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Abstract

Repurposing abandoned coal mines for low-carbon heat supply offers signif-
icant potential for heat decarbonisation but is hindered by uncertainties in
subsurface geology and legacy underground mine-engineering architecture. We
present a scenario-based modelling framework for quantifying the impact of these
uncertainties on the performance of open-loop mine-water thermal systems with
cold-water re-injection. Leveraging data from the Glasgow UK Geoenergy Obser-
vatory, we constructed multiple conceptual models with mixed extraction-type
configurations and different levels of mine-void connectivity. Flow and heat-
transport pathways within and between mine workings were modelled as distinct
hydraulic facies, including water-filled voids, backfill lithology, and host-rock het-
erogeneity. Petrophysical properties were explicitly represented in 3D numerical
grids and simulated using the open-DARTS multiphysics simulator.
Our results show that deliverability is governed primarily by the extent of
hydraulically connected open voids between an injector and producer, and the
influence of backfill becomes significant only when it intersects the principal
flow pathway between the wells. When storage capacity is held constant in a
low-porosity, low-permeability confining host-rock case, variations in mine con-
nectivity alone reduce thermal lifetime by roughly twenty-fold for a productivity
loss of only about 13 per cent. In contrast, a more porous and permeable con-
fining host rock can extend thermal life through conductive heat recharge and
pumping-induced advective inflow from connate water in the surrounding aquifer,
particularly where mine connectivity is limited.
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These findings demonstrate that the volume of hydraulically swept and con-
nected void space is a dominant control on long-term mine thermal-hydraulic
performance, rather than merely the total stored heat resource, and highlight
the importance of incorporating uncertainties in mine-working architecture when
assessing resource potential and project risk.

Keywords: Mine-water, Characterisation, Open-Loop, Thermal-Hydraulic, Simulation

1 Introduction

The UK has long demonstrated that mine-water geothermal energy holds signifi-
cant promise as a viable pathway for heat decarbonisation. However, despite this
potential, widespread deployment has been constrained by a range of scientific and
technological challenges that undermine confidence in the long-term reliability of such
systems (UKGEOS 2025; Gonzalez Quiros et al. 2025). Many of these challenges arise
from uncertainties within the subsurface conditions. Hydrogeological uncertainties are
especially consequential: open-loop systems may experience rapid declines in water
temperature or flow due to resource depletion (Hall et al. 2011; Receveur 2024), while
backfill volume, composition and property contrasts further affect void stability and
flow (Brook 1994; Yang 2016). Together, these complexities hinder thermal-hydraulic
modelling and introduce risks such as unpredictable flow paths that must be carefully
considered when re-engineering design and operation for geoenergy applications.

Accurately forecasting groundwater behaviour in abandoned coal mines remains
difficult (Bodeux et al. 2017), in part because geophysical imaging of excavated voids is
rarely available. Recent stakeholder engagement in Scotland highlights that improved
geoscience understanding is essential, not only for technical system design but also
for building public trust, regulatory confidence, and investment certainty throughout
project development (Deeming et al. 2024). Despite this, integrating interdisciplinary
datasets across spatial and temporal scales to predict heat transport, storage, and
recovery efficiency continues to present major challenges (Adams and Younger 2001;
Loredo et al. 2016; Walls et al. 2021; Perez Silva et al. 2022).

A substantial knowledge gap persists in how subsurface uncertainties influ-
ence quantitative forecasts of mine-water geothermal performance over operational
timescales relevant to UK geoenergy networks (Adams et al. 2026). Earlier research
(Younger and Robins 2002; Renz et al. 2009; Brouyère et al. 2009; Hamm and
Bazargan Sabet 2010) highlighted the importance of predictive post-closure modelling
for environmental management. Traditional assessments often rely on simplified ana-
lytical methods or 2D models with deterministic parameters, whereas mine-aquifer
systems involve complex, physically coupled processes shaped by subsurface hetero-
geneity that are more accurately represented in 3D (Loredo et al. 2016; Kallesøe and
Vangkilde-Pedersen 2019; Orban et al. 2024). Robust conceptual models are therefore
essential for characterising void connectivity (Adams and Younger 2001) and the spa-
tial uncertainties that influence heat recovery within mineworkings (Ó Dochartaigh
2009; Andrews et al. 2020; Monaghan et al. 2022a,b).
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Addressing these challenges requires structured, uncertainty-aware workflows.
Scenario-based optimisation studies have linked demand schedules to coupled thermal-
hydraulic mine simulations, for a proposed district heating and cooling network in
Canada (Raymond and Therrien 2014) and, with co-simulation of surface-facility
design, for the Ruhr-University Bochum campus (Spengler et al. 2025).

Recent advances in 3D mine-water modelling highlight the trade-off between com-
putational efficiency and the ability to quantify uncertainty. The GEMSToolbox
(Mouli-Castillo et al. 2024) enables rapid feasibility screening by representing mine
galleries as pipe networks coupled with analytical heat-transfer solutions, but can-
not explicitly resolve the vertical heterogeneity and lateral continuity of sequences
that characterise many mined environments. The importance of capturing geolog-
ical uncertainty is underscored by Perez Silva et al. (2022), who showed that a
2-metre variation in coal-seam thickness produced a 163% difference in thermal-storage
capacity, illustrating the systematic bias that arises from limited characterisation
data. Differing assumptions about mine-water storage volumes likewise lead to
markedly different thermal predictions (Guo et al. 2023). Beyond thermal applica-
tions, González Quirós and Fernandez (2019) demonstrated that 3D finite-element
modelling of complex flooded mine networks is computationally tractable, performing
Monte Carlo uncertainty analysis with coupled continuum-pipe-flow methods, though
focused on environmental management in the Spanish Asturian Coal Basin.

Coupled thermal-hydraulic-mechanical (THM) studies have begun to address mine
stability during mine-water-based thermal production and injection. Todd et al.
(2024) showed that operational parameters, such as injection temperature and water
level, exert a stronger influence on shallow-mine stability than geological conditions,
while Zhang et al. (2025) applied Distance-based Generalised Sensitivity Analysis
(DGSA) across stochastic 2D simulations of deep geothermal mine systems, identifying
mine location, injection parameters, and mechanical properties as dominant controls.
These 2D approaches cannot fully capture the confining layer heterogeneity and cou-
pled interactions inherent in 3D mine geometries, where property distributions and
backfill materials vary significantly in space.

Recent assessments (UKGEOS 2025; Adams et al. 2026) highlight key technical
barriers limiting UK geothermal and aquifer thermal energy storage (ATES) deploy-
ment. These include mine characterisation, upscaling, long-term coupled thermal-
hydraulic-mechanical (THM) responses, and thermal interference between overlapping
schemes. Given the operational parallels between ATES and mine-water geother-
mal systems, the geological heterogeneity of UK aquifers underscores the need for
high-resolution coupled thermal-hydraulic models. Motivated by this gap, our study
characterises the single-phase thermal-hydraulic behaviour of an abandoned, fully
water-saturated coal mine to evaluate its potential for low-enthalpy geothermal energy
extraction.

This study investigates two key research questions. First, do spatially dependent
factors (such as mine geometry, backfill, void distribution, and host-rock properties)
influence hydraulic deliverability and thermal longevity in the same way? Second,
what primarily governs a system’s thermal lifetime: the total heat stored within the
workings, or only the connected heat swept by the operating wells?
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To answer these questions, we integrate a ‘Shared Earth’ modelling workflow with
the open-source open-DARTS multiphysics simulator Voskov et al. (2024), calibrating
models using pumping-test data, core samples, and borehole logs from the UKGEOS
Glasgow facility. Incorporating historical mine plans and equiprobable parameter dis-
tributions, we simulate an ensemble of equally plausible subsurface realisations to
capture geological uncertainty. Through scenario-based modelling, we demonstrate
how these forward simulations link site-specific subsurface responses to long-term per-
formance expectations for heterogeneous, open-loop mine-water geothermal systems
with reinjection.

This approach adapts to mine workings a geothermal simulation capability
established for conventional reservoirs, where open-DARTS has been applied to low-
enthalpy doublets in heterogeneous sedimentary formations (Chen et al. 2025) and to
high-enthalpy fractured systems (Wang et al. 2021). The physics required for a flooded
mine is the same single-phase thermal formulation used in those studies. What is spe-
cific to the mine is the geometry, in which the permeability contrast between open
voids and host rock takes the role that the fracture-matrix contrast plays in fractured
reservoirs.

2 Methods

2.1 Study Site and Data

The Glasgow UK Geoenergy Observatory (UKGEOS) is located in Rutherglen, South
Lanarkshire, on the eastern urban area of Glasgow, United Kingdom (Starcher et al.
2021). Geologically, the site lies within the Coal Measures Group of the Central Mid-
land Valley of Scotland. The facility provides openly accessible datasets, comprising
of 12 boreholes distributed across 5 surface sites. Four sites are located main within
the Cuningar Loop Park, with the exploratory borehole GGC01 located at a separate
Dalmarnock site, 1.5 km west of the main cluster. The facility was made available
to the research community in December 2020 (British Geological Survey 2020), offer-
ing comprehensive monitoring capabilities through several sensors installed at depth
(Monaghan et al. 2022a,b).

