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Heat transfer rates are critical to underground heat storage recovery potential and sustainability of thermal
abstraction for heating and cooling buildings. A 17-day heat injection — abstraction experiment into a flooded,
disused mine working was conducted at the UK Geoenergy Observatory in Glasgow. Analysis of the thermal
response of different lithologies intersected by an injection borehole during and after a heat injection experiment
is used to quantify the heat exchange between rock mass and circulating mine water. The monitoring data from
Distributed Temperature Sensing (DTS) has been analysed and numerical models using COMSOL Multiphysics
were developed to characterise the rates and controls on thermal processes during heat injection and recovery.
The results suggest the key control of the borehole construction on the temperature change in the first 10 hour of
heat injection. In the long term, the thermal response mainly depends on the thermal conductivity of the li-
thologies. The radial heat transfer reaches a steady charging rate of 23 W/m? and 16 W/m? in the sandstone and
clay intervals, respectively, and a maximum of 14 W/m? and 10 W/m? at the start of recovery. This is accom-
panied by upward heat diffusion/convection from the mine working. This study demonstrates the ability of DTS
to identify lithological heterogeneities at a high resolution, and the importance of considering the overburden
structure and lithology for thermal storage applications.

1. Introduction mine workings, and could directly benefit from this local and low carbon

energy source.

The low-temperature geothermal resources contained in flooded coal
mines have the potential to contribute to the decarbonisation of resi-
dential and industrial heating and cooling in the former mining regions
globally (Walls et al., 2021). Mine water reservoirs can store a large
volume of water, which can be extracted at relatively high rates, pro-
vided the mining voids are interconnected over large areas and have the
appropriate hydraulic properties (Bailey et al., 2013). Mine water tem-
perature in the UK typically ranges between 12°C and 20°C (Farr et al.,
2021). Using a heat pump system, the low-grade heat can be raised to
useful temperatures for space heating and hot water applications
(Gillespie et al., 2013, Watzlaf and Ackman, 2006). In the UK, about 23,
000 flooded coal mines provide a vast amount of subsurface water
resource capable of storing substantial quantities of heat. About 25 % of
the population in the UK lives in former mining areas (Gluyas et al.,
2020), with 9 out of the 10 largest urban centres being underlain by
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In addition to using mine water as a heat source, mines have been
increasingly considered for their thermal energy storage potential
(Menéndez et al., 2019). Mine Thermal Energy Storage (MTES) is a
technology that uses flooded mine for seasonal heat storage through the
injection and abstraction of water, used as the heat carrier (Li et al.,
2020, Ngoyo Mandemvo et al., 2023, Ferket et al., 2011). Depending on
the volume of interconnected voids, the circulating mine water has the
potential to access a large extent of the mine, storing and extracting heat
via heat exchange with the surrounding rock mass (Ordonez et al.,
2012). Closed-loop systems (e.g. Borehole Thermal Energy Storage,
BTES) are an alternative option the water circulates in a U-tube heat
exchanger inserted in a borehole or shaft. Heat is stored into / extracted
from the subsurface via diffusive heat transfers between the borehole
walls and the surrounding rock mass (Brown et al., 2024).

For both geothermal and storage utilisation, understanding the
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reservoir structure (i.e., the mine workings and overlying rock mass),
the hydrogeology and the thermal properties of the subsurface is
essential but generally challenging in mining environments (Monaghan
et al., 2026). The underground mining voids left from the mining ac-
tivities tend to form a complex interconnected network of mine work-
ings, galleries, shafts and roadways that might remain open, partially
open or closed following the closure of the mine (Younger et al., 2002,
Andrews et al., 2020). Subsequent subsidence, fracturing and collapse of
the roof may also impact the distribution of the mining voids and the
hydraulic and thermal properties in both the mine workings and over-
lying rock mass, which may disturb the flow of water and the transport
of heat (Ferket et al., 2011, Adams and Younger, 2001). One of the key
limitations to the characterisation of the hydraulic and thermal behav-
iour of such system lies in the sparsity of direct observations of the flow
and heat transport processes (i.e. borehole or shaft access for measure-
ments), both over the spatial extent of the interconnected parts of a mine
and over time, and the difficulty of obtaining in-situ measurement of the
material properties (Farr et al., 2021). The lack of understanding on the
heat sources and heat transfer processes limits accurate estimation of the
long-term efficiency and sustainability that underpin business cases for
deployment of mine water energy systems.

Previous research on MTES has suffered from the lack of field and
operational data, with numerical modelling studies generally focusing
on conceptual representations of mine workings (Perez Silva et al., 2022,
Todd et al., 2024). Currently, various projects are evaluating the po-
tential of thermal energy storage in mines, including high-temperature
thermal storage, and providing data from highly instrumented at-scale
infrastructures from demonstrator and research sites (Gonzalez Quiros
et al., 2025b, Passamonti et al., 2024, Passamonti et al., 2025, Atkinson
et al., 2024, Fraser-Harris et al., 2022, Monaghan et al., 2026). These
offer new opportunities to gain a better understanding of the thermal
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processes involved in mine water energy systems.

This work aims at better characterising and understanding the stor-
age and heat recovery potential of key lithologies in the Carboniferous
Coal Measures, using Distributed Temperature Sensing (DTS) data
collected at the UK Geoenergy Observatory in Glasgow (UKGEOS) dur-
ing a 17-day heat injection experiment and subsequent one-week re-
covery period. DTS is a method that uses fibre optic (FO) cables to
produce a continuous profile of in-situ temperature, which can be used
to infer the hydrogeological and geothermal properties of the subsur-
face, such as the flow pattern from naturally occurring thermal anom-
alies. DTS has received growing attention in recent years as the
technology improved into providing finer temporal, spatial, and tem-
perature resolution. Examples of applications include the analysis of
groundwater/surface water interactions (Lowry et al., 2007, Slater et al.,
2010, Blume et al., 2013, Leaf, 2020), soil moisture content
(Steele-Dunne et al., 2010, Sayde et al., 2010), lake thermal stratifica-
tion (Suarez et al., 2011, Arnon et al., 2016) and estimation of subsur-
face hydraulic properties (Read et al., 2014). In an active underground
mine environment, DTS has been used to measure air temperature and
determine the rate of heat generation in order to ensure the safety of
underground miners (Aminossadati et al., 2010) and detect the onset of
coal spontaneous combustion in goaf (Zhang et al., 2023, Duarte et al.,
2022). In geothermal research, DTS has been used to record temperature
gradients (McDaniel et al., 2018, Cottingham et al., 2013), analyse in
situ subsurface thermophysical properties (Henninges et al., 2005,
Freifeld et al., 2008, Simon et al., 2021) and ground heat exchanger
performance (Fujii et al., 2009, Beier et al., 2012, Acuna and Palm,
2013).

