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A B S T R A C T

Mine water geothermal heat extraction is a promising technology to provide long-term, zero carbon heating
in former coal mining regions. However to allow the technology to develop further, modelling tools which are
faster than 3D coupled-process simulators and more site specific than analytical solutions need to be developed.
A novel modelling tool, GEMSToolbox, was designed for assessing the feasibility of disused and flooded mine
workings for such geothermal heat extraction. The basis of GEMSToolbox is built upon tested, computationally
efficient modelling methods, and combines efficient solvers for water flow through the mine workings with
fast solution methods for heat exchange between the water in the mine galleries and the surrounding rock
mass. It expands and improves on these methods by (1) allowing for arbitrarily complex multi-seam mine
geometries, and (2) addressing potential thermal interaction between nearby mine galleries using a novel
geometric weighting technique. Fast calculation allows for wide parameter investigation studies that is required
given the often uncertain state of disused mine systems. This makes the tool ideally suitable for the feasibility
stage of a project for which site-specific yet computationally efficient alternative tools are currently lacking.
The tool is demonstrated on a case study using plans from a real mine system and shows how it can be used
to evaluate the long-term thermal performance of a mine water geothermal heat scheme.
1. Introduction

Natural gas consumption and its associated CO2 emissions have
increased by 14% globally between 2016 and 2021 [1]. Natural gas
usage has risen in the United Kingdom, owing to an increased reliance
on natural gas for residential heating, which currently serves roughly
74% of households [2]. As a result, the residential use of gaseous fuels
for heat accounts for 52% of UK energy consumption [3–5], and is
responsible for 14% of the UK’s CO2 emissions in 2022 [6].

Therefore, it is critical to create a new approach to provide society
with carbon-free, affordable, geo-politically secure, and dependable
heat. In the UK, the government has the ambition that natural gas
boilers will be phased out in new homes around 2035. These measures
are aimed at preparing the UK for net zero carbon emission by 2050 [7].

One of the proposed low-carbon heat resources is mine water
geothermal heat (MWGH) extraction. As a legacy from its prominent
coal mining history, the UK has around 23,000 mines [8], and most
of these are disused and flooded today. Mine temperatures in the UK
follow a typical thermal gradient of 28 ◦C/km within a few hundred
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meters depth from the surface [9], and therefore the water in those
mines has a typical temperature between 12–20 ◦C [8], depending on
the depth of the mine system. Using heat pump technology to boost
temperatures, the heat from this mine water can be transferred into
a closed-loop system that provides heat to the end users via a heat
network [10,11]. The very large volume of water residing in those
disused mines, and the proximity of these mines to many residential
areas (it is estimated that one in four homes or businesses is located
near one of these mines), make MWGH a potentially very substantial
heat resource [3].

Similar opportunities exist in active coal mining regions like
China [12] where the development of mine water heating is proposed
concurrently with the production of mineral resources and as a way to
increase the value of backfilled areas of the mine [13,14]. The nature
of these developments however, offer much easier planning and access
opportunities to the mine workings which should reduce the need for
scoping tools like GEMSToolbox, which is much more applicable to
disused mines with limited access.
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Nomenclature

𝐴 Cross-sectional area of flow (m2)
𝐀10 The subset of 𝐀120 for nodes of known hydraulic

head (–)
𝐀11 Diagonal matrix whose generic term 𝐀11(𝑘, 𝑘) =

𝑙𝑘|𝑄𝑘|
𝛼𝑘−1 (m−2 ⋅ s)

𝐀12 The subset of 𝐀120 for nodes of unknown
hydraulic head (–)

𝐀120 Connectivity matrix of the pipe network of size
[𝑝;𝑁] (–)

𝑏 Half thickness of the goaf area (m)
𝑐𝑟 Rock specific heat capacity (J ⋅ kg−1 ⋅ K−1)
𝑐𝑤 Water specific heat capacity (J ⋅ kg−1 ⋅ K−1)
𝐶𝑂𝑃 Coefficient of Performance of the heat pump (–)
𝐷 Pipe internal diameter (m)
𝐃11 Diagonal matrix of the derivatives of 𝐀11 with

respect to 𝐐 (m−2 ⋅ s)
𝑓 Darcy friction factor (–)
𝑔 Acceleration due to gravity (m ⋅ s−2)
ℎ Heat transfer coefficient (W ⋅m−2 ⋅ K−1)
𝐇𝟎 Vector of known nodal heads (m)
𝐇 Vector of unknown nodal heads (m)
𝐻𝐷 The heat demand for van Mildert College accom-

modation (J)
𝐻𝑖 Hydraulic head value at node 𝑖 (m)
𝐻𝑗 Hydraulic head value at node 𝑗 (m)
𝑙 Loss constant in the head loss equation (m−5 ⋅ s2)
𝐿 The length of a pipe (m)
𝑚 Mass of water flowing through the pipe during a

period 𝑡 (kg)
𝑛𝑖 The number of pipes connected to node 𝑖 (–)
𝑁𝑢 The Nusselt number (–)
𝑃 Effective perimeter perpendicular to the flow

direction (m)
𝑃𝑟 Prandtl Number (–)
𝐐 Vector of unknown pipe discharges (m3 ⋅ s−1)
𝐐𝐝 Vector of nodal demands (m3 ⋅ s−1)
𝑄𝑎𝑏𝑠 The abstraction flow rate for the Van Mildert Case

Study (m3 ⋅ s−1)
𝑄𝑑𝑖 The known nodal demand at node 𝑖 (m3 ⋅ s−1)
𝑄𝐻 Amount of heat transferred to the water from the

rock (J)
𝑄𝑘 The volumetric flow rate through pipe 𝑘 (m3 ⋅s−1)
𝑄𝑘𝑖𝑗 The volumetric flow rate through pipe 𝑘 linking

node 𝑖 to 𝑗 (m3 ⋅ s−1)
𝑞𝑝 The heat flux through the gallery wall (W ⋅m−2)
𝑟0 Radius of the effective thermal ‘halo’ around the

pipe (m)
𝑟𝑝 The radius of the pipe equal to 𝐷∕2 (m)
𝑅𝑒 The Reynolds number (–)

But MWGH extraction also has a number of challenges [15]. There
re environmental issues to address when abstracting mine water, due
o its potential acidity, salinity, and high concentration of metals and
ulfides. To avoid environmental contamination, careful planning and
pplication for abstraction, discharge, and/or reinjection of the mine
ater will be needed. Unless the mine system is already pumped into
water treatment site, surface discharge is unlikely to be licensed, and

einjection of the minewater will be necessary. Unless air/oxygen is
2

𝑇 Temperature (◦C)
𝑡 Time (s)
𝑇𝑖𝑛 Water temperature at entrance of the pipe (◦C)
𝑇𝑜𝑢𝑡 Water temperature at exit of the pipe (◦C)
𝑇𝑝 The temperature of the pipe wall (◦C)
𝑇𝑟 Initial rock mass temperature (◦C)
𝑇𝑤 The mean temperature of the water within the

pipe (◦C)
𝑣𝑤 Water average linear velocity (m ⋅ s−1)
𝛼 Darcy–Weisbach exponent (–)
𝛥𝑇𝐻𝑋 Temperature difference across the heat pump’s

mine water heat exchanger (◦C)
𝛥𝑇𝑚𝑝 Water temperature change along the pipe pre-

dicted by the planar model (◦C)
𝛥𝑇𝑚𝑟 Water temperature change along the pipe pre-

dicted by the radial model (◦C)
𝜖 Darcy–Weisbach roughness coefficient of the pipe

internal walls (m)
𝜂 Weighting factor for the temperature models (–)
𝜆𝑟 Rock thermal conductivity (W ⋅m−1 ⋅ K−1)
𝜆𝑤 Water thermal conductivity (W ⋅m−1 ⋅ K−1)
𝜇𝑤 The dynamic water viscosity (N ⋅ s ⋅m−2)
𝜇𝑡ℎ Thermal performance of the mine water system

(–)
𝛷 Function describing the friction-induced head loss

through open pipes (m)
𝜌𝑟 Rock density (kg ⋅m−3)
𝜌𝑤 Water density (kg ⋅m−3)
𝜏 Current iteration in the Newton–Raphson itera-

tion scheme (–)
𝜃 Angle used for integration of 𝜂 (radians)
𝛶 Total heat transfer coefficient (W ⋅m−2 ⋅ K−1)

excluded from the system, oxidation of iron during abstraction may
form ochre, and clog the pipe network, leading to higher mainte-
nance costs and operational difficulties. Despite these challenges recent
research estimates that the Scottish Coalfields could produce up to
48 MW of heat and should be co-developed with heat networks [16].
In addition, several logistical challenges exist. A number of mine water
heat abstraction schemes have been deployed [17], depending on the
local situation. In some cases, shafts remained accessible after mining
operations ceased, but more often they were sealed and are now
unsuitable for accessing the mines. Therefore, boreholes may need to be
drilled to access the mine water, which adds significantly to the capital
costs of any MWGH project.