We used pre-built mapped horizon surfaces, fault surfaces, depth-to-base grids, and
borehole well tops from the published post-drill bedrock and mine model data (Kearsey
and Burkin 2021a) to build our Geomodel. Additional information is available in a
series of open reports (Monaghan et al. 2019, 2026).

Multi-sensor core logger (MSCL), optical images, X-ray computed tomography
images of borehole core, and laboratory analyses on cores enhanced the 3D model work-
flow through high resolution characterisation of host rock lithofacies and unworked
coals at the exploratory borehole site (Beynon 2020; Payton et al. 2021; Chandler
et al. 2023; Charalampidou et al. 2023) similar to the method described in Smith
et al. (2020). We achieved core-to-log integration following depth-shift procedures from
Monaghan et al. (2021). Wireline logs, together with the core analysis, were inte-
grated to derive representative petrophysical parameters. Borehole electrofacies were
defined using shale-volume estimates, porosity derived from density, sonic logs and
colour-inverted acoustic image arrays. Our correlations were compared to existing rock
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chip descriptions collected during drilling, and post drill depositional environment
interpretations (Monaghan et al. 2021).

Evidence of collapsed roof rock (goaf) and potential backfill was synthesised from
these datasets alongside borehole optical images, and drill cutting logs. Field-scale
estimates of mine void permeability were constrained using preliminary interpretation
of baseline hydrogeological aquifer test pumping data (Shorter et al. 2021).

2.2 Classification of Uncertain Factors

Not all uncertain factors exert equal influence on the coupled thermal-hydraulic
response of a flooded coal mine; treating them uniformly in an ensemble needlessly
inflates computational cost while obscuring dominant controls. We therefore classify
the eight uncertain factors examined in this study using a two-tiered decision workflow
shown in Figure 1.

Tier 1 (host-rock permeability: sealed Scenario (S1) vs. leaky Scenario (S2))
and Tier 2 (mine geometry configurations) establish the nested scenario context
(Sections 2.3 and 2.5). Within this context, individual parameters are split into two
groups. Group I factors (comprising mine geometry, backfill volume, backfill prop-
erties, and void properties) interact with the internal mine architecture to produce
non-linear, geometry-dependent flow patterns requiring full 3D coupled simulation.
Conversely, Group II factors (operating controls, rock compressibility, thermal gradi-
ent, and pressure gradient) serve as boundary or background parameters whose effects
follow established analytical relationships; these are held at reference values across the
ensemble (Section 2.4).

2.3 Mine Model Framework

To investigate the coupled thermal-hydraulic response across the worked-area bound-
ary for a representative mine, we developed a set of idealised model configurations,
assuming laterally extensive and continuous coal facies over the Glasgow Main Zone.
We conceptualised multiple mine configurations representative of a combination of
room-and-pillar and longwall geometries typical of some abandoned UK coal mines,
with variations in pillar dimensions, connected void volumes, backfill extent and asso-
ciated hydraulic properties, to capture uncertainty in flooded mine galleries within the
context of the Glasgow UKGEOS hydrogeological conceptual model (Gonzalez Quiros
et al. 2024).

In our conceptualisation, the flooded mine galleries function as high-permeability
conduits embedded within lower-permeability host rock layers, forming a dual-domain
system with contrasting hydraulic properties. Interactions between the mine voids and
surrounding host rock can occur through: (1) vertical connectivity via high-porosity,
high-permeability confining layers linking galleries to overlying strata and (2) lateral
continuity or the lack of same; through mine gallery-bounded flow pathways, collapsed
rubble zones (or goaf), and backfill (mine waste) zones within the workings.

Multiple vertically stacked coal seams were encountered by the GGC01 borehole,
with lithologies including intercalated siltstones, organic-rich mudstones, palaeosols,
and fluvial-marine sandstones (Monaghan et al. 2021). To balance model complexity
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Figure 1: Decision workflow for classifying the eight uncertain factors within a two-tiered scenario
framework. Group I factors are resolved using 3D coupled simulation, whereas Group II factors are
held at reference conditions (Section 2.4; Appendix A). Material-property variations are evaluated
via 13 one-at-a-time (OAT) parameter sweeps across six representative mine geometries (Figure 4),
executed under both host-rock scenarios (S1 sealed vs. S2 leaky) to yield a 176-run ensemble.

with computational cost while still capturing key thermal-hydraulic processes, we con-
strained the model domain to 5 stratigraphic zones, consisting of 10 hydraulic facies.
(Figure 2).

Mine void-host rock interactions are represented through the two end-member host-
rock scenarios of Figure 1, a framework of interpretational bias. Scenario 1 is based
on density-derived porosity, reflecting intact, matrix-dominated, low porosity, confin-
ing units of a ’well-sealed’ working in which the thermal-hydraulic response is largely
confined to the mine void network, while Scenario 2 is based on sonic-derived poros-
ity, and conceptually represents enhanced vertical connectivity enabled by fractures at
the mine void-host rock interface, or preferentially oriented multiple fracture clusters
within heteroliths in dipping confining layers (Pettigrew et al. 2026) – a ’leaky’ system
in which vertical exchange with the overlying strata governs long-term thermal stor-
age and recovery. Furthermore, Charalampidou et al. (2023) also showed preferential
water migration through sub-vertical fractures intersecting horizontal laminations in a
tidal sandstone sample from GGC01. Permeability values for non-coal hydraulic facies
were derived using a Wyllie-Rose transform (Wyllie and Rose 1950), which relates per-
meability to total porosity and irreducible water saturation through lithology-specific
empirical coefficients (Timur parameters; Timur 1968). Most of the S1 density-derived
values align with core interpretation from different authors (Beynon 2020; Payton
et al. 2021; Chandler et al. 2023) (Figures 2 and 3), while S2 samples are at least two
orders of permeability magnitude higher than S1, typical of enhanced fracture-flow
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Figure 2: GGC01 wireline log analysis. Vertical extent of the geomodel domain is from the roof
above Glasgow Ell Coal down to the floor underlying the Glasgow Main Coal working.

behaviour observed in shallow Midland Valley aquifers (Gillespie et al. 2013; Kearsey
et al. 2024). The facies property values used in the 3D model are listed in Appendix A.
The resulting spatial distribution of permeability along the injector–producer section,
for both host-rock scenarios, is shown later in Figure 13, where it is set against the
thermal response it produces (Section 3.4).

2.4 Reference Conditions

A reference model, G1400B, represents the conceptual worked area of the South-
Eastern (SE) coal extraction block, with an idealised doublet configuration of vertical
producer (PRD12) and injector (INJ12), separated by 435m. The producer abstracts
ambient mine water at a constant rate of 1660m3 d−1, while the injector returns ther-
mally spent water at 6 ◦C with the same rate, giving a balanced, voidage-neutral
circulation. The initial state is set by a hydrostatic pressure gradient of 98.1 bar km−1

and a geothermal gradient of 30 ◦Ckm−1 within similar ranges found in Abesser
(2010); Gillespie et al. (2013); Receveur et al. (2020); Farr et al. (2021); Kearsey
et al. (2024). Rock compressibility is held at 0.01 bar−1, representing shallow, par-
tially lithified, fluvial sequences (Freeze and Cherry 1979) and the cleat compressibility
of worked coal of laboratory and in-situ well-test measurements span approximately
4 × 10−3 bar−1 to 3 × 10−1 bar−1 about a central value near 2 × 10−2 bar−1 (Seidle
2011; Taco et al. 2020). A single compressibility is applied to every lithology, so the
same value also governs pore-volume change in the confining strata, where consoli-
dated sandstones and mudstones would be appreciably stiffer. The consequences of

7



Figure 3: Porosity–permeability crossplot for borehole GGC01, combining wireline open-hole and
core datasets from Monaghan et al. (2021); and overlays from core analyses in Chandler et al. (2023)
(helium porosity and oscillating pore-pressure permeability) and Beynon (2020) (permeameter and
triaxial pulse-transient permeability).

this simplification are discussed in Section 4.3. The resulting pore-volume response
to circulation (∆V ≈ c V ∆p), and its coupling to operational strategy (e.g. mine
thermal energy storage) or to backfill rheology, is not explored here. This doublet place-
ment and rate balance are chosen so that the pumped pressure response propagates
through the worked-out voids from producer to injector across the dip-closed Glasgow
Main Coal structure, establishing the inter-well flow field that the scenario ensemble
(Section 2.5) modifies. The mine working is modelled initially with no emplaced back-
fill. This open-void condition, identified by the case suffix (BV1 BP3 VP3), was used
to analyse the results of mine geometry uncertainty in Section 2.5. Backfill, together
with its own properties, is introduced as a Group I material uncertainty in Section 2.5,
where the property sensitivities are characterised about a 15%-backfill volume, with
case run suffix identified by (BV3 BP3 VP3). Thermal properties (conductivity and
heat capacity) are assigned by hydraulic facies, are uniform across coal seams in the
ensemble, and are identical between the two host-rock scenarios (Appendix A).