In this work, we use the high spatial and temporal resolution of
temperature measurements provided by the DTS cables installed on the
outside of the injection borehole casing (Fig. 1) to constrain the
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Fig. 1. Conceptual representation of the lithological succession intersected by borehole GGAO1, showing the borehole construction, the borehole materials and the
location of the FO-DTS cable. Zooms a) at c¢. 30 m depth in the mudstone interval and b) at the GU depth interval.
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properties of the rock mass overlying the mine workings and analyse the
effect of reservoir heterogeneities and borehole construction on the
measured thermal response. The interpretation of the experimental data
collected during the heat injection experiment is supported by numerical
analyses. These are used to investigate the sensitivity of the temperature
observed along the injection borehole to a range of borehole material
and subsurface properties, characterise the main heat transfer processes
and the thermal recovery rate. This experiment takes advantage of the
capabilities of the Observatory with an unprecedented level of moni-
toring that allowed the detection of thermal breakthrough in the
abstraction borehole (Gonzalez Quiros et al., 2025a). The data recorded
during and after the heat injection experiment provides valuable infor-
mation on the heat recovery potential and unique opportunities to
characterise the long-term sustainability of mine water geothermal and
seasonal thermal energy storage. This is, to the best of our knowledge,
the first time DTS attached to the exterior of the borehole is used to
monitor a heat injection experiment for mine water geothermal research
and in-situ estimation of thermal properties.

2. Methodology
2.1. UK Geoenergy Observatory infrastructure

2.1.1. Site description

The UK Geoenergy Observatory (UKGEOS) is an at-scale research
and monitoring site built with the aim to de-risk the development of
mine water geothermal resources in the UK and worldwide (Monaghan
et al., 2022a). It is located on the western side of the Central Coalfield in
the Midland Valley of Scotland and accesses the flooded mine workings
of Farme colliery at the Cuningar Loop in Glasgow (see location map in
Monaghan et al. (2022b)).The geological succession typically consists of
superficial Quaternary deposits down to about 26 m depth, overlying
about 300 m of Scottish Coal Measures Group bedrock, Westphalian in
age, in which a total of seven coal seams have been worked between
1805 and 1928 (Findlay et al., 2020). Below this succession are the
Carboniferous strata of the Clackmannan and Strathclyde groups
(Browne and McMillan, 1989).

The Observatory has been constructed at the scale of a small-medium
mine energy scheme with the aim of improving scientific understanding
of mine water geothermal systems, de-risking exploitation, and evalu-
ating the long-term sustainability of mine-water geothermal resource
(Monaghan et al., 2022a, 2022b). The similarities between the geolog-
ical, mining and operational characteristics of the infrastructure with
other commercial projects in the UK and worldwide provides opportu-
nities to test response to induced changes of flow and heat under various
scenarios, which would not be possible within commercial schemes
(Monaghan et al., 2022a). Among the eleven boreholes drilled at the
Cuningar Loop, five of them are mine water boreholes, accessing either
the Glasgow Upper (GU) or the Glasgow Main (GMA) mine workings,
both characterised by different hydrogeological conditions (Gonzalez
Quiros et al., 2024). In the experiment described in this study (see
Section 2.2), the boreholes GGAO1 and GGAO7 located 135 m apart and
both accessing the GU mine workings at a depth of c. 50 m, were used as
injection and abstraction wells, respectively. In addition to the mine
workings boreholes, five environmental monitoring boreholes drilled
into superficial deposits or bedrock above the GU are used to charac-
terise the baseline conditions and monitor the impact of the geothermal
operations.

2.1.2. GGAO1 borehole design

Considerations of the borehole design are essential to understand the
impact of the construction characteristics on the thermal response
recorded by DTS. Here, we provide an overview of the 52 m deep
borehole GGAO1 used in the heat injection experiment (Fig. 1).

The borehole consists of three casings installed through the made
ground (steel made ground casing), superficial deposits (steel rockhead
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casing) and bedrock (PVC Boode Well casing) down to 17 m, 29.7 m and
45.7 m depth, respectively (Monaghan et al. 2021). The annulus of the
different casing sections was grouted before the next section was drilled.
The borehole is only screened across the GU mine working, intersected
between 47.60 m and 48.86 m, with the slotted screen and gravel pack
extending from 45.7 to 49.3 m. The borehole is fully sealed above the
screen, so that all hydrogeological observations only relate to this in-
terval. The large internal diameters of Boode Well casing and slotted
screen section (248 mm Internal Diameter (ID)) were chosen to
accommodate a large submersible pump capable of delivering a flow
rate of up to 12 1/s.

GGAO1 is equipped with a fibre-optic distributed temperature
sensing (FO-DTS) cable, installed on to the outside of the 11" (280 mm
OD) Boode Well casing and across the screened section, down to a depth
of 51.1 m below ground level (Fig. 1). The cable includes two Stranded
Copper Wires and four Multi Mode (MM) fibres that are comprised of 2
MM loops. The cable end is located at 0.9 m above the casing shoe. It was
placed onto the casing and fastened into position before lowering the
equipment down the borehole. The borehole annulus between the Boode
Well casing and rock wall (i.e. 406 mm diameter hole) was grouted
above the screened section and around the FO-DTS cables, representing
a grout thickness of 63 mm in the lower part of the borehole (Monaghan
et al., 2022b, Maciver, 2019).

2.1.3. Lithological description

The lithological succession in GGAO1 has been described in Mon-
aghan et al. (2020) and is displayed in the simplified diagram (Fig. 1).
The top part of the stratigraphy consists of about 8.3 m of made ground,
defined as artificial deposits composed of sand, silt, gravel and boulders
in which brickwork, roots, wood planks, glass fragments and plastic
have been found. These are underlain by Quaternary deposits, typically
formed of unconsolidated sediments including sand, pebble, gravel and
the Paisley Clay Member, consisting of a clay-dominated interval be-
tween 19 m and 22 m (Monaghan et al., 2020, Monaghan et al., 2022b).
The Paisley Clay Member was identified as the key unit separating the
mine water aquifer and the superficial aquifer (Gonzalez Quiros et al.,
2024). No sample was collected from the made ground and superficial
deposits down to the first casing point at 16 m depth and therefore no
information is available to constrain the model developed in this anal-
ysis from GGAOl. At 26 m depth, the Quaternary deposits lie uncon-
formably on the Carboniferous Scottish Middle Coal Measures
Formation, which has been extensively mined for coal. The upper part of
the Carboniferous bedrock succession, above the GU mine working, is
dominated by fine- to medium-grained sandstone with alternating silt-
stone, mudstone and minor unmined coal layers. A mudstone layer
dominates the succession below the GU mine working and down to the
bottom of the GGAO1 borehole. Between 47.60 m and 48.86 m depth,
the GU mine working was described by Monaghan et al. (2022a) as
being dominated by packed backfilled mine waste. The type of mine
workings however varies across the Farme Colliery. Intact pillars, total
extraction areas, open voids, roadways, waste and stowage within the
mining units as well as fractured rocks have been intersected by other
mine workings boreholes, suggesting a heterogeneous and complex
hydrogeological system.