So the most common method for extracting mine water heat will
be through an open-loop system, in which mine water is pumped up
through an existing shaft or a purpose-drilled borehole, some of its heat
extracted, and the cooler water re-injected into a different part of the
mine system [15]. This will set up a circulation, with flow inside the
mine system, in which the cold, reinjected water will gradually warm
up while flowing towards the extraction point again.

A number of such open-loop mine water heat extraction schemes
have been successfully applied, including in Heerlen, the Nether-
lands, in Asturias, Spain, and in Gateshead, UK (see [17] for a recent
overview). The geometries of the mine roadways have significant
uncertainties due to simplified, inaccurate, or incomplete mine maps,
or potential modifications of the mine after closure, e.g. a local col-
lapse. The effectiveness and longevity of the heat extraction process is
therefore difficult to predict, and modelling of the open-loop system
is sometimes used to assess the feasibility of a mine system for heat
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𝑘

extraction, for example in Heerlen which has been in operation for over
a decade [18]. At other times, volumetric estimates are performed to
assess the resource available. This usually involves estimating the mine
water volume available and its temperature to estimate how much heat
is available. This approach is over-simplistic and carries significant risks
as it does not take into account the efficiency with which the mine
water can be extracted as will be shown later in the results. The uncer-
tainty associated with the pre-drilling phase of mine water project, and
the potential for heat depletion over the lifetime of the project, have
been highlighted as two of main barriers to the development of the
technology [8]. Some of the partners on the Geothermal Energy from
Mines and Solar Geothermal Heat (GEMS) project have also expressed
the need for this type of tools to inform regulation and business cases.
To address these uncertainties and quantify these risks new modelling
tools are needed.

Most mechanistic modelling methodologies to date fall within two
distinct categories, either that of numerical codes [18–22], or analytical
models. These methodologies have been extensively reviewed in [23]
and the reader is referred to this work for an in depth discussion
on the pros and cons of each approach. A few recent studies pub-
lished since that review are discussed below. Numerical approaches
tend to be computationally expensive as they attempt to couple fluid
flow and heat transport (and sometimes more processes) to a real
site [18]. The following numerical approaches have been used to
model mine water heating systems: Finite Difference Method (FDM),
Finite Element Method (FDM) and the Finite Volume Method (FVM).
MODFLOW developed by the US Geological Survey, SHEMAT [24] and
TOUGH2 [25] offer an FDM implementation, whilst alternatives like
FEFLOW, COMSOL Multiphysics and OpenGeoSys [26] offer FEM pack-
ages suitable for handling more complex geometries. ANSYS’ Fluent,
and MARTHE [27] are FVM alternatives to the approaches above. It is
important to recognise that employing such codes to achieve a complete
and intricate representation of geometry is exceedingly challenging
due to the substantial computational resources demanded and the
proliferation of numerical instabilities [18]. To palliate to this issue,
others focus on conceptual process understanding without explicitly
modelling real sites and their complexity [19,20,22]. For example, Bao
and Liu [22] investigate detailed stratification patterns in mine water
shafts. These works focus on presenting new concepts and building
understanding of underlying processes, rather than modelling specific
sites to the level required for a feasibility study. Another approach
uses analytical models, such as offered by [28], which are much faster
and scalable. But these solutions quickly run into limitations due to
the often oversimplified assumptions (e.g. homogeneous rock mass,
isolated galleries) which break down when applied to real sites.

Modelling offers a cost-effective tool to assess the viability of mine
workings for mine water heating before deployment of expensive in-
frastructure is commenced. The uncertainty of the state of the mines
requires a fast modelling tool that can quickly evaluate a wide range of
scenarios, and analytical solutions are ideal for that. But the structural
complexity of mine workings requires a versatile modelling tool that
can assess elaborate, varied and composite mine settings, which, so far,
only computationally expensive, fully numerical tools can offer. Hence,
there is a need for a flexible modelling tool which can be used in the
early phases of mine water project feasibility studies to provide insights
on a project’s viability that analytical or complex 3D numerical models
cannot offer at this project stage. Such tool can also be used to provide
functions describing the performance and constraints of the subsurface
system which could be used for to optimise the integration of specific
mine workings to the wider energy system using approaches similar
to [29].

To fill that gap in mine water project feasibility assessments, we
provide a novel modelling tool called GEMSToolbox that can be easily
and quickly applied to assess the feasibility of a mine system for MWGH
extraction, and explore optimal injection and abstraction flow rates and
3

site locations. It contributes to filling the gap in applying theory to real t
projects by providing fast computations on a detailed geometry. In the
following sections, we provide a mathematical and numerical descrip-
tion of the GEMSToolbox, provide the various validation techniques for
the code, and illustrate the potential of this tool through application to
a real-case scenario.

2. Method

2.1. Principles and conceptual model

The heat extraction scheme considered here is an open loop sys-
tem [15]. Given the uncertainties associated with the state of flooded
mine systems, detailed, high-resolution models are unlikely to provide
more insight than models that capture the first-order features only [30].
To establish the flow of water through the mine system, a network
of mine galleries is therefore effectively modelled as a network of
connected pipes (Fig. 1). The crossroads are represented as nodal
points and the connecting galleries as cylindrical pipes, following the
approach detailed for the US Environmental Protection Agency tool
EPANET2 [31]. The injection and extraction of water at a given rate
and given locations in the mine system creates a hydraulic pressure
gradient that induces a flow that matches the rates of injection and
extraction at the wells [31,32]. Conceptually, the open galleries offer
orders of magnitude less resistance to flow than the surrounding rock
mass dominated by slower fracture and porous flow. Therefore, we as-
sume that the mines do not exchange much water with the surrounding
rock mass. Furthermore, we consider an open loop system, where as
much water is injected as abstracted from connected mine workings.

As the water flows through the mine system, heat exchange takes
place between the water and the surrounding rock formations, wher-
ever a temperature difference exists between the flowing water and the
rock temperature [30]. In turn, this leads to a temperature gradient
developing inside the rock over time. In the context of mines densely
excavated using a ’room and pillar’ method, this temperature gradient
may result in thermal interference between neighbouring galleries
in the plane of the coal seam, particularly over longer time scales.
Since this work is primarily concerned with the lifetime assessment of
these mines for geothermal use, we expect this thermal interference
to be significant, and account for it in this modelling as described
subsequently.

2.2. Hydraulic model

2.2.1. Mathematical model
The hydraulic model used is described in [33]. The reader is referred

to their work for more detail.
The fundamental equations which describe the hydraulic head dis-

tribution and flow of water through a water distribution network, and
applied here to mine workings with open pipes, are the conservation
of energy, and the conservation of mass.

Conservation of energy. The conservation of energy is described by
Bernoulli’s principle applied to the length of each pipe 𝑘 in the network.