2.5 Scenario and Realisation Design

Resolving field-scale 3D fracture networks in abandoned workings requires multi-scale
characterisation data that are rarely available. The fracture-enhanced S2 scenario is
therefore implemented via effective porosity–permeability relationships rather than
explicit 3D fracture modelling. S1 and S2 alter both recovery magnitude and spatio-
temporal flow dynamics, so every Group I parameter sweep and mine-geometry
realisation is evaluated independently under each host-rock scenario. This keeps
scenario-level (interpretational) uncertainty, the S1–S2 contrast itself, distinct from
the parameter-level spread within each host-rock scenario.
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Mine geometry represents the second tier of epistemic uncertainty, spanning both
the scenario and realisation levels of the ensemble hierarchy. Only the confining-layer
porosity and permeability change between the low (S1) and high (S2) porosity–
permeability host-rock scenarios (Table A3). Within each host-rock scenario, 16
conceptual mine-geometry models of the South-Eastern (SE) coal extraction block are
grouped into three structurally distinct geometry configurations (Figure 4). The num-
ber of realisations per configuration reflects confidence in available mine-abandonment
plans; here, the ensemble deliberately includes end-member models that bracket, and
in places slightly exceed, the plausible range.

Three additional Group I parameters capture material-property uncertainty: Back-
fill Volume (BV), Backfill Properties (BP; porosity–permeability), and Void Properties
(VP; porosity–permeability). These parameters are classified as Group I because their
thermal-hydraulic impacts are intrinsically coupled to mine geometry. Specifically,
how a given backfill volume or void permeability alters inter-well sweep, breakthrough
timing, and far-field pressure depends on where that material-property contrast
sits relative to preferential flow paths, a spatial dependency requiring 3D coupled
simulation.

Backfill and void property sensitivities are evaluated across a representative subset
of six mine geometries spanning the spectrum of structural connectivity: one from
Scenario A, two from Scenario B, and three from Scenario C (Table A2). Running one-
at-a-time (OAT) sensitivity sweeps on this subset is sufficient, as material-property
effects vary predictably across each structural group, eliminating the need to execute
full parameter sweeps across all 16 models.

The four Group II parameters shown in Figure 1 are held at the reference values
detailed in Section 2.4. This design choice does not imply negligible influence; rather,
it acknowledges that their first-order impacts follow well-understood hydrogeological
and thermodynamic principles, making additional coupled simulation runs redundant.

2.6 Numerical Model Implementation

Simulations were performed using open-DARTS (Delft Advanced Research Terra
Simulator), an open-source finite volume multiphysics simulator employing Operator-
based linearisation (OBL) to efficiently solve non-linear conservation equations
(Khait 2019). The OBL approach decomposes physical processes into independent
state-dependent operators, enabling adaptive re-linearisation during Newton-Raphson
iterations and reducing computational expense in regions with weak non-linearities.
This modularity is particularly advantageous for coupled thermal-hydraulic problems
with sharp property contrasts between mine voids and host rock.

The geothermal physics of the simulator was verified against TOUGH2 and AD-
GPRS on a suite of single- and two-phase benchmarks, reproducing reference solutions
at reduced computational cost (Wang et al. 2020). Coupled thermal-hydraulic-
mechanical processes are supported within the same finite volume framework, in which
mass, energy and momentum balances are discretised with multi-point approximations
on a single collocated grid (Novikov et al. 2025). That capability is not exercised here,
since geomechanics is excluded from the present scope (assumption 5 below), but it
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Figure 4: Realisations of the mine-geometry (MG) models, categorised into three scenarios that address the study questions. Scenario A, a uniform,
well-connected room-and-pillar mesh, varies two geometric controls independently while holding the external mine boundary fixed: the void fraction
(extraction ratio fvoid; axis A.f), set by resizing the coal pillars (p) and voids (v), and the size of the repeating pillar-and-void unit (the pattern length-
scale; axis A.u). Scenario B, a focused partial compartmentalisation study on G1400B, progressively varies the degree of constriction through the coal
barrier’s length (the fraction of the span it covers relative to the external mine boundary) and its width (the barrier extent measured perpendicular
to its length), at controlled well spacing (injector and producer placed opposite each other, in equal connected mine volumes on either side of the
barrier). Scenario C, a mixed-extraction-type, spatially irregular void network (external boundary again fixed), combines variable-dimension room-
and-pillar workings, longwall-style panels and local regions of unworked coal; its three realisations share the same static void volume (storage capacity)
but differ in mine connectivity
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Figure 5: 3D static model grid shown for realisation G1400B S1 BV1 BP3 VP3. The overburden is
cut away over the south-eastern worked area to expose the Glasgow Main Coal working in full, with
the Glasgow Ell Coal appearing as the seam on the cut face above. HF2–HF7 are host-rock facies.
Green lines are Glasgow Ell Index structural contours at 5m intervals, labelled in m OD.

is the route by which these models would be extended to the shallow-mine stability
questions raised by Todd et al. (2024) and Zhang et al. (2025).

The geothermal engine we used for our model solves coupled single-phase mass and
energy conservation equations under non-isothermal Darcy flow conditions with all
governing equations derived in Voskov et al. (2024). The 3D model domain was discre-
tised into a structured 260× 229× 33 Corner Point Grid with cell dimensions of 10m
× 10m (horizontal) × 1m (vertical), spanning approximately 2.6 km × 2.3 km × 33m
in the X, Y and Z axes. This balanced computational efficiency with adequate reso-
lution of thermal-hydraulic gradients in room-and-pillar mine void-host rock systems.
Each borehole screened interval was validated to ensure that it did not pass through
coal pillars and that it was drilled through the centre of a grid cell. The grid cell ori-
entation was aligned with the trends of the conceptual mine geometry (Section 2.5),
following the strike and dip directions of the top structure map (Figure 5).

The following conditions and assumptions were implemented to isolate coupled
thermal-hydraulic behaviour for low-enthalpy geothermal systems operating at tem-
peratures well below boiling (≤ 25 ◦C in this study), where phase change is not
anticipated. Boundary conditions are specified as follows:

1. Lateral boundaries: no-flow conditions for mass and heat
2. Top boundary: fixed temperature corresponding to mean surface temperature
3. Bottom boundary: fixed temperature based on geothermal gradient
4. Chemical reactivity: no rock-fluid interaction or mineral dissolution/precipitation
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5. Geomechanics: no stress-dependent permeability or coupled thermal-hydraulic
mechanical interactions

All simulations were run for 4,380 days (12 years) to capture meaningful thermal
lifetime behaviour while maintaining computational efficiency and data storage feasi-
bility. This duration represents a conservative lower bound for mine-water heat project
amortisation periods, which typically span up to 20 years (Banks et al. 2009; Green-
ing and Azapagic 2012; Sevindik et al. 2021). Fixed time steps of 30 days over 146
steps were employed for continuous operation, with adaptive time-stepping capabilities
especially useful for future cyclic loading investigations.

Fluid density and viscosity are evaluated dynamically throughout the simulation
domain using the International Association for the Properties of Water and Steam
formulations – IAPWS-IF97 for thermodynamic properties (Wagner and Kruse 1998)
and the IAPWS 2008 Release for viscosity (International Association for the Prop-
erties of Water and Steam (IAPWS) 2008) - both implemented within open-DARTS
as property evaluator modules. At each timestep, the local thermodynamic state of
each grid cell, defined by pressure (P) and specific enthalpy (h) as primary vari-
ables, is mapped to the appropriate IAPWS-IF97 thermodynamic region, from which
density is computed as the inverse of specific volume and viscosity as a function of
the resulting local temperature and density. These formulations were first coupled
to open-DARTS for reservoir-scale geothermal modelling, where pressure and specific
enthalpy were adopted as primary variables and the IAPWS-IF97 property evaluation
was parameterised in that state space through OBL (Khait and Voskov 2018).

Under low-enthalpy conditions within Glasgow-UKGEOS (at temperatures
≤ 25 ◦C, and depths ≤ 500m), all 3D grid cells remain in region-1 in the phase enve-
lope, ensuring a physically consistent and thermodynamically coupled property field.
Consequently, the temperature dependence of viscosity is continuously captured across
the domain (ranging from approximately 1.30mPa s at 10 ◦C down to 0.89mPa s at
25 ◦C), rather than an assumed constant value. Well flow rates specified under vol-
umetric control (WRATE) are converted to mass rates at each timestep using the
density evaluated at the well cell’s local (P, h) state, such that the effective mass flux
evolves dynamically with subsurface conditions.

2.7 Performance Metrics and Analysis Approach

Although several performance metrics can be derived from a simulation, the analysis
in this study is carried by two: the productivity index (PI), a hydraulic measure of
well-to-well flow resistance (Section 2.7.1), and the thermal production lifetime (TPL).
Three further thermal metrics, namely useful thermal energy, useful thermal power
and the thermal recovery factor, are reported for the baseline case only and are defined
in Section 2.7.3. Pressure was tracked alongside the thermal metrics: bottom-hole pres-
sure changes and the injector–producer differential were monitored at each timestep
to assess hydraulic communication as gradients evolved. The following concepts are
first defined below before being applied in the derivation of these metrics.
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2.7.1 Hydraulic Communication

Hydraulic communication between the doublet boreholes is quantified directly from
the simulated bottom-hole pressures (BHP). The inter-well pressure differential is
the quasi-steady, late-time pressure difference that drives circulation from injector to
producer:

∆p = BHPINJ − BHPPRD, (1)

where each bottom-hole pressure is averaged over the final ∼20% of timesteps (the
quasi-steady late-time window). Under the constant-rate reference control (WRATE;
Section 2.4), the circulation rate Q is prescribed and identical across cases, so ∆p is
the direct physical measure of inter-well flow resistance. Under the alternative bottom-
hole-pressure control (WBHP), which instead holds the injector–producer pressure
pair fixed, that same resistance manifests as a decline in circulation rate rather than
a rise in ∆p.