This study looks at the thermal response of entire lithological suc-
cession and more particularly at the depth of the Paisley Clay Member at
c. 20 m, a Carboniferous mudstone interval with a minor coal layer at c.
30 m and a sandstone interval at c. 40 m, in GGAO1. The mudstone and
the sandstone are the main lithologies surrounding the mine voids,
hence, characterising their thermal properties and thermal response
during heat injection and recovery has a key implication for the un-
derstanding of geothermal operations and heat storage applications. The
comparison of the thermal signal recorded by the DTS cable at the depth
of the clay relative to the mudstone and sandstone is used to investigate
the effect of various borehole construction (e.g. different casing layers)
and unconsolidated nature of this lithology (Fig. 1).
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2.1.4. Thermal properties

The thermal properties for the coal, mudstone and sandstone were
obtained from representative sub-cores sampled from GGCO1, a 200 m
deep borehole situated 1.4 km to the northwest of GGAO1 (Monaghan
et al., 2021), which might slightly differ from the lithologies intersected
by GGAO1. The samples were analysed using Modified Transient Plane
Source Method at 20°C at both ‘air dry’ and fully saturated conditions.
When not available from direct measurements, typical thermal con-
ductivity, density and specific heat capacity values for the lithologies
present in GGAO1 (e.g. made ground, clay, gravel, sand), and for the
borehole materials were taken from the literature (e.g. Gale, 2004; Dalla
Santa et al., 2017; Waples and Waples, 2004; Robertson, 1988). These
are compiled in Table 1 together with the saturated thermal conduc-
tivity, specific heat capacity and density values determined from the
GGCO1 samples.

The lithological succession was divided into eleven intervals based
on the analysis of the GGAO1 geological summary log (Monaghan et al.,
2020). This simplified vertical discretisation of the lithostratigraphy was
used as a basis for the description of the temperature profiles and the
development of the 2D numerical model, to ensure a reasonable nu-
merical computational time whilst accounting for the major changes in
lithology with depth (see Section 2.3). For each interval, the average
thermal conductivity 4,,, density py, and specific heat capacity c;, were
calculated using Eq. 1.

A = Z %ordr

P =D %rp, b}

Cm = Z %,c,

Where %, is the relative proportion of rock types in the interval, as
reported in the GGAO1 chippings log, and 4., p; and c; are the saturated

Table 1
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thermal conductivity, density and specific heat capacity values of each
corresponding lithology in the considered interval. These are reported in
Table 1 together with the calculated weighted mean thermal conduc-
tivity (4m), density (pm) and heat capacity (cy,) for each interval.

2.2. Data acquisition and processing from the injection-abstraction
experiment

The heat injection experiment was conducted between the 12th of
September 2023 at 11:00 and the 29th of September 2023 at 14:00,
followed by a one-week recovery period (until the 6th October 2023).
Mine water with a temperature of c¢. 11.9°C was pumped from the GU
mine workings via GGAOQ7 at a rate of 12 1/s, and re-injected at the same
flow rate into the GU mine workings via GGAO1 (injection main atc 0.15
m) at a temperature of c. 17.4°C after its passage across the heat
exchanger-heat pump system. The temperature was continuously
monitored during both the heat injection and recovery periods (from the
29th of September to the 6th October 2023) via a wellhead sensor, a data
logger installed at 22.7 m in GGAO1 and by the FO-DTS cable configured
in passive mode. In this configuration, a DTS interrogator box connected
to the top of the FO cable generates a pulsed laser signal that propagates
through the cable. The cable then acts as series of distributed tempera-
ture sensors and records the temperature-dependent backscattered sig-
nals. The interaction of laser light with the silica core of the FO cable and
time domain reflectometry principles are then used to calculate the
temperature of the cable at discrete sections of the fibre (McDaniel et al.,
2018). This allows recording the temperature changes resulting from
heat transfers in the subsurface in response to the heat injection in
GGAO1. During the heat injection and recovery test, DTS recorded the
temperature change every 10 min along the full borehole length at a 25
cm resolution.

Thermal properties for (a) the GGAO1 lithological succession and (b) the borehole materials. The thermal conductivity, specific heat capacity and density for each
lithological interval (4, ¢y and py,) corresponds to the average of the rock type property values (A sat, Cr, and p,) weighted to the proportion of rock type within the
interval (%,). The water properties are indicative and temperature-dependent variables.

a) Lithologies Made ground Sand Gravel Clay Sandstone Mudstone Coal Weighted average

Jrsat (W/(m-K)) 5.03° 2.0° 2.4° 1.11> 3.49¢ 2.42¢ 0.68°

¢ (J/(kg-K) 1270 * 1632° 1175° 860° 775°¢ 930°¢ 1300°

pr (kg/m®) 2182 ° 2010° 1983° 2680° 2520 2130¢ 1290¢

Min depth (m) Max depth (m) %y Am Cm Pm

0 8.3 100 % 5.03 1270 2182
8.3 16 100 % 5.03 1270 2182
16 19 50 % 5% 45 % 1.62 1262 2310
19 22 10 % 90 % 1.23 892 2610
22 26 45 % 50 % 5% 2.16 1365 2030
26 29.5 100 % 3.49 775 2520
29.5 29.7 70 % 30 % 2.65 933 2151
29.7 30.5 20 % 70 % 10 % 2.46 936 2124
30.5 47.5 96 % 0.3 % 4.1 % 3.38 795 2473
47.5 48.9 36 % 12 % 52.4 % 1.90 1067 1834
48.9 52 4% 96 % 2.46 924 2146

b) Borehole material

Thermal conductivity Apn (W/(m.K))

Specific heat capacity cyn (J/(kg K))

Density ppn (kg/m%)

Water @20°C 0.64 4184 1000

Grout 1.3¢ 1500¢ 1800¢

Boode PVC casing 0.17 g 880 g 1400 g

Steel casing 40 g 475 g 7850 g

Rubber 05¢g 1900 g 1100 g
Sources:

2 Hamdhan and Clarke (2010)
b VDI 4640 (Dalla Santa et al., 2017)

¢ Waples and Waples (2004)

4 Unpublished GGCO1 borehole rock sample data
¢ (Robertson, 1988)

f Gale, (2004)

8 COMSOL Multiphysic default values.



M. Receveur et al.

Following the experiment, the raw DTS data previously calibrated
were compiled and converted into a usable two-dimensional section
representing the variations of the temperature with depth and with time.
This conversion process involved correcting the depth values for the
length-along-fibre (LAF) representing the distance between the DTS
monitoring box and the borehole top. The top 2 m of the DTS profile
were subsequently erased to withdraw from the analysis the near-
surface temperature, that is mainly controlled by the daily variations
in air temperature and does not provide any useful information on the
heat flow induced by heat injection at the depths of interest during the
experiments.