𝐻𝑖 −𝐻𝑗 −𝛷(𝑄𝑘) = 0, (1)

where 𝐻 are the hydraulic heads at nodes 𝑖 and 𝑗 at either end of pipe
. 𝛷(𝑄𝑘) describes the friction induced head loss across pipe 𝑘 between

hose nodes, as a function of the flow 𝑄𝑘 through that pipe.
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Fig. 1. Left hand side showing an original mine plan from the UK’s Coal Authority. The dimensions are about 500 by 500 m. The right hand side shows the result of the digitisation
of the mine plan using GIS.
Source: Reproduced with the permission of © The Coal Authority. All rights reserved
Conservation of mass. Conservation of mass requires that there is no
net in- or outflow of water at each node in the network:
𝑛𝑖
∑

𝑘=1
𝑄𝑘 +𝑄𝑑𝑖 = 0, (2)

where 𝑄𝑘 is the flow through each of the 𝑛𝑖 pipes connected to node 𝑖,
and 𝑄𝑑𝑖 is the known demand (or injection/abstraction rate) at node 𝑖.
The flow convention we use is that flow into a node is positive and the
outflow is negative.

As described in [33], the head loss function across a pipe 𝛷 is
expressed as a power function of the flow 𝑄𝑘 through that pipe 𝑘

𝛷 = 𝑙𝑘|𝑄𝑘|
𝛼−1𝑄𝑘 (3)

where 𝛼 is an exponent with a value of 2 when using the Darcy–
Weisbach equation. 𝑙𝑘 is a coefficient that depends on the pipe’s di-
ameter, length and flow rate

𝑙 =
8𝑓𝐿

𝜋2 𝑔𝐷5
, (4)

where 𝐷 is the pipe diameter (m), 𝐿 the pipe length (m), and 𝑔 the
acceleration due to gravity (𝑚 ⋅ 𝑠−2). To calculate the Darcy friction
factor 𝑓 , we first need to determine if the flow through the segment is
laminar or turbulent [34], using the Reynolds number, 𝑅𝑒:

𝑅𝑒 =
𝜌𝑤𝑣𝑤𝐷

𝜇
(5)

in which 𝜌𝑤 and 𝜇 are the density and dynamic viscosity of the fluid,
respectively, and 𝑣𝑤 = 4𝑄

𝜋𝐷2
the fluid velocity. For 𝑅𝑒 < 2000, the

flow is considered laminar, and the friction factor can be determined
using [34]:

𝑓 = 64
𝑅𝑒

(6)

For 𝑅𝑒 > 4000, the flow is considered turbulent, and the Swamee–Jain
approximation to the Colebrook-White equation was used [31,35]:

𝑓 = 0.25
[

log10
(

𝜖
3.7𝐷 + 5.74

𝑅𝑒

)]2
(7)

where 𝜖 is the Darcy–Weisbach roughness coefficient. For intermediate
Reynolds number values 2000 <= 𝑅𝑒 <= 4000, a cubic interpolation is
used, see Appendix D of [31] p. 189 and original derivation in [36].

Substituting Eq. (3) into Eq. (1) gives:

𝐻 −𝐻 − 𝑙 |𝑄 |

𝛼−1𝑄 = 0 (8)
4

𝑖 𝑗 𝑘 𝑘 𝑘
Eqs. (2) and (8) form the governing equations of a generic water dis-
tribution network. Provided that the mine workings are open galleries,
these equations are applicable to model the flow of water through such
systems. Note that this approach implies that we ignore any localised
friction induced by obstacles in the galleries, as well as interaction with
the groundwater seeping in and out of the surrounding country rock.

2.2.2. Hydraulic head and flow computation
To solve this system of equations, we follow [33].
We first describe the connectivity of all 𝑝 mine galleries (or pipes)

with all 𝑁 intersections (or nodes) by an incidence matrix 𝐀𝟏𝟐𝟎 of size
[𝑝; 𝑁] relating the pipes to the nodes as follows:

𝐀𝟏𝟐𝟎 =

⎧

⎪

⎨

⎪

⎩

−1, if pipe 𝑖 leaves node 𝑗
0, if pipe 𝑖 is not connected to node 𝑗
+1, if pipe 𝑖 enters node 𝑗

(9)

We then separate 𝐀𝟏𝟐𝟎 into two matrices 𝐀𝟏𝟐 and 𝐀𝟏𝟎,

𝐀𝟏𝟐𝟎 = [𝐀𝟏𝟐 𝐀𝟏𝟎] (10)

with matrix 𝐀𝟏𝟐 of size [𝑝; 𝑛𝑛] describing the connectivity for the 𝑛𝑛
nodes with an unknown hydraulic head, and a matrix 𝐀𝟏𝟎 of size [𝑝; 𝑛𝑜]
for the 𝑛𝑜 nodes with a fixed hydraulic head. We refer to the transpose
of 𝐀𝟏𝟐 and 𝐀𝟏𝟎 as 𝐀𝟐𝟏 and 𝐀𝟎𝟏, respectively. Furthermore, part of Eq. (3)
is defined as:

𝐀𝟏𝟏(𝑘, 𝑘) = 𝑙𝑘|𝑄𝑘|
𝛼−1 (11)

We can then combine Eqs. (2) and (8) in matrix notation as in [32]:

[

𝐀𝟏𝟏 𝐀𝟏𝟐
𝐀𝟐𝟏 0

] [

𝐐
𝐇

]

=
[

−𝐀𝟏𝟎𝐇𝟎
−𝐐𝐝

]

(12)

with:
𝐐 = [𝑄1, 𝑄2,… , 𝑄𝑝]𝑇 , the unknown pipe discharges vector of size

[1, 𝑝],
𝐇 = [𝐻1,𝐻2,… ,𝐻𝑛𝑛]𝑇 , the unknown node hydraulic heads vector

of size [1, 𝑛𝑛],
𝐇𝟎 = [𝐻𝑛𝑛+1,𝐻𝑛𝑛+2,… ,𝐻𝑛𝑛+𝑛𝑜]𝑇 , the known node hydraulic heads

vector of size [1, 𝑛𝑜], and
𝐐𝐝 = [𝑄𝑑1 , 𝑄𝑑2 ,… , 𝑄𝑑𝑛𝑛 ]

𝑇 , the node demands vector of size [1, 𝑛𝑛].
This formulation produces a set of 𝑝 + 𝑛𝑛 unknowns.
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Eq. (12) is solved using a Newton–Raphson (NR) iterative ap-
proach [32,33]. In practice, the following [𝑛𝑛; 𝑛𝑛] system of equations
is solved for 𝐇𝜏+1 [33]:

[𝐀𝟐𝟏(𝐃𝝉
𝟏𝟏)

−1𝐀𝟏𝟐]𝐇𝜏+1 = 𝐀𝟐𝟏(𝐃𝝉
𝟏𝟏)

−1[(𝐃𝝉
𝟏𝟏 − 𝐀𝝉

𝟏𝟏)𝐐
𝜏 − 𝐀𝟏𝟎𝐇𝟎] +𝐐𝐝 (13)

where 𝐃𝟏𝟏 is the derivative of 𝐀𝟏𝟏 with respect to 𝐐, as described
n Appendix B. 𝐃𝝉

𝟏𝟏 is 𝐃𝟏𝟏 evaluated for the flows 𝐐𝜏 at the current
teration 𝜏.

The flow is then updated using:
𝜏+1 = 𝐐𝜏 − (𝐃𝝉

𝟏𝟏)
−1(𝐀𝝉

𝟏𝟏𝐐
𝜏 + 𝐀𝟏𝟐𝐇𝜏+1 + 𝐀𝟏𝟎𝐇𝟎) (14)

.3. Heat exchange model

As water flows through the galleries (or pipes) from the injection
oint to the abstraction point, its temperature at each node is calculated
s the flow-weighted average of the water from all galleries feeding
he node with water. Galleries downstream of this node will be fed
ith water with this average temperature. Here we first present the
rocesses considered for the heat transfer between the water in the
ine galleries and the surrounding rock mass. Next we describe the

hermal model to account for the thermal interference which develops
etween galleries over time.

.3.1. Theory of heat transfer between rock mass and gallery
Three main quantities are required to compute the change in tem-

erature of the water as it flows through a gallery: the heat flow
hrough the rock, the heat flow from the rock to the water, and, the
esulting temperature change.

eat flow in the rock mass. The heat diffusion process is expressed
y Fourier’s law which leads to the following conservation of thermal
nergy equation:

𝑟𝑐𝑟
𝜕𝑇
𝜕𝑡

= −∇(−𝝀𝒓∇𝑇 ) (15)

where 𝜆𝑟 is the thermal conductivity of the rock, 𝜌𝑟 its density, and 𝑐𝑟
its specific heat capacity.