The corresponding deliverability is measured by the productivity index (PI),

PI =
Q

∆p
, (2)

expressed in m3 day−1 bar−1, where Q is the steady state producer rate and ∆p is
the inter-well pressure differential. Deliverability controls how readily water circulates
between injector and producer and is set by the open cross-sectional area linking the
boreholes: the width and continuity of the inter-well flow path. A higher PI denotes
a better-connected doublet that sustains the prescribed circulation rate at a smaller
pressure differential, and hence at lower pumping head and hydraulic cost; because Q
is fixed, PI ∝ 1/∆p. This definition is the reservoir engineering analogue of aquifer
specific capacity, Cs, the well discharge per unit drawdown (Freeze and Cherry 1979,
p. 332). The productivity index is the primary connectivity metric distinguishing Sce-
nario C realisations (Section 2.5), which share a common static void volume but differ
in the fraction of that void hydraulically connected to the boreholes.

Both the differential ∆p and PI characterise the quasi-steady, late-time pressure
field. Distinct from these is the transient bottom-hole-pressure response: the early-time
pressure drawdown at the producer and buildup at the injector as the field establishes
over the first weeks of circulation. This transient reflects near-well storativity and
the degree of host-rock hydraulic communication rather than the steady inter-well
flow resistance, and is used in that role to distinguish the sealed (S1) and leaky (S2)
host-rock scenarios (Section 3.4).

2.7.2 Thermal Production Lifetime

Two complementary thermal metrics are tracked from the producer temperature his-
tory, the thermal breakthrough time (TBT) and the thermal production lifetime
(TPL), using two temperature criteria that mark the progression of the cold front:

1. Primary criterion (early warning): we selected 0.5 ◦C as the first detectable
temperature decline from the initial production temperature, to indicate thermal
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front arrival. The temperature decline rate directly reflects thermal breakthrough
progression.

2. Economic limit: according to Falcone et al. (2017), is defined as:

“the time at which the project reaches a point beyond which the subsequent cumula-

tive discounted net operating cash flows or financial benefit from the project would be

negative.”

For a geothermal energy project, the economic limit may be the time when the
expected extraction rate declines to a level that makes the project uneconomic, or
when it is uneconomic to invest in further project infrastructure, refurbishment, or
maintenance of existing equipment, such as additional wells or treatment systems for
the geothermal fluid (Falcone et al. 2017).

The first criterion defines the TBT and marks thermal-front arrival, while the
second governs tcutoff and hence the TPL. In this study, tcutoff corresponds to the
time at which the produced water temperature falls to 10 ◦C, beyond which mine-
water thermal extraction is considered uneconomical. This economic limit is also the
abandonment temperature to which the recovery factor is referenced in (Section 2.7.3).

Thermal longevity, measured by the thermal production lifetime (TPL), is the
duration from operational start until the produced temperature reaches that economic
limit, and is set by how much heat-bearing mine void the circulating water actu-
ally sweeps along the way. It therefore bounds the window for useful thermal energy
extraction. TPL is governed here by the temperature cutoff alone. In a real scheme the
viable duration would also be bounded by a maximum allowable inter-well pressure
differential, equivalently a maximum drawdown, which additionally sets the required
pump work, and by the project amortisation or contract period.

2.7.3 Supplementary Thermal Metrics

Three further metrics are reported for the baseline case only (Section 3.1). The heat
delivered at the wellhead follows the standard thermogeological yield relation (Banks
2012; Walls et al. 2021), integrated only over the economically viable period, that is,
up to the tcutoff defined in Section 2.7.2 (Oppelt et al. 2025):

Euseful =

∫ tcutoff

0

CV,w Q(t) [Tproducer(t)− Tinjection] dt, (3)

where CV,w = ρwCp,w is the volumetric heat capacity of water, evaluated through the
IAPWS-IF97 formulation (Wagner and Kruse 1998), Q(t) is the circulation rate and
Tinjection = 6 ◦C (Section 2.4). The useful thermal power is Puseful = Euseful/tcutoff,
the mean rate sustained while production remains above the cutoff, and the figure
relevant to sizing surface heat-delivery infrastructure (Banks et al. 2009; Walls et al.
2021). Taking the same integral over the full simulation gives the total extracted
energy Etotal and the average power P̄avg = Etotal/tsim, where tsim is the full 4380 d
(12-year) simulation period. Both include post-cutoff production, so Etotal exceeds
Euseful and bounds total extraction rather than economically usable yield, whereas
P̄avg spreads that energy over the full simulation period and is correspondingly lower
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than Puseful. Raising the circulation rate increases instantaneous power but accelerates
breakthrough and shortens the viable period (Gringarten 1978).

The thermal recovery factor follows the volumetric “heat in place” convention
(Muffler and Cataldi 1978), in the reformulation of Garg and Combs (2015):

ηrecovery =
Erec

Estatic
,

Erec =

∫ tcutoff

0

CV,w Q(t) [Tproducer(t)− Tcutoff] dt,

Estatic =
∑
r

[ϕr CV,w + (1− ϕr)CV,s,r]Vr (Tinitial − Tcutoff) ,

(4)

Garg and Combs (2015) show that referencing recoverable heat to an arbitrarily low
temperature, such as the ambient or reinjection temperature, yields an optimistic
estimate, and that the abandonment temperature should be used instead. The two
numerators therefore answer different questions: Euseful is what the producer supplies
at the wellhead, the quantity relevant to sizing surface plant, whereas Erec is the
fraction of the resource recovered. The subscripts denote the water (w) and solid rock-
matrix (s) phases; the index r runs over the thermally affected regions, namely the
mine voids, coal pillars and backfill within the worked block, and the surrounding
confining strata. For each region, Vr is the bulk volume, ϕr the porosity and CV,s,r the
volumetric heat capacity of its rock matrix, the latter two taken as effective (volume-
averaged) values. The bracketed term is the bulk volumetric heat capacity of region r,
combining its pore water and its matrix. Region properties defined in Table A3 carry
uncertainty, so Estatic is evaluated as a central estimate across their stated ranges.

3 Results

3.1 Baseline Performance Behaviour

The model introduced in Section 2.4 (G1400B S1 BV1 BP3 VP3) serves as a baseline
against which subsequent mine-geometry realisations are benchmarked. Parametric
material-property iterations discussed in (Section 3.3) are centred on the 15%-backfill
volume case identified by the suffix (BV3 BP3 VP3).

Under constant-rate circulation at 1660m3 d−1, the doublet establishes a quasi-
steady pressure field within the first few weeks of operation (Figure 6a). Injector
and producer bottom-hole pressures stabilise at a late-time inter-well pressure dif-
ferential of ∆p ≈ 0.45 bar (Equation 1), corresponding to less than 5m of hydraulic
head loss across the 435m doublet spacing. The resulting productivity index, PI ≈

3690m3 d−1 bar−1 (Equation 2), is reasonably high, confirming that the baseline
behaves as a single, near-frictionless, highly well-connected reservoir sustaining the
target rate at minimal drawdown.

This high hydraulic connectivity, however, causes early thermal breakthrough. Pro-
ducing initially at 12.4 ◦C, the well cools by 0.5 ◦C after a thermal breakthrough time
of TBT ≈ 215 d (Figure 6b, inset) and falls to the 10 ◦C economic cutoff at a thermal

15



production lifetime of TPL ≈ 1225 d (≈ 3.4 years; Figure 6b). Production temperature
thereafter declines more slowly, reaching 8.3 ◦C at 12 years and remaining well above
the 6.0 ◦C reinjection temperature. Heat conducted from the confining strata sustains
the producer long after the connected void network itself has been swept. This base-
line case thus pairs high hydraulic deliverability with moderate thermal longevity, and
serves as the benchmark against which the geometry and material-property ensembles
are compared.

Over the 12-year simulation period, the producer extracts approximately
29 800MWh of total thermal energy relative to the reinjection temperature. The use-
ful thermal energy delivered above the 10 ◦C cutoff is 11 700MWh, at an initial peak
useful power of ≈ 510 kW falling to a mean of ≈ 400 kW over the thermal production
lifetime. The doublet recovers under a tenth of the heat stored in the volume it con-
tacts, with a thermal recovery factor (Equation 4) of η ≈ 0.08; the remainder is left
behind by thermal short-circuiting through the connected void network.

PI and TPL are set by the subsurface and wellbore response alone, so they pro-
vide robust, surface-independent indicators of hydraulic deliverability and thermal
longevity across the full model ensemble (Section 2.7).

Figure 6: Reference-case (G1400B S1 BV1 BP3 VP3) model response over the 12-year simulation.
(a) Injector (INJ12) and producer (PRD12) pressures. (b) Producer temperature, with the thermal
breakthrough time (TBT) and thermal production lifetime (TPL) zoomed-in on the first-year inset.