Two types of datasets were extracted from the corrected DTS profiles.
Temperature-depth profiles were selected to highlight the variation of
the temperature with depth at key time steps during the pre-experiment
period, the heat abstraction period and the recovery period. Represen-
tative temperature time-series were chosen to characterise the rate of
temperature change at the depth of key lithologies in GGAO1 (Fig. 1): a
clay dominated interval (20.4 m depth), a mudstone dominated interval
(30.5 m depth) and a sandstone interval (40.2 m depth). These time-
series were used as a reference for the subsequent numerical model-
ling analysis (Table 2). Additional temperature time series at the depth
of the made ground and GU mine working were analysed for compara-
tive purpose. Those were not included in the numerical analysis, due to
the poor constraints on the made ground properties and the complex
nature of the hydraulic and thermal processes at the depth of the GU
mine workings, that are beyond the scope of this study.

2.3. Numerical modelling

2.3.1. Model design

1D horizontal axisymmetric numerical models accounting for the
GGAO1 borehole construction were developed using COMSOL Multi-
physics® v. 6.2 (COMSOL, 2023) to investigate the effect of the borehole
material and subsurface properties on the immediate and longer-term
thermal response to heat injection recorded by the FO-DTS cable in
the overlying rock mass.

Fig. 2a shows the borehole construction at the depth of the Quater-
nary deposits (between 17 m and 29.7 depth) and the boundary con-
ditions for the ‘clay model’ that were implemented to best represent the
conditions during the experiment. Within this interval, the borehole
consists of two grout layers injected in the annulus between the PVC
Boode and the steel casing (between r = 140 mm and r = 213 mm), and
between the steel casing and the reservoir (between r = 229 mm and r =
280 mm), with r representing the distance from the model axis, i.e.
borehole centre. The PVC Boode and the steel casing have 16 mm
thickness.

Fig. 2b shows the representative model for the deeper section of the

Table 2
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borehole that was used to evaluate the temperature response at 30.5 m
(i.e. ‘mudstone model’) and 40.2 m depth (i.e. ‘sandstone model’). In
this section, only one grout layer (between r = 140 mm and r = 213 mm)
is present to maintain the inner 16 mm-thick PVC casing. In all the
numerical models, a distance of r = 141 mm was considered as the
observation point (i.e. modelling output), representing the FO cable
location.

Heat injection and thermal recovery were simulated in the same
model as two sequential transient simulations for a duration of 17 and
14 days, respectively, with maximum time steps of 0.02 days. The
models calculated the temperature change along the x-axis due to the
radial transfer of heat between the borehole water and the surrounding
rock mass during both heat injection and recovery, assuming heat con-
duction only (Eq. 2).

pmcm% = div(A,VT) @)

Where T is the temperature [K], and p,,, ¢, and 4, the density [kg/
m3], specific heat capacity [J/(kg-K)], and thermal conductivity [W/
(m-K)] of the modelled material (Table 2).

The initial temperature distribution Ty along the model axis was
defined using the pre-experiment DTS value measured at the depth of
the considered lithology in GGAO1 and GGAO2, situated 10 m apart
(Table 2). Heat injection was expressed as a time-varying temperature
boundary condition T; along a line representing the water-filled bore-
hole section of the model, using the temperature measured by the
downhole logger installed in GGAO1 during injection. A natural, or
Neumann (i.e. no flow; — n-.q = 0) boundary condition was applied on
the right side of the model. This boundary was placed far enough (r = 10
m) to avoid boundary effects. For the recovery simulation, the initial
temperatures were those calculated at the end of the injection period.
Both the water-filled section and the right side of the model were
imposed a Neumann (i.e. no flow) boundary condition, allowing the
system to slowly re-equilibrate based on the far field rock mass
temperature.

2.3.2. Parameter evaluation and best-fit model

The representative 1D axisymmetric model that accounts for the
borehole construction below 29.7 m depth (i.e. a single PVC casing) was
used first to conduct a parametric analysis for the rock mass, grout and
PVC casing thermal properties through a series of forward simulations.
For each parameter, the minimum, step increase and maximum values
were defined to include a range of representative values for the different
material properties (Table 2). The subsurface properties for the base
model were attributed the weighted average thermal conductivity,
density and specific heat capacity values calculated in section 2.1.4. for
the mudstone interval (Table 1). Due to the absence of direct measure-
ments for the Glasgow Observatory boreholes, the borehole material

Properties for the clay, mudstone and sandstone base models and range of values for the parameter evaluation. A, p and c are the thermal conductivity, density and
specific heat capacity, respectively. Subscripts m, c, s, and g refer to the rock mass, PVC casing, steel casing and grout, respectively. To(x) is the estimated initial

temperature distribution at the corresponding DTS observation depth z.

Property Clay (Base) Mudstone (Base) Sandstone (Base) Sensitivity Analysis

Minimum Step Maximum
z (m) 20.4 30.5 40.2
To(x) (°C) 11.9 - 0.03x 12 -0.03x 12.1 - 0.03x
Am [W/(m-K)] 1.23 2.46 3.38 1.0 0.5 4.0
pm [kg/m>] 2610 2146 2473 1500 500 3000
cm [J/(kg-K)] 892 924 795 880 50 980
Ae [W/(m-K)] 0.17 0.17 0.17 0.12 0.05 0.22
pe [kg/m>] 1400 1400 1400 - - -
¢ [J/(kg-K)] 880 880 880 - - -
Ag [W/(m-K)] 1.3 1.3 1.3 0.8 0.5 1.8
pg [kg/m’] 1800 1800 1800
cg [J/(kg-K)] 1500

1500
As [W/(m-K)] 40 -

1500
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a) Clay model (20.4 m)

DTS-FO Observation point
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-n.g=0

r=141 mm
To
Water-filled borehole '\ Grout Grout Rock mass r=10m
Boode PVC casing  Steel casing 280 mm
r=124 mmID r=213mmID
140 mm OD 229 mm OD
b) Mudstone (30.5 m) _ —
and sandstone (40.2 m) n ‘q - O
To
Water-filled borehole Grout | Rock mass r=10m
r=203 mm

Fig. 2. 1D axisymmetric model geometry and boundary conditions a) for the clay (20.4 m) and b) for the mudstone (30.5 m) and sandstone (40.2 m) models. Ty is the
initial temperature distribution at a distance r from the model axis, T; is the injection temperature imposed in the water-filled section of the borehole to the left side of
the Boode PVC casing during heat injection. No flow (-n.q = 0) is applied on the right boundary during injection and recovery.

properties (e.g. thermal conductivity for the casing and grout) were
defined according to representative values reported in the literature
(COMSOL, 2023). Each evaluated parameter was modified individually,
keeping the other borehole materials and rock properties constant. The
thermal response at the location of the FO-DTS cable (r = 0.141 m)
during both the heat injection and recovery for each scenario was
compared with the DTS data (i.e. DTS at the mudstone interval) to un-
derstand the key parameters having a control on the thermal response
recorded by the FO-DTS cable over the short and longer experiment time
scale.

Models that best replicated the observed DTS response in the clay,
mudstone and sandstone intervals (i.e. at 20.4 m, 30.5 m and 40.2 m,
respectively) were finally developed through manual calibration of the

PVC Casing

Steel Casing

Depth (m)

Ti= Logger temperature

base model properties for the corresponding interval (Table 2), using the
appropriate borehole construction (Fig. 2). The best fit models were
used to evaluate the combined effect of the borehole construction and
lithology.