Heat exchange between rock mass and water. Heat transfer between the
rock and the water is calculated for each gallery separately, and is
derived from the difference between the gallery wall temperature and
the mean water temperature flowing through the gallery:

𝑞𝑝 = ℎ(𝑇𝑝 − 𝑇𝑤) (16)

where 𝑞𝑝 is the heat flux through the gallery wall in W ⋅ m−2, 𝑇𝑝 is
the gallery wall temperature and 𝑇𝑤 is the mean temperature of water
within the gallery, and the heat transfer coefficient ℎ is given by:

ℎ =
𝜆𝑤𝑁𝑢
𝐷

(17)

with 𝜆𝑤 the thermal conductivity of the water in W ⋅ m−1K−1, and 𝑁𝑢
the Nusselt number, and 𝐷 the pipe diameter. The Nusselt number is
defined using different empirical relationships depending on the fluid
and heat flow regimes defined by the Reynolds number (Eq. (5)) and
Prandtl number 𝑃𝑟:

𝑃𝑟 =
𝑐𝑤𝜇𝑤
𝜆𝑤

(18)

here 𝑐𝑤 is the specific heat of water in the pipe, and 𝜇𝑤 the dynamic
iscosity of the water in N ⋅ s ⋅m−2.

If 3000 ≤ 𝑅𝑒 ≤ 5 × 106 and 0.5 ≤ 𝑃𝑟 ≤ 2000, 𝑁𝑢 is defined using
the Gnielinski correlation [37]:

𝑁𝑢 =
(𝑓∕8)(𝑅𝑒 − 1000)𝑃𝑟

1 + 12.7 ∗ (𝑓∕8)1∕2(𝑃𝑟2∕3 − 1)
(19)

here 𝑓 is the Darcy friction factor defined previously. It should be
oted that the transition from laminar to turbulent flow is dependent
n multiple parameters and that each individual correlation has been
5

eveloped for a particular set of conditions. However, these difference
re minor relative to the geological uncertainties present in these
ystems.

If the flow regime is laminar the Hausen Equation is applied [38].
he applicability criteria is: 𝑅𝑒 ≤ 3000 and 𝑃𝑟 ≥ 5.

𝑢 =
3.66 + (0.0688(𝐷∕𝐿)𝑅𝑒𝑃𝑟)
1 + 0.04((𝐷∕𝐿)𝑅𝑒𝑃𝑟)2∕3

(20)

here, 𝐷 is the pipe diameter (m), and 𝐿 the pipe length (m).
In all other cases the simplified Dittus-Boelter Equation is applied,

imilar to that used in [30]:

𝑢 = 0.021𝑅𝑒0.8𝑃𝑟0.43 (21)

n practice, however, for mine geometries and flow rates used in
ommercial schemes (10 s to 100 s of L/s), Eq. (21) is rarely needed.

eat flow within the gallery. The change in water temperature 𝛥𝑇 as it
lows through the gallery over a period of time 𝑡 is obtained by first

estimating the total heat transfer from the rock to the water over that
time period:

𝑄𝐻 = 𝜋𝐷𝐿𝑞𝑝𝑡 (22)

where 𝐷 is the diameter of the gallery, 𝐿 its length, and 𝑞𝑝 the heat flux
through the gallery walls. The temperature change is then estimated as:

𝛥𝑇 = 𝑄𝐻∕(𝑚𝑐𝑤) (23)

where 𝑚 is the mass of water (in kg) that is flowing through the pipe
over the period 𝑡. It is assumed that the fluid and rock properties other
than temperature are constant for each gallery.

2.3.2. Analytical models
Several analytical (or semi-analytical) solutions for heat transfer

are presented here, and used in the applied heat exchange model in
Section 2.3.3.

Analytical cylindrical heat transfer model. Radial heat exchange between
a homogeneous rock mass of uniform temperature 𝑇𝑟 surrounding
a cylinder and water inside the cylindrical gallery is derived semi-
analytically using the method originally developed by Rodríguez and
Díaz [30]. The temperature at the end of the gallery 𝑇𝑜𝑢𝑡,𝑚𝑟 can be
obtained from:

𝑇𝑜𝑢𝑡,𝑚𝑟 =
2𝜋𝑟𝑝𝐿𝛶𝑇𝑟 + (𝜌𝑤𝑐𝑤𝑄 − 𝜋𝑟𝑝𝐿𝛶 )𝑇𝑖𝑛

𝜌𝑤𝑐𝑤𝑄 − 𝜋𝑟𝑝𝐿𝛶
(24)

where 𝛶 is defined as the effective heat transfer coefficient of the
combined rock and water system:

𝛶 = 1
1
ℎ + 𝑟𝑝

𝜆𝑟
ln
(

𝑟0
𝑟𝑝

) (25)

with 𝑟𝑝 the pipe internal radius (m), 𝐿 the pipe length (m), 𝑇𝑟 the
initial rock temperature (◦C), 𝜌𝑤 the water density (kg.m3), 𝑐𝑤 the
water specific heat capacity (J ⋅ kg−1 ⋅K−1), Q the flow rate through the
pipe (m3 ⋅ s−1), 𝑇𝑖𝑛 the water temperature at the start of the pipe, and
𝑟0 the effective thermal ‘halo’ around the pipe, further elaborated on
below and in Appendix A. A few modifications were applied to the orig-
inal formulation of Rodríguez and Díaz [30]. Firstly, as recommended
by Loredo et al. [38], the heat transfer coefficient Eq. (17) is refined
using one of the Nusselt numbers from Eqs. (19) or (20), depending on
the flow regime inside the gallery. Secondly, the original calculation of
the heat loss from the rock mass (their Eq. (A.12)) is refined. Thirdly,
the calculation of the gallery wall temperature 𝑇𝑝 and thermal ‘halo’
parameter 𝑟0 is improved by removing the assumption that 𝑇𝑝 should be
the average of the water and original rock temperatures. The rationale
and full derivation of the new 𝑇 and 𝑟 are provided in Appendix A.
𝑝 0
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Analytical planar heat transfer model. The temperature change of a fluid
moving along a fracture plane due to heat exchange with and diffusion
through the rock mass surrounding the fracture can be determined
analytically [28,39]. The formulation can be adapted to a cylindrical
pipe by expressing the surface area of the pipe as a planar heat surface
on which the heat transfer occurs [38]. The temperature change of the
fluid at a distance 𝐿 within a generalised flow channel from the point
of injection is given by:

𝑇𝑜𝑢𝑡,𝑚𝑝 − 𝑇𝑟 = 𝛥𝑇1 = (𝑇𝑖𝑛 − 𝑇𝑟)erfc(𝛹 )𝑈 (𝜉 − 𝜁 ) (26)

here

= 𝐿𝑃
2𝑞𝑐𝑤

√

√

√

√

𝜆𝑟𝜌𝑟𝑐𝑟
𝑡 − 𝐿𝐴𝜌𝑤

𝑞

(27)

𝜁 =
𝐿𝜆𝑟

𝑟2𝑝𝜌𝑤𝑐𝑤𝑣𝑤
(28)

=
𝑡𝜆𝑟

𝑟2𝑝𝜌𝑤𝑐𝑤
(29)

nd where 𝑇𝑟 is the initial rock mass temperature (◦C), U is equal to 1 if
− 𝜁 is positive and 0 if not, 𝑇𝑖𝑛 the temperature of the injected water
◦C), 𝑇𝑜𝑢𝑡,𝑚𝑝 the temperature (◦C) at distance (m) 𝐿 from the inflow
oint, 𝑃 the effective perimeter (m) perpendicular to the flow direction,
nd 𝐴 its surface area (m2), 𝜆 thermal conductivity (W ⋅ m−1 ⋅ K−1), 𝜌
ensity (kg ⋅ m3), 𝑐 specific heat capacity (J ⋅ kg−1 ⋅ K−1), 𝑟𝑝 the radius
f the pipe (m) for any generalised flow void (in this case the mine
allery), and where the subscripts 𝑟 and 𝑤 stand for the rock and water
espectively.