3.2 Mine Geometry Controls on Performance

Three scenario groups discussed in Figure 4 isolate the impact of internal mine archi-
tecture on energy performance: bulk void fraction (Scenario A), partial flow barriers
(Scenario B), and mine connectivity at fixed storage capacity (Scenario C).

Deliverability and thermal lifetime both increase with void fraction in the well-
connected Scenario A models, but neither is controlled by it alone (Figure 7a). Across
the tested range (fvoid = 0.40–0.86), PI rises near-monotonically by a factor of ≈3.2,
from 1470 to 4750m3 d−1 bar−1, as an increasingly open gallery network widens the
inter-well flow cross-section and reduces tortuosity. TPL still rises more steeply: at a
fixed room width of 10m it lengthens from 330 to 1225 d between fvoid = 0.40 and
0.76 (G1403B to G1400B). The temperature fields show the two end-members directly,
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cooled water accumulating as a dense plume around the injector at high extraction
(Figure 8a) but confined to narrow galleries between large coal pillars at low extraction
ratio (Figure 8b).

A second control acts independently of void fraction. The four realisations at
fvoid = 0.758–0.781 (G1400B, G1404B, G1405B and G1406B) differ only in the pillar-
and-void length-scale, and separate systematically by it: as rooms and pillars coarsen
from 10 to 40m, TPL falls 19% from 1225 to 990 d while PI rises 28%. A finer work-
ing presents more void–rock interfacial area per unit of stored water, so conductive
recharge from the surrounding strata is more effective even where the stored volume
is unchanged; coarsening the workings therefore trades thermal longevity for deliv-
erability. The two controls oppose one another, which is why the ensemble appears
to flatten above fvoid = 0.75 in Figure 7a: those realisations coarsen as they open.
The void-fraction response itself does not weaken, and holding room width at 30m
TPL still increases from 1025 to 1220 d as fvoid rises from 0.781 to 0.863 (G1405B to
G1407B). Bulk void fraction is therefore the first-order control on thermal longevity
within Scenario A and the pillar-and-void length-scale a second-order one.

Scenario B introduces a partial coal barrier across the inter-well flow path, restrict-
ing the direct connectivity present in the baseline model (Figure 7b). Each barrier
configuration increases the inter-well pressure differential above the baseline value
(∆p = 0.45 bar; Section 3.1), correspondingly reducing PI. Flow is most constricted in
the longest-barrier case (G1442B), where ∆p rises to 0.86 bar and PI roughly halves
to 1940m3 d−1 bar−1. G1444B covers more area than G1443B yet maintains a similar
pressure differential (∆p ≈ 0.63 bar) and productivity index (PI ≈ 2620m3 d−1 bar−1),
indicating that increasing barrier width at a constant length yields minimal impact.
As shown by the plateau in the barrier-width curve (Figure 7b), once a barrier exceeds
a critical width, adding material behind the barrier face yields no further hydraulic
resistance. Inter-well connectivity is thus governed by how effectively a barrier blocks
the direct path between wells, rather than total coal barrier volume. In contrast to
Scenario A, flow barriers improve thermal lifetime (TPL ≈ 1710 d to 2060 d versus
1225 d at baseline): the enforced flow detour around the barrier edges extends the
sweep path and delays thermal breakthrough. Without a barrier, the cooling front
migrates directly along the inter-well axis; an extended barrier retains cold water on
the injection side, forcing lateral thermal spreading prior to producer breakthrough
(Figure 8c, d).

Scenario C models hold static void volume approximately constant (vv ≈ 402 ×

103 m3 to 418×103 m3) while varying the proportion of void volume hydraulically con-
nected to the doublet. Across the three cases shown in Figure 7c, productivity index
declines by only ≈ 13% (939m3 d−1 bar−1 to 816m3 d−1 bar−1), whereas thermal pro-
duction lifetime drops from 917 d (connected, G1463B) to 532 d (tortuous, G1465B)
and ultimately 46 d (bypassed, G1467B). With total storage capacity fixed by design,
this twenty-fold reduction in thermal lifetime is driven entirely by mine connectivity.
As a larger share of the void network becomes tortuous or completely bypassed, the
volume swept by circulating fluid shrinks, accelerating cold-front arrival at the pro-
ducer despite unchanged total heat-in-place (Figure 8e, f). This highlights an insight
that volumetric storage-based estimates alone might overlook: thermal longevity is
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governed by the hydraulically connected, swept void volume rather than gross static
void volume. Furthermore, because TPL collapses by ≈95% compared to a marginal
≈13% decline in PI, Scenario C reveals a subtle diagnostic risk: standard short-
term hydraulic pumping tests, which measure productivity, may provide virtually no
indication of thermal bypassing in mixed-extraction type workings.

Figure 7: Thermal–Hydraulic performance of the mine geometry realisations. (a) Scenario A varies
the bulk void fraction. The dashed line links four realisations whose rooms and pillars coarsen together
from 10m (G1400B) through 20m (G1404B) and 30m (G1405B) to 40m (G1406B); (b) Scenario B
introduces a partial flow barrier across the doublet, lengthened at fixed width (B.L, w = 30m) or
widened at fixed length (B.W, L = 466m), with the dotted line marking the open, no-barrier baseline
at ∆p = 0.45 bar; and (c) Scenario C reduces mine connectivity while keeping the static void volume
across the galleries fixed at vv ≈ 402–418× 103 m3.

3.3 Material-Property Controls on Performance

Backfill volume (BV), backfill properties (BP) and void properties (VP) are evalu-
ated across six representative mine-geometry models under both host-rock scenarios
(Figure 9). The wider host-rock contrast across all sixteen geometries is taken up in
Section 3.4.

Increasing backfill volume reduces both deliverability and thermal lifetime in every
geometry tested (Figure 9a,d). Backfill replaces the highly permeable voids down-dip
of the structure, with a relatively lower-permeability matrix, raising the inter-well
pressure differential and shrinking the connected void volume swept during circulation.
The shape of the decline depends on internal mine architecture.

In the well-connected Scenario A model (G1400B), performance declines smoothly
and monotonically. The gallery mesh offers many alternative routes between the wells,
so filling one void diverts circulation into its neighbours rather than severing the path.
∆p rises only from 0.45 to 0.56 bar, a corresponding PI drop of 19% from 3693 to
2983m3 d−1 bar−1. Thermal lifetime is far more sensitive, falling 61% from 1225 to
473 d: the detour preserves hydraulic access to the working but not the stored heat
displaced by backfill.
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Figure 8: Temperature change in the worked seam after 180 d. Panels show ∆T from t = 0 at
reference conditions (S1, BV1 BP3 VP3). Grey is solid coal, so the coloured plume shows only the
open workings. The dashed black line is the worked mine boundary, thin grey lines are depth contours
in (m OD), also showing the Blythswood fault.

Scenario B workings degrade in steps. In G1440B, PI holds to 7.5% backfill (BV2)
and then falls 39%, from 2640 to 1600m3 d−1 bar−1 at 22.5% (BV4), as backfill seals
the primary conduits within the borehole drainage area. Thermal lifetime steps with
it, from 1570 to 1013 d. As the open galleries between the backfill and the partial
barrier fill, the pressure gradient driving circulation is diverted out of the galleries and
vertically into the confining layers (Figure 10). The step in Figure 9a marks the backfill
volume at which fill and barrier together sever the last open route between the wells.
The response is sharper in the longest-barrier case (G1442B), where the first 7.5%
increment (BV2) constricts flow enough to drop PI from 1936 to 931m3 d−1 bar−1

and TPL from 2058 to 1208 d. Unlike G1440B, which has the shortest barrier and
continues to decline, further backfill barely affects G1442B.

Heterogeneous Scenario C models step in the same way, but the threshold moves.
These three realisations hold the same static void volume and differ only in how
it is connected, so the backfill volume at which performance breaks down is set
by connectivity alone: G1463B loses 31% of its PI at 15% backfill (BV3, 914 to
633m3 d−1 bar−1), whereas the tortuous G1465B and bypassed G1467B hold until
22.5% (BV4). G1467B is short-circuited from the outset, so its lifetime sits an order
of magnitude below every other realisation at every fill level (22 d to 46 d), yet its
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deliverability still falls 29% across the sweep. Backfill continues to restrict circulation
even where geometry has already fixed the thermal outcome.

Co-varying backfill porosity and permeability under a fixed 15% backfill volume
(Table A1; Figure 9b,e) changes almost nothing. PI varies by at most 2.1% and TPL
by at most 6.4% in every realisation, and by at most 1.3% and 6.2% under S2, despite
a near five-fold range in permeability (460 to 2175 mD). The constraint is geometric.
Backfill sits away from the direct inter-well axis and, even at its most permeable,
remains over two orders of magnitude below the open voids that carry the advective
flow, so it conducts a negligible share of the circulating fluid whatever its matrix state.
Backfill material properties are thus a second-order control.