2.3.3. Two-dimensional analysis

A 2D axisymmetric model of the GGAO1 borehole was then devel-
oped to investigate the 3D effects of heat transfers on the temperature
distribution along a vertical profile, accounting for both the borehole
construction and the lithological succession, i.e., the heterogeneities
between the different sedimentary layers (Fig. 3).

The model consists of a 52 m deep and 10 m wide section composed
of 99,721 triangles and 12,282 edge elements, with minimum size of

(OF"W)/M) AUABINPUOD [ewIBY L

4 6 8 10
Distance (m)

Fig. 3. Graphical representation of the 2D model configuration showing the thermal conductivity of each lithological interval and the borehole construction. T; is the

injection temperature (boundary condition).
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0.01 m along the borehole/rock mass boundaries. The optimal mesh size
was determined using a manual approach to ensure the independence of
the results whilst optimising the computational time. The model was
divided into eleven lithostratigraphic intervals, described in Section
2.1.4. Each interval was assumed to be homogeneous and was attributed
the weighted average thermal conductivity, heat capacity and density
calculated using Eq. 1 (Table 1a). Borehole materials were attributed
typical values from the literature (Table 1b). Care was taken to ensure
equivalence of the borehole material properties, subsurface properties
and borehole construction between the 2D model and the 1D base
models at the corresponding depth.

In the 2D reference model, an interpolation of the pre-experiment
DTS depth profiles between boreholes GGAO1 and GGA02, situated 10
m apart, was used to calculate the initial temperature distribution in the
model, with the temperature at GGAO2 representing the far-field tem-
perature. Heat injection and recovery were simulated for a total period
of 17 and 14 days, respectively, with maximum time steps of 0.1 days,
assuming heat conduction only. The uniformity between the DTS and
temperature logger installed below the injection main in GGAO1 (see
Fig. 1 and Section 3.1) indicates limited temperature variations within
the borehole (Fig. 4). During injection, a Dirichlet boundary condition
representing the temperature variations recorded by the logger (T;) was
therefore applied to the polygon representing the water-filled borehole
(i.e. to the left side of the PVC casing). A groundwater velocity v of 0.005
m/s was set at the depth of the GU to represent the flow of mine water
from GGAO1, via the screened section of the borehole. This average
linear velocity v = A% was calculated using a volumetric flow rate Q =

0.012 m®/s (abstraction/injection rate), a cross-sectional area A = 2zrh
— 4.6 m? (with h = 3.6 m the height of the screen section and r = 203
mm the internal borehole radius at the depth of the GU), and a porosity ¢
= 0.5. Neumann (i.e. no flow) boundary conditions were applied at the
surface, bottom and right boundaries of the 2D model. During recovery,
all boundaries were imposed a no-flow boundary condition. This
allowed the system to return to an equilibrium via diffusive heat
transfers, according to the temperature gradients normal to each
boundary.

Subsequently, the 2D model was adjusted using a manual calibration
approach and based on the learnings from the 1D model to improve the
fit to the data. The best-fit properties were determined based on the
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combination of rock properties that best replicate the 1D vertical tem-
perature profiles acquired by the FO-DTS cable in GGAO1 at the end of
heat injection (29th September 2023) and after one week of heat re-
covery (6th October 2023).

3. Results
3.1. Thermal response during the experiments

3.1.1. Temperature sensors

Fig. 4 shows the temperatures measured during the experiment in
borehole GGAO1 at wellhead (injection temperature) and the downhole
logger (22.7 m depth). The temperature measured with the DTS cable at
the screen interval (47.31 m depth) is shown for comparison.

The average injection temperature (wellhead temperature T) during
the experiment was 17.4°C, with fluctuations between 16.7 and 17.9°C.
At two times, 13th and 23rd September, two short problems with the
heat pump decreased the injection temperature to 9.6 and 10.1°C, but
this effect was limited to about 10 min. When the injection stopped, the
wellhead logger was directly affected by ambient temperature. The
wellhead data during the recovery period show the daily fluctuations at
the surface.

The initial downhole logger temperature was 11.9°C. During the
injection experiment, the measured temperatures were almost identical
to those at the wellhead, including the rapid fluctuations, reflecting the
location of the logger 7.5 m below the reinjection main. After the in-
jection stopped, the temperature of the logger decreased gradually, to
about 12.65°C the 6th of October, showing that the borehole water had
not re-equilibrated completely to the initial baseline temperatures.

At the screened interval, temperatures measured by the DTS were
slightly lower (c. 0.2°C) than the measured at wellhead. At this level the
DTS cable is in contact with the injected water flowing through the
slotted screen and the gravel pack. The lower temperatures might reflect
heat losses due to transfer via conduction to the surrounding rock mass
along the borehole walls. During recovery, the measured temperature
decreased at a lower rate compared to the downhole logger, down to
14.55°C the 6th of October.

T T
Heat injection

18

17

Recovery

Air temperature
variation effects

;| |
8 15 i l
L |
=141 i i
-~
} ~. 12.65°C
1314 1\ / T - N
i Heat pump R
12 L 1 temperature lows H |
- ° ? °  GGAO01 wellhead injection T
° o — ' GGAO01 downhole logger T
1M o R *  GGAO01 DTS 47.31 m (screened interval)| |
| I | I I I I I
Sep 12 Sep 15 Sep 18 Sep 21 Sep 24 Sep 27 Sep 30 Oct 03 Oct 06
2023

Fig. 4. Wellhead, logger and DTS temperatures measured in GGAO1 during the heat injection (12/09/2023 - 29/09/2023) and the recovery period (29/09/2023 —
06/10/2023). Data suggests fluctuations in the injection temperature (at wellhead) between 16.7 and 17.9°C.
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3.1.2. DTS
Fig. 5 shows the DTS data in GGAOl during the heat injection
experiment and the subsequent thermal recovery period.

3.1.2.1. Injection. DTS recorded a continuous profile along the FO cable
installed along the borehole over time. Fig. 5 shows that the temperature

a) " Heat injection " .