.3.3. Temperature and heat transport computation in GEMSToolbox
etermining order of computation. Heat transport is calculated from
ny inflow points in the system to any outflow points. To increase
fficiency, first, a tree structure of nodes in the order in which they
re to be solved is built, using the flow field from Section 2.2.2. How
his tree is built is described in detail in Appendix B.

ccounting for thermal interference between galleries. The radially sym-
etric approach from [30] assumes that heat is available from an
nlimited rock mass surrounding the galleries, and the distance from
hich heat is extracted (or the ’thermal halo’) is represented by an
ver-increasing radius 𝑟0. In reality, a thermal interference is likely to
ccur between nearby galleries, when, for long-term heat extraction,
he thermal halo from one gallery starts to overlap with that of a
eighbouring gallery. Here, an efficient model to deal with this thermal
nterference is proposed by computing the temperature exchange using
oth the radial and planar models described in Section 2.3.2.

Due to this thermal interference, each gallery is only able to extract
eat from its own ’control volume’ surrounding the gallery, which
s smaller if galleries are positioned closer together (Fig. 2A). In the
lane perpendicular to the axis of the gallery, let 𝑟𝑚𝑖𝑛 be the minimum
istance from the gallery axis to the edge of the control volume. As
ong as 𝑟0 ≤ 𝑟𝑚𝑖𝑛, the radially symmetric heat extraction assumption
rom [30] remains valid. For 𝑟0 > 𝑟𝑚𝑖𝑛, thermal interference between
he gallery and its neighbour starts to occur. For 𝑟0 ≫ 𝑟𝑚𝑖𝑛, heat
xtraction in the plane of the galleries (i.e. the coal seam) becomes
egligible, and heat extraction approaches a planar model, in which
eat is only extracted from the direction perpendicular to the coal seam
i.e. typically vertically above and below a horizontal coal seam). In
EMSToolbox, the heat extraction is approximated as a weighted aver-
ge of a radial and a planar model presented earlier in Section 2.3.2. In
he plane perpendicular to the axis of the gallery, let 𝑟(𝜃) be either 𝑟0 or

the distance from the gallery centre to the edge of the control volume in
the direction 𝜃, whichever of the two distances is smaller (see red line
6

in Fig. 2B and blue line in Fig. 2C). The proportion of radial versus r
planar heat diffusion applied, here referred to as the weighing factor 𝜂,
is then defined as:

𝜂 =
∫ 2𝜋
𝜃=0(𝑟(𝜃) − 𝑟𝑝)𝑑𝜃
2𝜋(𝑟0 − 𝑟𝑝)

(30)

The temperature change of the water 𝛥𝑇 flowing through the gallery
is then defined as a linear combination of the radial and planar solution
Eqs. (24) and (26):

𝛥𝑇 = 𝜂𝛥𝑇𝑜𝑢𝑡,𝑚𝑟 + (1 − 𝜂)𝛥𝑇𝑜𝑢𝑡,𝑚𝑝 (31)

.4. Model file structure

The model directory is organised in subdirectories: inputfiles, sc
source code), data, results.

The input file is a comma separated file (csv). Each file row repre-
ents a different simulation run parameters and each column a param-
ter. The DefaultScenario.csv contains all the default parameter values.
n input file can be created either from a blank csv or by copying

he default file. A user does not have to specify a value for all the
arameters. Any missing parameter will be automatically read from the
efaultScenario.csv file and a warning issued to the user for reference.
his arrangement has the advantage of making creating input files easy
or non-programmers using MS Excel or similar. Furthermore it afford
way to easily keep a record of all the parameter values used. Finally,

t makes it easy to generate large simulation sequences (simply by
dding extra rows) for conducting sensitivity analysis or uncertainty
uantification. A detailed description of all the parameters, including
ow to set boundary conditions and initial conditions is provided in
he README file on GitHub. To determine which input file to run, its
ame should be specified in the _InputFileName.csv. To perform the
imulation run the following file GEMSToolbox.m.

The results of each run can be found in the ‘results’ directory under
sub-directory which has the same name as the input file. Two kind

f result files are generated, the first is a summary of all the well
emperature given as the ’thermal performance’ introduced later in this
ork. The second is the 3D VTK file of each simulation (i.e. each row

n the input file). These files can be visualised in ParaView.
The data folder is added for convenience only. Users can specify

eometry files located anywhere in practice.

.5. Validation tests

The numerical code is thoroughly benchmarked against a set of
nalytical and numerical test results. The following tests were designed
o verify the implementation of the flow and heat transfer calculations.
ll test methods and results are detailed in the Appendix C.

.5.1. Flow validation
To validate the flow calculations, a test case was designed where 10

uccessive pipes are connected in series. Each pipe is a 100 m long. The
ipe diameters vary between each pipe (see Appendix C Table C-1). The
arrowest pipe has a diameter of 10 cm and the largest of 10 m. A fixed
ydraulic head of 2 m is set at the entrance of the narrowest pipe and
fixed hydraulic head of 0 m is set at the exit of the final, widest, pipe.
he results of the GEMSToolbox implementation were compared against
he Excel implementation of Eq. (8) for each pipe (see Appendix C
able C-1).

.5.2. Heat transfer validation
To verify the implementation of the heat transfer coefficient the

esults were compared to previous work. For the test, the base case
rom [30] at 10 and 40 m3 ⋅ h−1 was implemented, as reported in [38]
see their Table 1 for input parameters). It should be noted that
he GEMSToolbox approach uses their recommendation of using more

epresentative Nusselt number relationships.
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Fig. 2. (A) Representation of the volume of rock that the pipe can exchange heat with. The maximum distance is given by 𝑟0, the closest mid-distance between two pipes by 𝑟𝑚𝑖𝑛.
In a dense mine network a gallery often has two adjacent galleries. The mid-distance to the second closest gallery is 𝑟𝑖𝑛𝑡. (B) Schematic representation of the integration used to
determine the thermal interference between neighbouring galleries. (C) Output of the computation of 𝑟𝑖 (i.e. all the distances between the pipe centre and the bounding box are
shown in the blue continuous line). In this example 𝑟0 = 20 m, 𝑟𝑚𝑖𝑛 = 5 m, 𝑟𝑖𝑛𝑡 = 15 m.
2.5.3. Interference between mine galleries
To verify the validity of the weighting factor 𝜂, testing was con-

ducted where the results of the GEMSToolbox using 𝜂 were compared
against the results of a full 2-D finite element solution. The details of
the tests and its results are provided in the Appendix C.

2.6. Durham university case study

Next, the description of how the model is applied to a hypothetical
mine-water heat abstraction scheme utilising the mine workings located
beneath the Durham University Campus is provided. In this scheme,
mine water is abstracted from one of the mine workings of the deeper
‘‘Busty’’ seam, and re-injected into the shallower ‘‘Hutton’’ seam. The
water will then flow back from the injection point in the Hutton seam,
via shafts connecting the seams to the abstraction point in the Busty
seam. In this project, the scheme aims to provide the heat demands for
one of the University’s colleges, Van Mildert College, for which heat
demands were obtained from Durham University [40]. Therefore, mine
water is hypothetically injected and abstracted at the Van Mildert site
using a borehole into the mine workings of each of the seams.

2.6.1. Evaluating heat demand
Durham University uses an Energy Manager software tool, System-

slink, that allows for detailed monitoring and reporting of gas and
electricity data. The data from March 2020 to February 2022 is used.
The data samples are available with a 30-minute interval window.

In this study two scenarios are investigated. The first assumes that
the total energy demand is spread over the course of the year. The
second assumes that the peak energy demand is extracted throughout
the year.

