004) and Nuttall and Younger (2004) as a result of cold water 

dragged from above and warmer water pulled from below (see section 3.1.1). 

4. DISCUSSION 

4.1 Temperature Profiles and Energy Content 

In the previous section, we analyzed the effects of pumping from a flooded mine with highly permeable layers on the temperature 

profile observed in the pumping shaft. We showed that in addition to the geothermal heat flow, the advection of heat via highly 

conductive mined seams tend to control the mine-water temperature (i.e. Burnside et al., 2016). In parallel, we calculated time-

series of energy change in the mine for each scenario in order to get better insights on the effects of the rock properties, the 

production scenario and the hydraulic/geothermal conditions on the energy content of the mine and on its relationship to the 

observed temperature. Results displayed in Fig. 3 indicate the followings: 

Hydraulic gradient: The initial energy content in the mine decreases linearly with an increasing hydraulic gradient (Fig. 3a), in 

accordance with the temperature observations. Time-series of energy change during pumping indicate a rapid drop and a 

subsequent increase in energy in the initial stage of production, mostly observed for high hydraulic gradients (i.e. H = 50 m and H = 

80 m). After ~500 days of pumping, where the energy reaches a constant rate of decline, the higher the regional head gradient and 

the higher the energy losses in the system. This could suggest that although convective heat flow is essential to recharge a mine 

system in heat, high regional flow rates tend to ‘wash away’ the geothermal heat arriving from depth, decreasing the initial heat 

potential of the mine and its recharge rate during production.   

Geothermal gradient. In the modelled scenarios, an increase in the geothermal gradient causes the upper part of the temperature 

profile to shift toward lower temperatures (Fig. 2b) and both the surface and the average temperature in the shaft decreases. Energy 

time-series (not displayed here) show that both the initial energy content and the energy drop after 500 days of pumping are linearly 

correlated to the temperature gradient. This suggests that although a higher geothermal gradient increases the heat potential of the 

mine, the geothermal flux is not sufficient to recharge the system during pumping. The absence of heat recharge at the surface, 

especially for high temperature gradients where the surface temperature is lower, favors faster temperature decline. 
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Figure 3: Time-series of energy change and overall energy change in the mine after 500 days of pumping observed for 

different values of a) head gradient, b) pumping depth (m) and hydraulic boundaries, e) seam porosity, d) host rock 

heat conductivity, e) seam and host rock hydraulic conductivity (see labels on lower panel x-axis for conductivity 

values in the time-series using the corresponding dot color) and e) pumping rate. 

Pumping depth and hydraulic boundaries: Pumping from shallow depths (i.e. ~ -60 m, above the seams) drags hot water from 

depth and increase the temperature in the shaft up to the near-surface (Fig. 2a). This permits to the system to maintain a high energy 

content relative to deeper production, independently of the hydraulic boundary (Fig. 3b). While a quasi-steady-state situation is 

reached after about 200 days following the start of pumping in a system with constant head boundaries, the use of Neumann lateral 

boundary conditions causes the energy in the system to drop linearly after 50 days when pumping is at 180 – 200 m depth. In 

opposition to constant head boundaries that force water recharge into the system, deep pumping with hydraulic flux boundaries 

prevent from the convection of heat into the system, which might explain the faster energy drop. This effect is also observed in the 

temperature profiles (Fig. 2a), where the average temperature for scenario with head boundaries is higher than for scenario with 

hydraulic flux boundaries at the corresponding pumping depth.  

Seam porosity and mined volume: An increase in the seams porosity increases linearly the initial energy content in the mine and 

tend to reduce the overall energy drop in the system after 500 days of pumping (Fig. 3c). Similar observations are made for the 

mined volume, for which the initial energy content also increases linearly with the volume of mined rock. This can be the higher 

specific heat capacity of water contained in higher quantity in both scenarios, relative to the host rock (Table 1). Although the 

temperature above the pump decreases with increasing mined volume (Fig. 2d), high void volumes (> 4 x 104 m3/s) also tend to 

favor heat recharge compared to lower void volumes. We suggest this reduction in energy drop to be linked to the low heat 

conductivity of the water, whose effect is described in the followings.  

Host rock heat conductivity: Although the rock heat conductivity does not have any influence on the temperature profile in the 

shaft, the higher the host rock heat conductivity the quicker the energy drop in the system (Fig. 3d). This happens in spite of the 

higher geothermal flux set to maintain the geothermal gradient of 0.03°C/km through the model. A high effective thermal 
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conductivity would therefore favor heat depletion in the mine system under pumping condition while maintaining a constant 

temperature at the shaft. This is in accordance with the heat diffusion equation, where an increase in heat conductivity λ for a same 

temperature gradient ΔT/Δx generates a higher heat flux q (Fig. 4). 