Made ground
10

N
o

[ Clay

w
o

Depth (m)

" Mudstone
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does not vary uniformly with depth. The initial (pre-injection) temper-
ature profile (black line in Fig. 5d) showed a positive (downwards)
geothermal gradient below the zone of seasonal influence (approx. 9 m
depth) and down to the screened interval. The initial temperatures at the
key intervals -clay, mudstone and sandstone- were 11.86°C, 11.95°C and
12.11°C, respectively. At the screened interval, the initial pre-

18

=

v Recovery v

17
-16
-15

-14

(Do) @4njesadwal

-13
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Injection
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Temperature (°C)
o >

N

/

——DTS Made ground
——DTS Clay

13 DTS Mudstone
——DTS Sandstone
— DTS GU

12 L 1 1
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Time (days)
c) 18 Injection [ T T d) o T T T - T .

Temperature (°C)
&

102 107 0

Temperature (°C)

—— 12/09/2023 09:35
12/09/2023 11:25|
——29/09/2023 08:04|
~29/09/2023 15:04
9/09/2023 22:35
~5/10/2023 23:55 |

107 10° 1

Time since recovery (log-days)

12 13 14 15 16 17 18
Temperature (°C)

Fig. 5. a) DTS in GGAO1 during heat injection and recovery (12/09/2023 to 6/10/2023). The coloured dots indicate the observation depths (panels b and c), and the
vertical arrows the location of the temperature profiles (panel d). b) Temperature change at 5.4 m (made ground, dark red), 20.4 m (superficial clay deposits, light
blue), 30.5 m (mudstone, magenta), 40.2 m (sandstone, green) and 47.5 m (Glasgow Upper mine workings, black). ¢) Temperature timeseries during injection (upper
panel) and recovery (lower panel) in log scale. d) DTS profile acquired in GGAO1 before the experiment, during heat injection and recovery. The arrows indicate the

observation depths and the dashed line the depth of the screened interval (45.7 m —

49.3 m).
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experimental temperature was the highest at 12.5°C.

Following the onset of heat injection, a rapid 4.6°C warming was
observed between c. 46 m and 48 m depth. This interval corresponds to
the depth of the slotted screen (45.7 m — 49.3 m), where the FO cable is
in direct contact with the water injected in GGAO1 as it flows towards
the GU mine working. The temperatures measured at this interval
reached the maximum values 45 min after the experiment started, but
this large increase in temperature was initially constrained to the ~3.6
m of the screened section. Over time, the thermal anomaly around the
GU tended to dissipate and spread upwards, as suggested by the pro-
gressive warming of the zone above the GU in the later heat injection
profiles (Fig. 5d).

In the rest of the borehole, there was a progressive warming
measured along the whole cased section. In general, the thermal profile
tended to invert, with the positive gradient observed before the start of
the experiment (black line in 5d), evolving towards a negative gradient
at the end of the test (red line in 5d) with depth-dependent temperature
variations related with the changes in lithology. More pronounced
warming intervals were observed between c. 18-22 m depth (below the
injection main) and at c. 30 m depth, which correspond to the depth of
the clay and gravel interval and mudstone with minor coal layer,
respectively. Less pronounced warming was observed in the made
ground (shallower 8 m), superficial deposits between 8 — 16 m depth and
sandstone interval (c. 40 m). In contrast to the slotted screened interval,
there is no connection between the borehole water and the FO cable in
the cased section between the surface and 45.7 m depth. Therefore, the
thermal response to heat injection recorded by the FO cable above the
screen is expected to result mainly from conductive heat transfers
throughout the borehole walls and porous media.

Near the surface (i.e. above c. 6 m depth), a zone of higher tem-
perature relative to the initial background temperature was observed
both in the 2D and 1D temperature profiles (Fig. 5(a and d)). This c. 16°C
anomaly is visible before the start of the period of analysis and expands
downward as the temperature in the borehole increases during the heat
injection phase. Longer term signals related to surface changes and
seasonal variations in air temperature have been observed to propagate
down to c. 8-9 m below the ground surface at the Observatory (http
s://www.ukgeos.ac.uk/glasgow/observatory-infrastructure/dts, Gon-
zalez Quiros et al., submitted). In Paisley, Glasgow, air temperatures of
up to 20°C were measured in August 2023 (MetOffice, 2025), suggesting
the potential control of surface temperature on the shallow temperature
profile.

Temperature timeseries were extracted at various depths to evaluate
the effect of key lithologies on the temporal changes and amplitude of
the thermal response (Fig. 5(b and c)). Temperature changes at the
screened interval that reflect the water injection temperature are also
shown in the figure for reference.

At the three analysed lithologies and depths (clay, 20.4 m; mudstone,
30.5 m; and sandstone, 40.2 m depth) the temperature increased at a
very similar rate by c. 1.8°C during the first c. 4 hours of the experiment.
After 4 hours of injection (Fig. 5¢ with x-axis log scale for detail) the rate
of temperature increase remained relatively high, but the three started
to diverge until they reached their maximum temperatures after 8 days,
with the maximum temperature observed for the clay (c. 15.95°C) and
lower for the sandstone (c. 14.82°C). After 8 days, the temperatures
started to stabilise reaching a quasi-steady state (with fluctuations
reflecting the injected water temperatures) over the last 9 days of the
test. At the end of the injection period, the temperature in the clay was
15.7°C and in the mudstone 15.32°C, 3.84°C and 3.37°C higher than the
pre-experiment temperature respectively, whilst the temperature in the
deeper sandstone interval was 14.66°C, only 2.46°C higher than the pre-
experiment temperature.

In comparison, the data measured at the depth of the made ground
(5.4 m depth) showed a very different evolution. The increase in tem-
perature was slower, not starting to increase at a considerable rate until
c. 1 hour after the start of the experiment (Fig. 5c). The made ground
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interval is situated above the injection main (15 m depth), where the
borehole construction consists of three casings and grouted annulus
(Fig. 1). The observed temperature is therefore likely to be more influ-
enced by the borehole design and material properties to a depth of 17 m
compared to the observations at greater depth. Temperatures at the
made ground depth increased continuously with a very different rate
when compared with the other depths, reaching a maximum tempera-
ture of 15.56°C after 8 days.

During injection, the variations in temperature observed at all depths
(Fig. 5(b)) depicted a strong sensitivity to the variations in the injected
water temperature (Fig. 4). The maximum measured temperature in all
the identified locations coincides with the maximum injection temper-
ature registered the 20th September (8 days after starting the injection).
The amplitude of the changes measured in the cased parts are however
lower and smoothed (especially for the made ground with three casings)
compared with the injected water temperature. For example, the fluc-
tuation of 0.8°C in the injected water temperature the 27th September,
produced a change of 0.3°C in the clay, mudstone and sandstone, and a
variation of 0.1°C in the made ground.

3.1.2.2. Recovery. The period of thermal recovery considered in this
work corresponds to the period covering the progressive return to
equilibrium temperatures following the cessation of the heat injection
on the 29th September 2023 until the experiment was considered
finished on the 6th October 2023. The temperature timeseries in Fig. 5
(b,c) show the rate of temperature change during recovery for the same
key lithologies and depths analysed for the injection period.

The temporal evolution after the injection ended was very different
for all the levels analysed. The clay interval showed the largest tem-
perature drawdown, from an initial temperature of 15.7°C at the start of
the recovery, to 12.65°C after 6 days, while the initial recovery tem-
perature at the mudstone was 15.32°C and it reached 12.6°C after six
days of recovery. These are temperatures still 0.79°C and 0.65°C higher
than the pre-injection temperatures. The sandstone showed a very
different trend, starting 14.66°C and reaching 12.95°C after 6 days,
0.84°C lower than the pre-experiment temperature at that level. The
made ground depicted the slowest rate of return at the initial times, as
shown for the heating part during the injection, which contrasts with the
observations in the other intervals. However, after c. 2 days the rate of
temperature change increased. After six days of recovery, a temperature
of 14°C was measured at the depth of the made ground, which was
1.33°C higher than the temperature measured before the start of the
experiment.