For the first scenario, the total annual gas demand for the accom-
modation blocks of Van Mildert College amounts to 1,672,163 kWh (±
53,266 kWh), which amounts to 191 kW when the demand is spread
evenly over 365 days. For the second scenario, the peak gas consump-
tion from the seven residential blocks at the Van-Mildert College was
2156 kW. This is a theoretical maximum as the peak demand might
not have occurred at the same time in each block. However, it is
necessary to understand the maximum potential consumption for heat
pump selection, and adding the peak loads together for this simple
example analysis is suitable. It should be noted that the first scenario
is only about 8.9% of the heat demand from the second one.

A heat pump will be used to transfer the heat from the pumped
minewater into a clean closed-loop circuit. The total mine water ex-
7

traction rate, 𝑄𝑎𝑏𝑠, to meet the heat demand for the scenarios described
Table 1
(A) Mine water extraction rate demands calculated for the two Van Mildert heating
demand scenarios. This calculation uses a typical coefficient of performance of the
heat pump used is 3.5 and a mine water temperature drop 𝛥𝑇𝐻 due to heat extraction
of 5 ◦C. (B) Indicates the variation in thermal rock properties for the sensitivity analysis
of the first scenario.

(A) Hourly demand (kWh) Well flow rates 𝑄𝑎𝑏𝑠 (m3 .s−1)

Scenario 1 191 6.48E−03
Scenario 2 2,156 7.36E−02

(B) Thermal conductivity Specific heat capacity

Sc 1 - base 2.6 960
Sc 1 - Sandstone 3.0 920
Sc 1 - Shale 2.2 1000

above can be computed as follows [41]:

𝑄𝑎𝑏𝑠 =
𝐻𝐷

[

1 − 1
𝐶𝑂𝑃

]

𝛥𝑇𝐻 𝑐𝑤𝜌𝑤
(32)

where 𝐻𝐷 is the requested heat demand, 𝐶𝑂𝑃 the coefficient of per-
formance of the heat pump, 𝛥𝑇𝐻 the mine water temperature drop due
to heat extraction, and 𝑐𝑤 and 𝜌𝑤 the specific heat and density of the
mine water. Table 1. A illustrates the required mine water extraction
volume rates for each scenario.

The variation in abstraction temperature due to variations in the
thermal properties of the rocks surrounding the mine are also inves-
tigated. This is important as coal measures in this case study area
are found in repeating lithological sequences. Therefore the roof of
the mine consists of predominantly sandstone, and the floor predom-
inantly of shale. Table 1.B indicates the rock thermal properties for the
sensitivity analysis performed on the first scenario.

2.6.2. Digitising mine plans
The digitisation of the mine plans is essential to the modelling

approach described in this study. The protocol used for digitisation is
reported extensively in [40]. All UK mine plans are licensed by the Coal
Authority. The maps are received as images and are geo-referenced in
ArcGIS PRO before each gallery of the room and pillar workings is
digitised (Fig. 3). Geo-referencing of the maps is done using surface
features indicated on the maps such as buildings which have survived
since the map was made, or old mine shafts that reach the surface and
have been geo-referenced by the Coal Authority in the past.

Some mine plans show that portions of the old room and pillar
workings have been completely removed as part of a subsequent mining
phase. These areas of the mine almost certainly collapsed due to the
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Fig. 3. Digitised mine plans showing the Busty Seam in red, the Hutton Seam in blue. The yellow star indicates the location of the Van Mildert College of Durham University.
Source: From [40].
lack of structural supports from the pillars. Since the mines are very
old (in some instances in the late 18th century), the collapsed material
will subsequently have compacted and now acts as a relative barrier to
the flow of water, compared to the open galleries and roadways in the
mine workings.

Existing mine water heating projects often utilise multiple coal
seams, where water is commonly injected in a shallower seam, and
abstracted from a deeper seam [e.g., 41,42]. Therefore, another im-
portant element of the digitisation process is the identification of mine
shafts that connect the abstraction and re-injection seams to ensure an
effective re-circulation pattern is developed. This circulation prevents
over-pressurisation of the re-injection seam and de-pressurisation of
the abstraction seam. This is important to ensure that the water re-
injected into the mine does not seep out to the surface or into aquifers
containing drinking water. The connection between the abstraction and
reinjection points would also be evaluated with pumping tests.

2.7. Thermal performance: A metric to assess the sustainability of a mine
water heating system

In order to assess the sustainability of a mine water heating system
over time the proposition is made to use a metric which normalises the
difference in temperature between the injection and abstraction to the
difference in temperature between the in-situ inital conditions of the
system and the injection temperature. This ’thermal performance’ 𝜂𝑡ℎ is
defined as:

𝜂𝑡ℎ =
𝑇𝑎𝑏𝑠 − 𝑇𝑖𝑛𝑗
𝑇𝑟 − 𝑇𝑖𝑛𝑗

(33)

A few properties of the thermal performance are provided below:

• It will be in the [0, 1] interval as long as the abstraction tem-
perature is warmer or equal to the re-injection temperature, and
cooler or equal to the initial in-situ temperature of the rock and
mine water.
8

• It will be > 1 if the abstraction temperature exceeds the initial in-
situ temperature of the rock. This is useful, to identify a system
which is heating over time from a heat source that is not the
injected water.

• It will be < 0 if the abstraction temperature is lower than the re-
injection temperature. In effect, if heat is added to the water at
the surface. Under the current assumptions, this is the opposite
of what the aim of the system is. Hence, a negative thermal
performance can be viewed as a state in which the system is
physically unable to perform.

3. Results

3.1. Flow patterns and mine water temperature distribution for the Van
Mildert case study

Figs. 4 and 5 illustrate the water temperature inside the mine
workings after 30 years of operation for scenarios 1 and 2, respectively.
Appendix D lists the differences between both scenarios. Water is
injected into the upper seam at the location of Van Mildert college,
and from there flows through the upper seam towards the shaft that
connects the seams, where it flows into the lower seam. Inside the lower
seam, the water makes its way back to the location under Van Mildert
college, where it is pumped up again. The simulations were done on
a MacBook Pro (M2 Chip, 16 GB of RAM) and took approximately
25 seconds each.

An important difference to observe is that in scenario 1 the water
temperature at the top of the shaft connecting the two seams is still
close to the initial rock temperature of the shallow seam after 30 years.
This would imply that the cooling of the deeper seam is primarily
driven by the initial temperature difference between the two seams as
the water flows through the system. In scenario 2 however, the faster
flow rates clearly cause the cold temperatures of the re-injected water
(10 ◦C) to reduce the temperature at the top of the shaft below the
initial rock temperature of the shallow seam. In effect, the thermal
effects of the re-injection well can be felt at the shaft and hence in
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Fig. 4. Temperature distribution inside the mine workings for the Van Mildert Scenario 1 after 30 years. Water is re-injected at 10 ◦C at the cyan sphere and abstracted at the
magenta sphere. The system flow rate at the wells is about 6.5 l/s. Vertical exaggeration x5.
Fig. 5. Temperature distribution inside the mine workings for the Van Mildert Scenario 2 after 30 years. Water is re-injected at 10 ◦C at the cyan sphere and abstracted at the
magenta sphere. The system flow rate at the wells is about 73.5 l/s. Vertical exaggeration x5.
the deeper seam as well. This illustrates how GEMSToolbox can be use
to investigate the impact of different operational parameters on the
subsurface mine system fast and efficiently.

3.2. Effect of rock thermal properties on abstraction temperature

Thermal conductivity and heat capacity of the material in the
mines are varied to assess the importance of choosing those parameters
correctly. The default values are changed to those more appropriate for
sandstone and shale (see Table 1). Fig. 6 shows that the variations in
thermal conductivity of the rock surrounding the mine has a greater
impact on the abstraction temperature than the rock’s specific heat
capacity. The lower the specific heat or thermal conductivity of the
rock the lower the abstraction temperature of the water will be. The
deviation in abstraction temperature from the base case of scenario 1
increases over time.