Host rock and seam hydraulic conductivity: The initial energy content of the mine increases exponentially relative to 

permeability of the seams and of the host rock, suggesting that promoting water flow through the rock improves the heat potential 

of the mine reservoir. Moreover, both tend to reduce the energy drop after 500 years of pumping, showing that enhanced fluid-rock 

interactions also favor heat recharge into the system. Although the seam productivity highly affects the temperature profiles in the 

shaft, a higher host rock permeability promotes quicker heat recharge to the mine system, as suggested by the slopes of the trends 

presented in Fig. 3e. This effect is also likely to be responsible for the warmer temperatures observed above and below the mined 

area for higher rock permeability. Heat recharge in mines during pumping is therefore highly promoted by the combined effect of 

the seams and host rock permeability on heat convection (Fig. 4).   

Pumping rate:  Although the pumping rate does not significantly alter the steady-state temperature in the shaft, increasing the 

production rate increases linearly the energy in the mine after 500 days of pumping (Fig. 3f). This phenomenon might be explained 

by the effects of abstracting warm water from deeper seams as the head is lowered (i.e. -150 m for 0.05 m3/s to -1500 m for 0.5 

m3/s after 500 days). However, the effect of upwelling of warm water into the model might be overestimated in cases where 

hydraulic recharge is limited and the medium becomes unsaturated with water.  

Specific heat capacity c and density ρ: Those parameters tend to increase the initial heat capacity of the mine without impacting 

the temperature profile in the shaft (see Fig. 4).  

 

Figure 4: Conceptual diagram showing the relationship between the parameters evaluated in this study and the expected 

amount of heat recharge within the mine system. Parameters in capital letters corresponds to those having an impact 

on the temperature profiles (Fig. 2). 

4.2 Long-Term Perturbations of the Geothermal Gradient 

Previous studies of the heat potential of flooded coal mines often considered the undisturbed geothermal gradient as the main 

contributor to the thermal state of the mine. However, Gillespie et al. (2013) pointed out the lack of correlation between the 

temperature of the mine-water measured in abandoned un-pumped mine shafts in the UK and the depth of the measurements. To 

explain those discrepancies, some authors suggested the existence of other sources of heat controlling the mine water temperature, 

such as heat production from pyrite oxidation (Farr et al., 2016) or the effects free density-related water convection within the large 

open mining voids (i.e. Nuttall and Younger, 2004; Renz et al., 2009; Hamm and Bazargan Sabet, 2010). Beamish and Busby 

(2016) interpreted those observations as the effect of heat advection through the artificial large-scale transmissive pathways that 

would indicate that the geothermal gradients in mines may not represent purely conductive heat flows (Bailey et al., 2016). 

However, only a few authors recognized the potential effect of extensive periods of mining with deep pumping and air-cooling on 

the virgin rock temperature in flooded mines (i.e. Malolepszy, 2003).   

We simulate water rebound and heat recovery under different hydraulic boundary conditions and seam productivity, based on the 

modeling outputs for a 500-day pumping period. Although those models underestimate the mining periods and the effect of air-

cooling in the galleries before flooding, the objective is here to get an insight into the relative time necessary for the temperature in 

the mine to return to equilibrium. Scenarios with hydraulic flux boundary conditions assume a total recharge of 2.5 x 10 -5 m3/s from 

both lateral boundaries. This was done to ensure a water rebound in the same time scale as for a scenario with constant head 

boundaries. Table 3 summarizes for each model the time for water rebound to be completed (i.e. head measured at the pump 

location) and the time for temperature in the shaft to reach a new equilibrium. Those were estimated based on a graphic analysis of 

the head and temperature time-series measured at -50 m and -180 m depth at the shaft location.  