The largest residual thermal disturbances were observed at the depth
of the GU mine working. There, the FO cable is in contact with the mine
water that circulates in the open voids and therefore is the result of a
combination of heat transfer processes. At that interval, the temperature
during recovery varied from 17.15°C measured at the end of the injec-
tion down to 14.74°C six days after the injection stopped, still 2.24°C
higher than pre-injection temperature at this interval.

The average temperature along the DTS profile after 6 days of re-
covery (green line in Fig. 5d), was about 0.5-0.8°C higher than the
initial pre-experiment temperature, and up to 2.24°C higher in the GU
interval. Depth temperature profiles suggest a progressive diffusion of
heat (i.e. via conductive heat transfers) above and below the GU mine
working during the heat injection phase, that becomes more prominent
during the recovery phase (Fig. 5(a and d)). As the temperature
declined, the heat dissipated upwards (i.e. up to 40 m depth), leading to
a smoother thermal anomaly around the GU depth, and suggesting the
prominence of vertical heat transfers during recovery.

The differences between the pre-experiment temperatures and those
measured at the end of the experiment suggest that recovery was not
completed within the period included in the analysis, with the largest
disturbances being observed at shallow depth and in and around the
screened interval.


https://www.ukgeos.ac.uk/glasgow/observatory-infrastructure/dts
https://www.ukgeos.ac.uk/glasgow/observatory-infrastructure/dts
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3.2. Modelling results

Numerical modelling was performed to characterise the key controls
on the rate of temperature change during heat injection and recovery, by
determining the key properties (e.g., relative effect of heat conductivity
vs groundwater flow) and processes (e.g., heat conduction vs heat
convection) that best replicate the DTS observation at the depth of key
lithologies encountered by GGAO1.

3.2.1. Parameter evaluation

Fig. 6 shows the modelled temperatures for a range of thermal
properties at the location of the FO-DTS cable (r = 0.141 m), alongside
the DTS observations at 30.5 m depth (i.e. mudstone interval), displayed
for comparison.

3.3. Rock thermal conductivity

The results presented in Fig. 6a show that the modelled temperature
is highly sensitive to the rock thermal conductivity (A;). Higher A; reduce
the rate of temperature increase, and at any given time, the higher A, and
the lower the observed temperature. The log-scale analysis suggests that
the temperature becomes sensitive to the subsurface properties after c.
2.5 h of injection (i.e. where the curves split for different thermal con-
ductivity values). At the end of the injection period, a minimum
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temperature of c. 15°C is calculated for A, = 4 — 4.5 W/(m-K) and a
maximum of 16°C is calculated for A, = 1 W/(m-K).

The thermal recovery rate after the cessation of heat injection also
highly depends on A,. High ), results in a relatively fast return to equi-
librium, which is expressed by a larger temperature decline at the start
of the recovery period, which also largely relates to lower temperature
observed for high A, at the start of the recovery period. At the end of the
modelled recovery period, the higher A; and the lower the temperature,
with a minimum temperature of 12.3°C observed for A, = 4 — 4.5 W/
(m-K) and a maximum of 12.8°C observed for A, = 1 W/(m-K). This
suggests that A; has determinant control on the long-term thermal re-
covery rate and the thermal disturbances induced by heat injection. It is
however important to note that the relationship between the thermal
conductivity and the observed temperature is non linear, and that the
recovery rate and time to reach equilibrium is increasingly sensitive to a
change in A; within the lower end of the range of A, values tested.

3.4. Rock heat capacity and density

The temperature was calculated for multiple combinations of inde-
pendent rock density and heat capacity values using a multiparameter
sweep. Due to the negligible sensitivity of the temperature to the rock
density, Fig. 6b only shows the results for the combination of the min-
imum and maximum p, and c, for the range of values tested (Table 2). As
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Fig. 6. Parameter evaluation on a) the rock mass thermal conductivity (A,), b) the density (p;) and specific heat capacity (p.) and c) the grout (Ag) and casing (Ac)
thermal conductivity. The light purple line represents the measured temperature change at 29.5 m (mudstone). The other constant base model properties are
summarised in Table 2.
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for the rock thermal conductivity, the temperature becomes sensitive to
the density and heat capacity of the rock mass after c. 2.5 h of heat in-
jection. During injection, the higher p; and c;, the lower the rate of
temperature increase and the lower the observed temperature at a given
time. However, the temperature difference at the end of the injection
period reached a maximum of 0.2°C for a difference in density of 1500
kg/m?>. After c. 3 days of recovery, the temperature returns to a smilar
value for all density and heat capacity combinations, suggesting that
those properties had negligible impact on the thermal recovery rate and
long-term thermal near-borehole state, for the test conducted.

3.5. PVC casing and grout thermal conductivity

The casing and grout thermal conductivity both have a strong effect
on the short-term thermal response to heat injection (Fig. 6¢). The rate of
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temperature increase in the initial hours of heat injection is mostly
dependent on A, with a higher A, leading to a faster and larger tem-
perature increase. This effect is more pronounced in scenarios with low
Ag. Low Mg values result in a strong temperature increase at the start
followed by a decrease in the rate of temperature change (i.e. pink
dotted curve). If the A4 is high, the rate of temperature change is lower
and relatively constant thoughout the first part of the injection period (i.
e. green dotted curve), i.e. until the properties of the rock mass become
the dominant control. This leads the curves to converge for high A.. In
adition, the higher A and the lower A, the greater the sensitivity of the
thermal response to the variations in the injected water temperature.
After one day of heat injection, the rate of temperature change becomes
relatively similar for scenarios with A; > 1.3 W/(m-K) . A temperature
difference of up to 1°C observed at the end of the heat injection period
for difference in A. of 0.1 W/(m-K).
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Fig. 7. Comparison of the modelled and observed DTS at the depth of the clay (20.2 m), mudstone (30.5 m) and sandstone (40.4 m) intervals for the 1D model and
2D models. The top graph displays the temperature variations during both injection and thermal recovery in cartesian scale for the 1D and 2D base models. The
bottom graph represents the temperature variations during heat injection only on a logarithmic scale for the best fit 1D models.
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During recovery, the effect of grout conductivity is negligible and the
casing conductivity only slightly affects the rate of temperature change.
At the end of the recovery period, a temperature difference of 0.2°C is
observed for a 0.1 W/(m-K) difference in Ac.

3.5.1. Base and best fit models

A refined analysis was conducted to identify the combination of
borehole and rock properties that best replicate the DTS observations at
the depth of the clay, mudstone and sandstone intervals. For each model,
the base model properties were attributed according to the values re-
ported in Table 2 and manually adjusted to improve the fit to the data
over the different time periods of heat injection and recovery, using a
trial-and-error approach. The modelling results for the base and best-fit
models presented in Fig. 7 are compared to the DTS observations at 20.4
m (clay), 30.5 m (mudstone) and 40.2 m depth (sandstone).