3.3. Effect of flow rate on abstraction temperature

The difference between scenarios 1 and 2 is quantified by plotting
the effect of flow rates against time. Fig. 7 shows the abstraction
temperatures for both scenarios. The results show that the system cools
over time. That the initial temperature of the abstraction water is equal
to the initial rock temperature in the deeper seam. It shows that in
Scenario 1, where the annual total heat demand is spread evenly over
the year then the system stabilises at an abstraction temperature of
12.7 ◦C.
9

Fig. 6. Abstraction temperature of the system through time for scenario 1 with different
thermal rock properties for model Scenario 1. Values measured through time at the
abstraction (’magenta’) points in Figs. 4 and 5. This scenario is varied by using both
sandstone and shale thermal properties. These two lithologies constitute the roof and
floor of the mine. The abstraction seam’s starting rock temperature is 13.44 ◦C and
the re-injection temperature is 10.00 ◦C.
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Fig. 7. Abstraction temperature of the system through time for each of the two
scenarios modelled. Values measured through time at the cyan points in Figs. 4 and
5. Scenario 1 assumes the annual heat demand is equally spread out over the entire
year, scenario 2 assumes that the peak demand which occurs less than 10% of the year
actually occurs all year round. The abstraction seam’s in-situ temperature is 13.44 ◦C
and the re-injection temperature is 10.00 ◦C.

Fig. 8. Thermal performance of the system through time for variations of the first
scenario. Each curve represents the Scenario 1 being ran for different changes in
temperature across the heat exchanger of the heat pump, combined to the matching
change in flow rate to ensure the same amount of heat is extracted from the water.
In effect, for lower 𝛥T the flow rate is increased, whilst for higher 𝛥T the flow rate is
decreased, to extract the required heat from the mine water.

The results also show that in the second scenario where the peak
demand is used to calculate the abstraction flow rate applied over
the whole year, the abstraction temperature of the system is greatly
affected, and stabilises around 11.2 ◦C.

3.4. Effect of balancing re-injection temperature and flow rate on thermal
performance

Fig. 8 illustrates how different operational parameters of the sys-
tem, the flow rate and temperature drop across the heat pump’s heat
exchanger, affect the heat extraction from the mine water. It illustrates
that increasing the temperature drop across the heat exchanger, and
reducing the flow rate, increases the thermal performance of the system
and reduces its drop over time when the site is operated at a constant
10
flow rate. Such operation might be imposed by regulations or permits.
The figure also shows that the greatest drop in thermal performance
occurs at the start of the scheme’s operation.

4. Discussion

GEMSToolbox is a novel tool to explore the feasibility of mine
workings for geothermal heat extraction. Results on a hypothetical case
study for the Van Mildert college illustrates some of the capabilities of
the tool. This section discusses how the tool can be used to explore
how the uncertainty in the subsurface propagates into uncertainty
on the thermal performance of the mine system as a source of low-
carbon heat. Then are discussed additional processes that should be
considered in subsequent phases of the project or jointly with the
thermal performance assessment undertaken using the GEMSToolbox.

4.1. Van Mildert college Durham University case study

This study of the feasibility of using a local mine-water heating
scheme to heat the Durham University Van Mildert College residen-
tial halls is hypothetical in nature. Yet, it serves to illustrate various
valuable outputs, limitations, and applications of GEMSToolbox.

First, It should be noted that in that particular study the two heating
demand scenarios reflect two end members. The first is most realistic
because it does not over inflate the total amount of heat extracted
from the system each year. From an energy balance perspective it is
therefore more valuable in assessing the sustainability of the scheme. It
is worth noting that, in reality, and for actual costings to be meaningful,
the peak load should be considered, so that the power output of the
heat pump can meet peak load demand which occurs only a fraction
of the year. The second scenario, can be construed as a high-end
member illustrating the maximum rate of heat depletion which should
be anticipated.

The drop in the thermal performance of the system (Fig. 8) indicates
that the system’s abstraction temperature gradually decreases over time
whilst the re-injection temperature is maintained. Due to the open
nature of the system the flow tends to spread around the injection and
abstraction borehole increasing the sweep of the system in those areas.
The rate of decline in the mine water temperature reduces gradually
over time as heat is mobilised from a greater distance around the mine.
In other words, the temperature difference between the mine wall and
the rock is reduced over time as the rock surrounding the mine cools.
From an operational perspective the drop in abstraction temperature
is mostly felt in the first few years of operation. In both scenarios the
temperature drop in abstraction temperature from 5 to 30 years was of
less than 0.5 ◦C.

If it is assumed that the operational flow rates are restricted at a
permitting stage, then it can be seen how GEMSToolbox can be used
to evaluate the over sizing of the system. First, it can help predict the
temperature drop over time at the abstraction point. Second, it can be
used to design a system which operates at a constant flow rate but
for which the temperature drop at any point during the lifetime of the
project does not make the scheme economically unviable.

One point to discuss at this stage is the importance of expert
knowledge in interpreting mine abandonment plans. For example, in
the case study presented here, the mine shaft connecting the Hutton
Seam to the Busty Seam at 1◦34′36′′W, 54◦45′46′′N was identified by
a former mining engineer. This is an important consideration as these
interpretations have a strong control on the results. It can therefore
be said that in countries like the UK, where most of the schemes
would have to be developed in disused mines using legacy data and
knowledge, the new generation of engineers trained with renewable
technologies would have to work hand in hand with former experts in
order to assess the sites. This has strong social and timing implications
for the uptake of the technology in regions where legacy mines are
found.
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The assignment of thermal properties to the rock mass should also
be discussed. The model currently allows the user to specify a single
thermal conductivity, heat capacity and density value for the rocks
surrounding the mine. Due to the sequential nature of the deposits
which led to the coal formations it is common for the floor of the mines
to be different from the roof strata. In the represented case study the
floor of the seams are shale and the roof sandstones. It has been shown
that the thermal conductivity of the surrounding rock has a greater
impact on the abstraction temperature than the specific heat capacity of
the rock. This is explained by the fact that the water efficiently cools the
rock immediately in the vicinity of the galleries and that the primary
control becomes the speed at which heat can be mobilised from further
within the rock. This is primarily controlled by the thermal conductivity
of the rock. However, it has also been demonstrated that variation in
rock thermal properties in this case study have less of an impact on the
abstraction temperature than the flow rate has.

GEMSToolbox models mine galleries as cylindrical pipes as an ap-
proximation of the more complex shape of the real mine galleries. Ro-
dríguez and Díaz [30] justify this approach, and in Appendix C the
minimal difference in heat exchange between cylindrical and rectangu-
lar galleries, provided the surface area of the two galleries are the same,
is illustrated. In this context, it is noted that finding the typical gallery
dimensions within the mine workings is not trivial. The calculation of
the representative width of the mine galleries is achieved using the
‘Measure’ tool in ArcGIS Pro, through which the widths of a random
sample set of individual galleries was measured. Based on a population
size of 10,581 pipes across the two mapped seams, a 95% confidence
level, and a 5% margin of error, the determined sample size was 371.
From this sample set, the average gallery width was determined to be
3.31 m. An average seam thickness (i.e. gallery height) was assumed
to be 1.20 m based on discussions with former mining engineers. This
average gallery width and height yields a cross-sectional area of 3.97 m.
This results in an assigned pipe diameter of 2.25 m to the galleries in
the model, which yield an equivalent cross-sectional area. The velocity
of the water through the system is a critical control on the turbulence
of the flow and hence the heat transfer coefficient applied between
the rock and the water. However, the heat exchange between the rock
mass and the mine water depends on the surface area of the galleries.
Therefore, it might be worth considering modelling scenarios where the
radius of the galleries is determined to yield an equivalent surface area
to those estimated from the mine plans.

It should also be noted that the digitisation process could be im-
proved by using AI for converting raster images of the legacy mine
plans into networks which can be used in GEMSToolbox.

4.2. Additional modelling considerations

Here additional project considerations that will need to be evaluated
during subsequent stages of the project are discussed. Usually when the
initial feasibility study has been completed.