Recovery profiles displayed in Fig. 2f represent the temperature in the production shaft after water rebound is completed and as 

thermal equilibrium approaches. Results show that in a case with constant head boundaries, the geothermal gradient remains lower 

than the pre-pumping steady-state temperature gradient. When pumping stops, the mixing of warm deep water and colder surface 

water in the shaft fixes the temperature in the shaft around the average temperature in the mined area. Once the flooding is 
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completed, the temperature profile in the shaft slowly re-equilibrates with the temperature of the surrounding rock. However, the 

effects of convective heat flux at the intersection between the shafts and the mined seams together with the perturbations of the rock 

temperature induced by earlier pumping activities maintain a temperature anomaly in the shaft. Above the mined area, temperatures 

tend to be higher than the initial steady-state temperatures after recovery, while they remain lower than the pre-pumping 

temperatures below the deepest seam. The presence of productive seams favors a quicker water rebound and steady rate of heat 

recovery, although the projected time to return to the initial undisturbed temperatures is extended. 

Table 3: Water rebound and heat recovery time obtained for different seam permeability and boundary conditions. Times 

are given relative to the cessation of pumping (t0) unless otherwise specified. 

 

In a scenario with hydraulic flow, the reversed effect is observed. After water rebound and heat recovery, the temperature profile in 

the shaft displays lower temperatures in the upper part of the profile while temperatures remain higher than the pre-pumping 

geothermal gradient in the lower part. Time-series analysis show that this effect results from the nature of the hydraulic recharge 

during flooding. In opposition to water rebound in models with constant head boundaries that tend to promote diffusive heat 

recovery, the high hydraulic flow induced during water rebound in this case reproduces the offsets at the seams location similar to 

those observed during pumping. Instead of mixing water into the shaft, the upwelling of warm thermal waters from below the mine 

will heat up the base while the recharging water from shallower and colder seams will cool the upper part of the model. Heat 

convection will tend to superimpose onto the diffusive heat gradient during flooding. As the rebound is completed, the temperature 

profile is smoothed but conserves the temperature anomalies induced during recovery. Water recharge at the top of the model (light 

blue profile in Fig. 2f) finally shows that infiltration of cold surface rainwater can highly reduce the temperature in the shaft. 

5. CONCLUSION 

We have performed a sensitivity analysis on the controls on the temperature profiles observed in mine-shafts under pumping 

conditions and during recovery. Results indicated that the hydraulic conductivity of the worked coal seams intersected by the 

pumping shaft and the nature of the hydraulic recharge governs the temperature distribution in the shaft. During pumping, the 

offsets in temperature created at the seams insets moreover highly depends on the pumping depth and on the temperature of the 

mine-water predicted by the undisturbed geothermal gradient. Although the observed temperature profiles in pumping mine shaft 

can be an indicator of the hydraulic state of a mine, they only give a limited insight into the overall volume of mined rock, reducing 

their potential as a calibration tool for the geometry of mine models. A comparison between the steady-state temperature profiles 

and the energy change in the mine at the end of the pumping period moreover showed that observed temperature can only give 

limited insights into the heat potential of the mine over the long-term.  

Simulation of water rebound and heat recovery moreover suggested that although the mine-water temperature tends to re-

equilibrate with the surrounding rocks within ~20 years following the cessation of pumping, the observed temperature gradient in 

the shaft remains affected by the past dewatering activities. Modelling results indeed showed that dewatering of highly permeable 

mining voids tends to disturb the virgin rock temperature around the shaft and galleries. The effects of forced convective heat flow 

would superimpose onto the purely diffusive geothermal gradient and create new thermal equilibrium conditions. Post-recovery 

temperature profiles moreover suggested that the nature and the extent of hydraulic recharge during water rebound also control the 

mechanisms of heat recovery and the residual temperature anomaly in the mine. After the cessation of pumping, constant head 

boundaries favored mixing in the shaft and diffusive heat transfers, resulting in a decrease in the geothermal gradient relative to the 

pre-pumping conditions. On the contrary, hydraulic flow boundaries promoted the advection of cold water at shallow depths and of 

warmer water in the deeper galleries, resulting in a near-surface cooling relative to the initial undisturbed geothermal gradient.  

Although the models presented in this study might overestimate the advective flow in unmined parts of the collieries during mining 

activities, the short dewatering period (500 days) might underestimate the extent of the perturbations away from the shaft. 

Considering a real mining history, more time could be required for flooded mines to reach thermal equilibrium after flooding is 

completed, suggesting that some mines in the UK might not have reached equilibrium yet. Moreover, additional cooling of the rock 

might be induced by prolonged periods of air-ventilation in the galleries and has not been considered in this study. Further 

modeling work accounting for more realistic geometry and dewatering history is therefore currently undertaken in order to assess 

the extent of the perturbations caused by past mining activities on the temperature distribution within mines. This is essential to get 

a better understanding of the heat potential of flooded mines. 
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