Void properties (porosity and permeability scaled simultaneously, VP1 to VP5)
exert a first-order control on deliverability but only a second-order control on thermal
lifetime, with both responses dictated by the hydraulic resistance and volumetric heat
capacity assigned to the gallery network (Table A3). Permeability governs internal
hydraulic resistance; the most permeable voids sustain the lowest inter-well pressure
differentials, giving a productivity index (PI) higher by a factor of 6.1 to 7.1 than
the tightest in every realisation (Figure 9c). However, absolute deliverability remains
strictly constrained by spatial mine architecture (Scenario A > Scenario B > Sce-
nario C). Furthermore, the vertical separation between the sealed (S1) and leaky (S2)
curves, compressed by the logarithmic axis, shows that host-rock permeability also
raises deliverability: at the 15% reference backfill volume it adds 19% to 77% at VP1
in five of the six realisations, decaying to 1% to 18% by VP5.

Under sealed host-rock conditions (S1), thermal production lifetime (TPL) is mod-
estly and monotonically lower in more permeable voids, by 3% to 20% (Figure 9f).
Circulation is strictly confined within the gallery network under a constant flow rate,
so more permeable voids lessen conductive heat extraction from surrounding strata.
This TPL reduction is minimal in open, well-connected meshes (3% in G1400B) but
reaches 20% in restricted circuits (G1467B). Counterintuitively, increasing void poros-
ity fails to delay thermal breakthrough. Mine voids are assigned the volumetric heat
capacity of water (Table A3), so increasing pore volume by one-third displaces an
equal volume of matrix carrying that same capacity, which would otherwise have pro-
vided thermal retardation. Consequently, thermal breakthrough shortens by up to 16%
across the sweep, showing that void porosity expansion cannot counteract advective
short-circuiting in sealed systems.

The response under leaky host-rock conditions (S2) reveals a strong non-linear cou-
pling between void properties and matrix thermal recharge. Matrix thermal storage is
recruited whenever the void network is hydraulically restricted, a behaviour mirrored
in the backfill sensitivity sweep, where workings losing over a third of their deliver-
ability (G1440B, G1442B and G1463B) show S2 lifetime gains growing by 17% to
44%. That step falls at the same backfill level under both host rocks, but S2 makes
it shallower, easing the PI drop from 31 to 21% in G1463B and from 21 to 10% in
G1467B. In the void property sweep, at low void permeability (VP1), elevated internal
hydraulic resistance forces fluid into surrounding strata, mobilising the vast thermal
mass of the host rock. This interaction extends TPL over S1 baselines by a factor of
≈ 1.2 in open meshes (Scenario A), 1.5–2.1 in partial-barrier geometries (Scenario B),
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and 3.4–12.1 in restricted geometries (Scenario C), extending the TPL of the bypassed
G1467B system from 40 to 488 d. As void permeability increases (VP5), the mine net-
work transitions into a path of minimal hydraulic resistance, drawing fluid back into
the galleries and bypassing matrix storage. By VP5, the S2 lifetime enhancement col-
lapses to a factor of just 1.0–1.6 across all realisations. Consequently, while the TPL
difference between the tightest and most permeable voids is only 3% to 20% under
S1, it reaches 18% to 90% under S2. Void permeability and host-rock permeability are
therefore strongly interdependent controls, demonstrating that the thermal buffering
benefit of a leaky confining sequence cannot be evaluated independently of intrinsic
void permeability.

Figure 9: Material-property controls on coupled thermal–hydraulic performance across the six rep-
resentative geometries. In each column one parameter is varied over five levels about the shared
BV3 BP3 VP3 reference (level 3; Table A1), under sealed (S1, solid) and leaky (S2, dashed) host rock.

3.4 Host-Rock Controls on Performance

The two host-rock scenarios, S1 (low-porosity, low-permeability sealed confining
strata) and S2 (high-porosity, high-permeability leaky confining strata), differ by
roughly three orders of magnitude in overburden and underburden permeability while
sharing identical mine gallery geometries. Evaluated across all 16 geometries at the
zero-backfill baseline BV1 BP3 VP3 (Figure 11), S2 increases both deliverability and
thermal lifetime, with the magnitude of those gains varying systematically with the
mine’s internal connectivity.

For highly connected workings (Scenario A), switching from S1 to S2 yields only a
modest PI gain of ≈ 2% (Figure 11), because permeable host rock simply provides an
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Figure 10: Backfill volume in the partial barrier Scenario B working G1440B at 180 d. (a, b) Tem-
perature change (∆T from t = 0) in the seam at 7.5% (BV2) and 22.5% (BV4) backfill. (c, d) Pressure
change (∆P ) along the SW–NE line drawn in red on the maps. Thin grey lines on the maps are seam
depth contours (m OD). INJ12 and PRD12 are projected onto the line from the offsets shown. Back-
fill presence pushes the cooled water out of the down-dip galleries and increases the effective pressure
gradient in the mine gallery.

alternative vertical path that duplicates already efficient gallery flow. Where connec-
tivity is reduced (by partial coal barriers in Scenario B, or by tortuous and bypassed
galleries in Scenario C), that same vertical path delivers a materially larger gain. PI
increases by ≈ 6% in partial-barrier cases and by ≈ 21% across Scenario C, reaching
+29% in the most extreme bypassed geometry (G1467B). Fluid flow through over-
burden and underburden strata thus acts as a hydraulic bypass whose relative benefit
scales inversely with internal mine connectivity.

Thermal lifetime increases under S2 conditions for every geometry (Figure 11),
rising by ≈ 7% in Scenario A, ≈ 15% in Scenario B, and ≈ 100% in Scenario C. In
the bypassed case G1467B, longevity more than doubles, from 46 to 120 d (a +158%
improvement). Hydraulic bypass registers immediately in the pressure field, whereas
thermal buffering develops gradually as fluid resides within the host rock. Flow into
the more permeable S2 strata engages a much larger thermal mass than the mine
void alone, diffusing and delaying the cold front. Under constant-rate circulation this
exchange continues even as the inter-well pressure difference falls: in G1467B, S2 cools
29% more confining rock than S1 despite operating at a 22% lower ∆p. Host-rock
permeability therefore remains a second-order control on hydraulic deliverability at
this zero-backfill baseline, even in the most restricted geometry, whereas its role in
thermal longevity is conditional, rising from second-order in well-connected workings
to first-order only where the void network is poorly connected. The size of both gains
is itself set by void permeability (Section 3.3).
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These dual mechanisms are most clearly isolated in the bypassed Scenario C end-
member (G1467B), where the host-rock influence is strongest (Figure 11); the same
behaviour appears throughout the ensemble but with reduced magnitude. Under S2
conditions, the leaky confining sequence damps the early-time bottom-hole pressure
transients at both wells (Figure 12a) and delays the producer temperature decline
(Figure 12b). Although both scenarios remain short-lived in absolute terms (46 d under
S1 and 120 d under S2), the contrast highlights the underlying mechanism rather than
a viable operating case. Cross-sectional profiles reveal the source of the performance
change (Figure 13): thermal drawdown under S1 is confined to the worked coal seams,
whereas under S2 it extends substantially into the overburden and underburden. The
circulating fluid is thus distributed through a much larger rock volume, rather than
being limited to direct inter-well voids, providing a clear spatial explanation for the
observed TPL gains.

Figure 11: Host-rock controls on deliverability and thermal longevity. Change from sealed (S1) to
leaky (S2) confining layers, for all sixteen geometries at the zero-backfill baseline (BV1 BP3 VP3);
bars are the scenario mean, dots the individual geometries.

Figure 12: 12-year well response for G1467B, comparing sealed (S1) and leaky (S2) confining layers.
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Figure 13: Thermal response for G1467B along cross-section A→B. Panels show permeabiity dis-
tribution in (a) sealed S1 and (b) leaky S2 confining layers. Isotherms are at −5, −3 and −1 ◦C
extracted after 12 years. The inset locates the cross section on the ∆T map of the working. Under
S1 the cooling into the host rock is conduction-limited; under S2 it spreads more into the overburden
where the cooled volume roughly doubles, delaying thermal breakthrough as shown in Figure 12b.

4 Discussion

4.1 Factors Controlling Thermal-Hydraulic Performance

Deliverability and thermal longevity are governed by different geometric controls, and
the three scenarios (Section 3.2) show that the relationship between them is not fixed.
Raising the void fraction in Scenario A widens the flow paths and enlarges the swept
volume together, so both metrics rise. That agreement does not hold even within
Scenario A: at constant void fraction, coarsening the pillar-and-void length-scale raises
PI by 28% while shortening lifetime by 19%. Scenario B inverts the relationship
outright, as partial barriers force detours that reduce deliverability while extending
thermal life, and performance follows how effectively a barrier blocks the direct inter-
well pathway rather than its bulk volume. Scenario C provides the decisive contrast:
holding storage capacity constant while varying network connectivity collapses thermal
lifetime roughly twenty-fold for a productivity loss of about 13%.

Consequently, thermal longevity is governed by the hydraulically connected, swept
void volume rather than gross heat-in-place. Gross storage capacity is a necessary but
insufficient predictor of usable thermal resources within this context. This distinc-
tion refines static capacity representations used in earlier mine-water energy studies
(Perez Silva et al. 2022; Guo et al. 2023) and underscores the necessity of explicitly
resolving complex void networks detailed in previous studies (Adams and Younger
2001; Renz et al. 2009; Hamm and Bazargan Sabet 2010; Loredo et al. 2016). By
holding static void volume constant, our ensemble approach isolates this connectiv-
ity effect, showing that uncontacted voids contribute nothing to energy extraction.
Even in the well-connected baseline, the circulating water contacts only a fraction of
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the heat within the modelled domain, giving a recovery factor of η ≈ 0.08 above the
economic cutoff (Section 3.1).