While the heat exchange models were mostly followed accord-
ing to Rodríguez and Díaz [30] and Pruess and Bodvarsson [39], a
few important improvements were added. Firstly, the improved heat
transfer coefficient models from [38] were adopted. This reduces the
overestimate in heat exchange, as very large mine systems might result
in slow, laminar flow rates far away from the injection wells. Perhaps
the most substantial improvement implemented in the heat exchange
model is the introduction of the weighting coefficient 𝜂 to interpolate
between planar and radial heat transport models in a control volume
defined by the closest distance to its closest neighbouring pipes. This
approach ensures that in densely excavated seams, the thermal inter-
ference between neighbouring galleries is properly accounted for. The
approach assumes that water flow rates of neighbouring galleries are
similar, so that the ’control volume’ around each gallery is equally split
between the galleries. Although unlikely, it might be possible that flow
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velocity between neighbouring galleries differs significantly, in which
case the concept of an equal split of the rock mass between the gallery
control volumes needs to be revised, as most of the heat extraction
will be achieved by the gallery with the faster flow, and this gallery
should be assigned a larger control volume. One approach would be to
ignore galleries with significantly lower flow rates when determining
the distance to neighbouring galleries. The geothermal heat extraction
estimate is therefore conservative, as assigning a larger control volume
to the most contributing galleries will increase the total yield of the
system.

The GEMSToolbox approach only considers open galleries, but is
less well suited to account for areas where a significant proportion of
galleries have been backfilled with mining waste. These regions would
be better represented by porous media flow. Equally, the geometrical
assumption of a pipe network breaks down when attempting to model
areas mined using total extraction methods like longwall mining. In-
deed, these areas resulted in entire areas of a coal seam being removed
and resulting in a porous rubble forming with a fractured ceiling. One
approach would be to couple the pipe network with a porous Darcian
flow model of 2D elements. This approach has been demonstrated for a
single goaf panel by Wu and Luo [43], but would need extending for a
full mine system. We plan to address these limitations in our subsequent
research.

GEMSToolbox does not provide a user friendly way to simulate
the interaction with regional groundwater. Although this is technically
possible by applying a source term at each node in the model to
simulate the inflow and outflow of groundwater into the mine system,
it is impractical to do so as it would require using the well setting
keyword in the input file. The presence of a mine can potentially affect
regional gradients by establishing a virtually constant hydraulic head
zone relative to that regional gradient. The method employed in this
research does not incorporate the heat recharge phenomenon occurring
in the rock mass due to groundwater interaction, and only the heat from
the rock itself is accounted for. If a substantial inflow of groundwater
from the surrounding country rock is present within the mine, the
cooling rate of the country rock is expected to be slower as it undergoes
re-heating from the warm groundwater.

The amount of memory required to compute the flow fields require
matrices of size 𝑛𝑛2 this can quickly reach the total memory available
on most laptop or desktop systems. For a computer with about 16 GB of
RAM, the total number of pipes which can be modelled in a square grid
is around 24,000 depending on background processes and operating
system requirements. Further work could look to implement domain
decomposition techniques such as the one proposed by Diao et al. [44]
to reduce memory costs and allow sequential computation of the flow
field. However, it is worth noting that the approach presented here has
been successfully tested on extensive mine working data with some
models encompassing 4 seams and thousands of square meters (not
presented here due to disclosure agreements).

At the moment, GEMSToolbox does not yet consider mine water
reactive geochemical effects. The chemistry of the mine water is implic-
itly accounted for by allowing the user to specify the thermal and flow
properties of the fluid. However, the geochemical interactions between
the rock and the water as a consequence of the mine water scheme
operations are not modelled. More accurate modelling could be used to
estimate the chemical exchanges between the rock and the water based
on the initial composition of the rock and the water, and the flow rate
and temperature of the water. Surface treatment prior to re-injection
would have to be factored in. This is an important consideration as
galleries are open and ventilated during mining operations. This allows
secondary minerals to form on the exposed surfaces within the mine.
When activity and pumping cease, the rising groundwater dissolves
these minerals, resulting in increased concentrations of iron, sulphates,
and other contaminants. It is argued that the impact of reactive geo-
chemical processes can be greatly minimised, but not fully removed,
by taking a few steps. First, avoiding exposure of the mine water to

oxygen (i.e. air) by ensuring the system above the water table is leak
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free [15]. Second, by re-injecting the mine water back into the mine.
This removes the need for stringent treatment of the water at the
surface before its disposal in streams and rivers.

Erosion can lead to the instability of the mine working. This can
be exacerbated during a mine water scheme if the flow rate is ex-
cessive [45]. Therefore, the risk can be reduced by minimising the
velocity of the water inside the mine by targeting large open galleries
and roadways to provide greater connectivity and cross sectional flow
area. GEMSToolbox does not provide a quantitative evaluation of the
magnitude of potential erosion in the workings but it does evaluate
where turbulent flow might be likely, and provide insight on where to
focus further investigations. Future work could look to add a module to
estimate the stress on coal pillars and estimate the amount of erosion
that would be required to lead to a substantial weakening of the pillars.

As reported by others [20] the sustainable use of mine water
geothermal resources is contingent on its correct management. Cur-
rently, time dependent heat storage is not implemented in the code
as the faster computation rates achieved rely on analytical solutions
assuming a constant rate of water injection at a constant temperature.
Alternative avenues to include time dependent boundary conditions
compatible with the approach taken in GEMSToolbox are being ex-
plored as part of ongoing research, for example developing surrogate
models using AI. These models could take in parameters such as the
amplitude and frequency of the storage cycles. However, GEMSToolbox
can already model continuous heat injection. For example, waste heat
from an industrial user.

It is recommended that GEMSToolbox be integrated into initial
feasibility studies workflows. Over time, as the project develops and
large volumes of monitoring data become available, the development
of more conventional fully 3D models could provide a more detailed
evolution of the mine geothermal system to support the project at a
more mature stage.

Despite the potential limitations listed in this section, GEMSToolbox
can make a very valuable contribution on the assessment of mine water
geothermal schemes at the feasibility stage by providing a platform to
maximise the value of the limited data available and quickly iterate on
multiple scenarios to explore uncertainty and narrow down project risk.

5. Conclusion

A significant contribution to the mine water modelling literature
has been made with the presentation of GEMSToolbox, a novel tool to
support feasibility investigation in the deployment and application of
mine water as a low-carbon, local, heat source. The tool is developed to
be fast and able to conduct sensitivity analyses of sufficiently large mine
systems on a mid range laptop or desktop, with individual simulations
taking in the order of 25 s for the example modelled in this study.
GEMSToolbox offers an intermediate modelling approach particularly
well suited to exploit the limited information available at a feasibility
stage, namely legacy data including abandonment plans, and poten-
tially more recent pumping data or temperature samples. The approach
also accounts for the thermal interference between neighbouring gal-
leries hence reducing overestimation in the abstraction temperature.
GEMSToolbox can also be used to inform these larger modelling efforts
by allowing the user to identify and isolate critical parameters of the
system.

The use of GEMSToolbox has been demonstrated on a hypothetical
ase that seeks to provide mine water geothermal heat to the accom-
odation buildings of Van Mildert College, Durham University. In this

xample, it is shown that the drop in abstraction temperature of the
ystem is mostly felt in the first 5 years of operation. It is observed that
he thermal conductivity of the surrounding rocks has a greater impact
n the abstraction temperature change than the specific heat capacity of
hose rocks. It is also indicated that the primary control on abstraction
emperature in the simulations appears to be the operational wells flow
ate. The conceptual limitations of the model have been discussed in
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relation to wider uncertainties and aims, to clearly define its scope
of applicability, and to identify areas where alternative modelling
approaches could be more appropriate.

Finally, some future improvements to the tool are recommended:
the inclusion of porous media flow in back filled galleries and long-
walled mined panels; the inclusion of fluctuating injection temperature
and flow rates to allow for a fast approximation of seasonal storage
solutions; AI could be used to speed up the digitisation of legacy mine
plans; the segmentation of the domain could be useful to allow larger
models to run, although this has not proved a limitation yet.

GEMSToolbox has the potential to make a significant contribution to
the growth of MWGH as a technology by supporting the stakeholders
researching and undertaking MWGH projects, by offering a solution
compatible with existing feasibility workflows and computing resources
available to the stakeholders driving forwards the technology.
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Appendix A. Supplementary data

Supplementary material related to this article can be found online
at https://doi.org/10.1016/j.apenergy.2024.122786.
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