This control is not specific to mine geometry. In fluvial clastic geothermal reser-
voirs, doublet lifetime falls sharply once facies connectivity degrades, and homogenis-
ing heterogeneous reservoir bodies overestimates it (Crooijmans et al. 2016). That
same homogenisation also regularises the cold-plume geometry, and replacing 3D het-
erogeneous models with upscaled 2D equivalents shifts the stochastic response of a
Monte Carlo ensemble rather than merely its spread (Wang et al. 2023). Where het-
erogeneity is discrete rather than continuous, as in fractured high-enthalpy reservoirs,
thermal breakthrough follows the connected fracture network, and coarsening that
network alters the predicted production temperature even where bulk properties are
preserved (Wang et al. 2021). A mine differs in that its high-permeability network is
engineered and partially mapped, but the consequence for performance is the same:
what governs the outcome is the portion of the network that the circulating water
reaches. Since no single geological description can be selected a priori, recent work on
fluvial geothermal systems carries multiple geological scenarios through data assimila-
tion and falsifies those inconsistent with observed data (Song et al. 2026), an approach
analogous to the ensemble of mine-architecture scenarios used here.

Backfill acts as a spatial modifier of network connectivity rather than a stan-
dalone, independent parameter (Section 3.3). Although variations in backfill material
properties are known to reroute subsurface flow (Renz et al. 2009; Yang 2016), their
operational impact depends critically on spatial placement relative to the princi-
pal inter-well flow path rather than their bulk volume or matrix properties alone.
When emplaced in down-dip workings off the direct circulation axis, backfill is largely
bypassed by advective fluid flux, rendering its internal permeability variations negli-
gible. Conversely, if backfill directly intersects active inter-well flow paths, it becomes
a bottleneck with no route around it, analogous to the partial coal barriers in Sce-
nario B, elevating its petrophysical properties to a first-order control. Consequently,
backfill material properties modulate doublet performance only when occupying active,
hydraulically connected circulation conduits.

The relative influence of geological properties versus operational parameters on
system deliverability and thermal stability remains a point of debate in the litera-
ture. Perez Silva et al. (2022) conclude that conductive heat transport in flooded
coal mines is strongly governed by local petrology and lithological distributions. In
contrast, Mouli-Castillo et al. (2024) propose a different hierarchy of influence: while
acknowledging that rock thermal conductivity outweighs specific heat capacity, they
argue that operational flow rate variations exert a far more dominant effect on ther-
mal performance. Todd et al. (2024) reinforce this operational focus, asserting that
managing injection temperature profiles is the primary driver for efficient scheme oper-
ation, relegating mine geometry and geological properties to secondary importance.
This creates a clear dichotomy in the literature between studies prioritising detailed
lithological characterisation and those advocating active operational control as the
primary determinant of system success.

Our results address the subsurface side of this debate (Section 3.4). Operational
controls were held constant throughout (Section 4.3), so they cannot be ranked against
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geological ones here. Across homogeneous, stratified and heterogeneous representa-
tions of the same low-enthalpy system, reservoir depth and discharge rate rank as the
dominant controls on performance, with the geological description modulating rather
than displacing them (Chen et al. 2025). What the ensemble does show is that the
geological control is itself conditional. Permeable overburden and underburden strata
act on both metrics, and both effects strengthen as connectivity worsens, but they dif-
fer by an order of magnitude: thermal recharge occurs via slow conductive–convective
transport and gradual fluid exchange with adjacent strata, which buffers the cold
front where the void network is poorly connected (100% in Scenario C) but adds
little where the galleries already sweep efficiently (7% in Scenario A), while the cor-
responding gain in deliverability runs only from 2 to 21% across the same scenarios.
In a heterogeneous 3D domain, the relationship between deliverability and thermal
longevity is inherently non-unique: the performance metrics correlate positively along
Scenario A’s void-fraction axis, exhibit an inverse trade-off in Scenario B, and decouple
almost entirely in Scenario C. The full ensemble performance map (Figure 14) con-
firms that no single geometric or material parameter simultaneously maximises both
metrics, leaving the high-deliverability, long-life quadrant unpopulated.

Figure 14: Deliverability–longevity performance map across the sixteen geometry baselines
(S1 BV1 BP3 VP3). Thermal production lifetime (TPL) is plotted against productivity index (PI).
Bubble size scales with void fraction; colour and symbol denote scenario. Faint clouds are the material-
property sweeps (BV, BP, VP) run for the six representative geometries, 13 runs each.

4.2 Implications for Site Characterisation and Scheme Design

Injector-to-producer connectivity dictates both hydraulic deliverability and thermal
longevity (Sections 3.2 and 3.3). Early site characterisation should prioritise delin-
eating mined boundaries and localised structural features along the direct inter-well
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circulation path. Unworked coal barriers, stoppings, and unmapped void networks redi-
rect fluid pathways. Detailed legacy plans thus offer far greater predictive utility than
gross extracted tonnage or static void volumetric reports. Host-rock heterogeneity can-
not be fully quantified a priori, so modelling distinct end-member scenarios clarifies
technical risks for engineering design teams and supports phased capital commitment
as site uncertainty resolves. Prior to full field development, baseline pressure-transient
testing, evaluating early buildup and drawdown (Section 2.7.1), can directly quan-
tify near-wellbore connectivity, while quasi-steady-state stabilisation testing prevents
overestimating usable thermal capacity.

Simulation confidence depends on the fidelity of archived data. Legacy coalfield
abandonment plans frequently rely on qualitative records grounded in miners’ tacit
experience, and many vintage plans fail to distinguish intact coal barriers from backfill
or galleries abandoned under controlled collapse (goaf). The very structural features
that set subsurface connectivity remain ambiguous even where plans survive, strongly
favouring scenario-based feasibility screening over deterministic single-value estimates
at poorly characterised sites. Well placement is therefore the principal pre-drill lever
on connectivity: siting should aim to maximise connected flow pathways, leveraging
internal barriers as strategic assets for thermal longevity rather than viewing them
merely as flow obstructions.

Scheme design should directly align with target operational demand profiles. High-
demand, head-limited systems benefit from highly connected gallery networks with
elevated productivity indices (PI). Conversely, baseload, duration-limited schemes can
accept lower deliverability to exploit the extended thermal sweep of the partial-barrier
workings (Scenario B). Operating parameters trade flow rate against dynamic head
without altering primary subsurface controls. Host-rock properties offer an additional
design lever (Section 3.4): permeable overburden extends operational lifespan in con-
tinuous circulation schemes, whereas low-permeability host rocks better isolate heat
for seasonal Mine Thermal Energy Storage (MTES), an operational regime requiring
cyclic injection–recovery simulations to fully quantify.

4.3 Limitations and Assumptions

Our numerical simulations omit certain coupled physical processes that bound system
performance in predictable ways. First, fluid flow is modelled as single-phase liquid,
which holds for shallow, low-temperature systems but does not account for boiling
and dissolved gas exsolution (e.g., methane) below the bubble-point pressure. Sec-
ond, confining layers are assumed mechanically rigid; pore volume responds linearly
with uniform rock compressibility across lithologies (Section 2.4), omitting stress-path
dependencies, coupled compaction–permeability feedbacks, and inelastic hysteresis.
Under the rate-controlled conditions imposed here, compressibility governs the early-
time pressure transient rather than the late-time inter-well differential from which ∆p
and PI are evaluated (Equation 1), so the comparisons drawn between geometries are
not expected to be sensitive to it. Fully coupled hydro-mechanical responses (includ-
ing stress-dependent permeability evolution, backfill compaction, and surface ground
movement) are therefore not represented (Section 5).
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Subsurface facies and petrophysical properties are modelled as single spatial real-
isations for scenarios S1 and S2. Cyclical fluvial coal sequences typically feature
complex facies variations and anisotropic fracture networks that redirect inter-well
flow, making local host-rock effects more spatially variable than a single S1/S2 contrast
implies. Model parameterisation relies on the exploratory borehole GGC01, located
away from the primary workings (Section 2.1), so lateral continuity remains weakly
constrained. The S1 and S2 end-member scenarios (Section 2.5) thus represent a prag-
matic engineering approach to bound spatial uncertainty rather than a substitute for
full site characterisation.

Sensitivity analysis was conducted one parameter at a time (OAT) relative to a ref-
erence baseline. While this isolates primary controlling mechanisms, it does not capture
non-linear factor interactions (Section 4.1); results must therefore be interpreted as
contingent on the specific model geometries and on the petrophysical property ranges
sampled (Table A1) rather than as universal constants. The direction and mechanism
of each response are expected to transfer to other flooded workings, whereas the mag-
nitudes quoted throughout are properties of this ensemble: a working with a different
spatial porosity–permeability distribution would be expected to reproduce the trends,
not the percentages. Resolving complex two-factor interactions (e.g., simultaneous
high backfill volume and elevated void permeability) requires targeted multi-variable
simulations. Furthermore, operational and thermal boundary conditions were held
constant, precluding cross-factor sensitivity rankings across varying operating regimes.

Each performance metric is defined against a predefined threshold rather than
a physical transition. For example, thermal breakthrough and lifetime metrics shift
in absolute terms under alternative cutoff choices, although the relative performance
ranking among scenarios is preserved: recomputing thermal lifetime for cutoffs between
9 and 11 ◦C leaves the scenario ordering unchanged, and individual geometries trans-
pose only where their lifetimes differ by less than 7%. Similarly, the recovery factor
(Equation 4) references both of its terms to the 10 ◦C abandonment temperature, and
therefore depends directly on that threshold and on the 3D domain volumetric bounds
(Section 2.5); it thus serves as a relative comparative index rather than an absolute
commercial yield.

Finally, our simulations are idealised as a single doublet operating under constant-
rate, loss-free, balanced circulation, and performance is assessed under a direct-use
framing in which produced mine water supplies heat directly to demand without
heat-pump upgrading. The cutoff temperature therefore acts as a firm operational con-
straint, and surface parasitic losses such as pumping power are excluded; a scheme that
upgraded the produced water through a heat pump would remain viable below that
cutoff. Commercial multi-well schemes featuring variable demand profiles, wellbore
skin losses, or multi-seam cycling may diverge in absolute performance, though the
geometric and material controls identified here remain the primary ones. As regional
mine-water abstraction expands, inter-well interference between adjacent schemes may
cause thermal short-circuiting, alter local host-rock heat content, or induce rapid draw-
down in offset wells. Managing these regional hydraulic and thermal interaction risks
through field-wide monitoring and coordinated operation must therefore be treated as
a design priority for multi-operator mine-water energy schemes.
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5 Conclusion

Using an ensemble of conceptual mine geometry and geological realisations, we char-
acterised the coupled thermal-hydraulic response of a flooded coal mine operated as
an open-loop doublet with cold-water reinjection. Specifically, we evaluated whether
deliverability and thermal longevity share identical subsurface controls, and whether
operational thermal lifetime reflects total in-place heat storage or the hydraulically
connected void volume swept by circulating fluid. Our findings demonstrate that deliv-
erability and longevity are governed by different mechanisms: deliverability depends on
the open, connected cross-sectional flow area between wells, whereas thermal longevity
is dictated by the swept void volume and surrounding host-rock thermal recharge. High
intrinsic connectivity enhances deliverability but accelerates thermal breakthrough,
so no single mine architecture simultaneously maximises both metrics, leaving the
high-deliverability, long-life quadrant unpopulated (Section 4.1).

Holding static void volume constant while varying network connectivity collapses
thermal production lifetime roughly twenty-fold in sealed-host systems, whereas the
productivity index falls by only ≈ 13% (Section 3.2). Thermal longevity is thus gov-
erned by connected, swept void volume rather than static heat-in-place, of which only
a small fraction (η ≈ 0.08) above the economic cutoff is recovered before thermal short-
circuiting occurs (Section 3.1). Mine geometry acts as the primary, first-order design
control that bounds achievable system performance. Regarding void properties, more
permeable voids scale deliverability without altering the geometric hierarchy, yet carry
a thermal lifetime shorter by 3% to 20% under a sealed host rock across all evaluated
realisations; the added pore volume brings no storage gain, while the higher permeabil-
ity confines circulation strictly to gallery conduits. Backfill material properties exert no
measurable influence once backfill lies off the inter-well circulation path; thus, spatial
placement, rather than material composition, dictates backfill impact (Section 3.3).
Host-rock permeability influences both metrics, with both effects amplifying as void
connectivity degrades. However, these impacts differ by an order of magnitude: a leaky
(S2) confining sequence improves deliverability only modestly, whereas its influence on
thermal longevity is conditional–remaining second-order in well-connected workings,
but becoming first-order in disconnected networks, or where doublet target placement
causes thermal bypass. The two controls are thus strongly coupled, with the leaky
sequence contributing most where gallery voids are tight (Section 3.4).

When re-engineering abandoned coal mines for open-loop thermal energy appli-
cations, site characterisation must prioritise mapping connectivity features along the
direct inter-well circulation path, such as flow barriers, stoppings, and standing pil-
lars, rather than relying solely on extraction ratios or gross mine footprint. Energy
resources should be assessed on the heat that can actually be recovered rather than
on gross heat-in-place capacity. Where historical abandonment records are uncertain,
the scenario spread itself provides a robust probabilistic envelope, favouring scenario-
based screening and phased capital commitment alongside baseline pressure-transient
testing to quantify near-well connectivity. Furthermore, scheme design must align with
operational objectives: doublets in conventional coal mine systems, without heat injec-
tion, perform best when mine voids are paired with permeable host rock layers, which
provide essential thermal recharge to extend system lifetime (Section 4.2).
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Future extensions of this work target seasonal storage-mode operations (Mine
Thermal Energy Storage, MTES) by imposing cyclic injection–recovery regimes to
evaluate how host-rock heterogeneity governs transient thermal-hydraulic perfor-
mance. Furthermore, fully coupling fluid flow with rock deformation will define
safe operational envelopes by evaluating how cyclic pressure variations–driven by
the hydraulic loading and unloading of mine gallery networks–influence long-term
ground stability; subsidence, or uplift. Together, these advances will translate thermal-
hydraulic characterisations into the coupled, predictive operational forecasts required
for sustainable, commercial mine-energy developments.
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Abbreviations

ATES Aquifer thermal energy storage
BGS British Geological Survey
BHP Bottom-hole pressure
BP Backfill properties (porosity–permeability)
BV Backfill volume
DARTS Delft Advanced Research Terra Simulator
DGSA Distance-based generalised sensitivity analysis
HF8 / HF9 / HF10 Hydraulic facies: coal / backfill / mine void
INJ Injector well (e.g. INJ12)
MG Mine geometry
MSCL Multi-sensor core logger
MTES Mine thermal energy storage
OAT One-at-a-time (sensitivity design)
OBL Operator-based linearisation
OD Ordnance Datum (elevation)
PI Productivity index (or Deliverability)
PRD Producer well (e.g. PRD12)
SE South-east
TBT Thermal breakthrough time
THM Thermal-hydraulic-mechanical (coupled)
TPL Thermal production lifetime
UKGEOS UK Geoenergy Observatory
VP Void properties (porosity–permeability)
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Appendix A Model parameter values

Table A1: Group I parameter levels for the one-at-a-time sweeps.
BV is the backfill volume as a percentage of worked-region bulk
volume; BP and VP are the porosity ϕ and permeability k of the
backfill (HF9) and mine void (HF10), swept together as a coherent
physical state.

BV BP (backfill) VP (mine void)

Level (%) ϕ k (mD) ϕ k (mD)

1 (very low) 0 0.1596 460 0.7452 542 304
2 (low) 7.5 0.1855 546 0.7878 663 336
3 (mid, ref) 15 0.3000 1000 0.9184 1 350 000
4 (high) 22.5 0.4190 1832 0.9842 2 747 800
5 (very high) 30 0.4512 2175 0.9916 3 361 060

Table A2: Six mine-geometry realisations used for the Group I
material-property sweeps. The sweeps are those defined in Table A1, and the
realisations are categorised by scenario. Each is run through the
thirteen-combination one-at-a-time (OAT) design (centred on BV3 BP3 VP3)
under both host-rock scenarios (S1 sealed, S2 leaky). With the ten remaining
geometries evaluated once at zero backfill (BV1) under each scenario, the
ensemble totals [(6× 13) + (10× 1)]× 2 = 176 coupled simulations.

Scenario Connectivity role
Full model name
(OAT centre, 15% BV)

A well-connected room-and-
pillar

G1400B S1 BV3 BP3 VP3

B short partial barrier G1440B S1 BV3 BP3 VP3

B extended partial barrier G1442B S1 BV3 BP3 VP3

C connected (fixed storage) G1463B S1 BV3 BP3 VP3

C tortuous G1465B S1 BV3 BP3 VP3

C bypassed G1467B S1 BV3 BP3 VP3

Table A3: Hydraulic facies properties. (ϕ, k) are uniform for HF8–HF10 and P5–P95 for
HF2–HF7, and are the only properties differing between S1 and S2. (CV,s, λ) are matrix bounds,
as used in Equation 4; the water-filled void HF10 takes water’s values.

S1 (sealed) S2 (leaky) HEATCR (CV,s) THCONR (λ)

Facies ϕ (%) k (mD) ϕ (%) k (mD) (kJm−3 K−1) (Wm−1 K−1)

Host rock (confining zones)
HF2 0.2–12.5 0.0001–0.94 2.4–24.1 3.2–128 2200–2600 2.10–3.00
HF3 1.2–10.2 0.0001–0.57 14.7–33.4 12–1308 2000–2500 1.20–2.10
HF4 1.6–15.3 0.0003–3.3 14.3–31.3 12–1940 1800–2300 1.00–1.60
HF7 0.9–8.0 0.0001–0.20 11.9–23.5 40–310 2000–2500 1.20–2.10

Worked zones (Glasgow Ell and Main Coal)
Coal (HF8) 5.71 45.08 5.71 45.08 1304–1500 0.60–0.80
Backfill (HF9) 30.00 1000 30.00 1000 1200 2.40
Mine void (HF10) 91.84 1 350 000 91.84 1 350 000 4184 0.60
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