The results suggests that the assumed A, and calculated A, for the 1D
mudstone base model allow to best replicate the observations at 30.5 m
for most of the injection period, with A. = 0.17 W/(m-K) and A, = 2.46
W/(mK). The discrepancies are higher for the 1D clay and sandstone
models. Whilst the base model parameters for the clay (i.e. A = 0.17 W/
(m-K) and A; = 1.23 W/(m-K)) best replicate the observations after c. 6
days, a model that best fits the DTS data in the early days of heat in-
jection, shown on Fig. 7b, is found for A, = 0.18 W/(m-K) and A, = 1.4
W/(m-K). In the sandstone base model, the casing thermal conductivity
Ac = 0.17 W/(m-K) highly overestimates the temperature increase due to
heat injection, and the best-fit temperature is obtained for A, = 0.13 W/
(m-K) and A; = 3.8 W/(m-K), which is slightly higher than the base value
calculated for the sandstone interval, despite a relatively poorer match
to the data over the first c. 10 hours of the experiment (Fig. 7b).

For all 1D models, the modelled temperature during recovery poorly
fitted the DTS data. For both the 1D mudstone and the clay models, all
scenarios tested during the analysis underestimated the rate and
amplitude of the thermal drawdown despite a relatively good fit to the
data during injection. For the 1D sandstone model, all scenarios over-
estimated the amplitude of the thermal drawdown, suggesting that other
controls are implicated in the return to an equilibrium. This is discussed

Geothermics 134 (2026) 103525

further in section 4.
3.5.2. Axisymmetric model

3.5.2.1. Temperature profiles. The 2D axisymmetric model allows
characterising the effect of lithological variations and the associated
heat transfer processes observed on the measured downhole DTS profiles
(Fig. 5d). The calculated temperature profiles (Fig. 8) suggest a rela-
tively good fit between the modelled temperature at the end of the in-
jection period and the DTS data below the made ground (at c. 16 m) and
above the sandstone interval (at c. 32 m). Only minor discrepancies
between the 2D abstraction model (light blue dashed profile) and the
data (light green profile) can be attributed to the simplified vertical
discretisation of the lithostratigraphic succession in the model (i.e. not a
detailed consideration of the variation in lithologies within each layer).
A good fit is also observed at the depth of the GU mine working,
although the warming of 17.4°C is modelled across the depth of the
gravel pack/screened interval (between 46 m and 50 m), whilst it is
concentrated in the upper part of the screened interval (between c. 46
and 48 m) in the DTS data. Larger discrepancies are observed in the
made ground and superficial deposits intervals (above 16 m), where
limited information on the nature of the deposits is available. In the
lower part of the sandstone interval (between 35 m and 44 m), the model
overestimates the temperature increase induced by heat injection. The
potential cause for this (e.g. effect of grout thickness, see dark green
dashed profile) is discussed in Section 4.2.

The modelled profile after one week of recovery (dark blue dashed
profile) shows a relatively good fit with the DTS data (yellow profile) in
the made ground, where the temperature highly depends on the long-
term surface temperature signal. Below the made ground (c. 8 m) and
down to the bottom grout (c. 44 m), the modelled temperatures are in
average 0.4°C lower than the data, suggesting that the model over-
estimates the thermal recovery rate. However, both the observed and
modelled temperature profiles depict a similar gradient. These dis-
crepancies are lower in the clay-dominated interval of the Paisley Clay
Member (19 — 22 m), where the difference between the model and the

— DTS and model: Initial profile
—— DTS: abstraction profile

DTS: recovery profile
—=-=-Model: abstraction profile
B Model: abstraction profile grout
—=-=-Model: recovery profile
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Fig. 8. Modelled and measured DTS profiles at the end of the heat injection and recovery periods (2D model). The horizontal dashed line represents the lithological
intervals. The black dotted profile shows the results for a model with reduced grout thickness between 35 m and 44 m (see Section 4.2).
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data is only c. 0.1°C. At the depth of and above the GU, the temperature
remains higher than the measured temperature at the end of the
modelled recovery period. The temperature peaks at the depth of the
GU, whilst it is the maximum at the top of the gravel pack in the DTS
profile.

3.5.2.2. Temperature time series and vertical heat transfers. In the 2D
base model results, the temperature change at the depth of the clay
depicts a good fit to the DTS during injection. However, the modelled
temperature at the depths of the mudstone and sandstone is similar
throughout the injection period, underestimating the temperature at the
mudstone depth and overestimating the temperature at the sandstone
depth, and diverge during recovery (Fig. 7a). Over both intervals, the
borehole geometry is similar and the difference in the thermal conduc-
tivity of the rock mass is of c. 1 W/(m-K). These large discrepancies
suggest potential differences between the actual borehole construction
relative to the one reported (i.e. radius of the annulus and thickness of
the grout layers, discussed in Section 4), inaccurate considerations of the
vertical heterogeneities in the lithological succession or estimates of the
key thermal properties (e.g., thermal conductivity).

3.5.2.3. and 2D comparison and vertical heat transfers. The time series
extracted at 20.4 m, 30.5 m and 40.2 m in the 2D model were compared
to results from the corresponding 1D base models for the clay, mudstone
and sandstone, for which the thermal properties are well defined, but
vertical heat transfers are not accounted for. In the sandstone base
model, both 1D and 2D approaches provide similar results, with slight
discrepancies observed after c. 11 days of injection (e.g. local temper-
ature low) attributed to the higher time resolution of the 1D simulation
(i.e. 0.02 days for the 1D approach and 0.1 days for the 2D approach).
Discrepancies between the 1D mudstone and clay models and their
corresponding time series in the 2D base model suggest the key effect of
vertical heat transfers on the recorded temperature profile (Fig. 7). This
effect is particularly visible in the mudstone time series, with the 2D
model predicting a temperature up to c. 0.5°C lower than the 1D model.
These discrepancies are observed across the depth of the mudstone in-
terval (Fig. 8). As shown in Fig. 1, the mudstone consists of a thin layer
(0.7 m), and the observation point in the 2D model is located right on the
edge of the underlying interval (96 % sandstone) and only a few mm
from the overlying layer (70 % sandstone and 30 % coal). This contrasts
to the clay model, where the closest lithological boundary in the 2D
model is c. 2 m away from the observation point and the 2D base model
only slightly underestimates the temperature predicted by the 1D base
model.

During recovery, the return to a thermal equilibrium is faster in the
1D clay and mudstone models (with A, < 2.5 W/(m-K)) and slower for
the 1D sandstone model (A, = 3.4 W/(m-K)) relative to the temperature
at the corresponding depths in the 2D model. Throughout the recovery
period, the discrepancies between the modelled temperatures using the
1D and 2D approaches increase for the clay and mudstone models and
reduce for the sandstone model. This suggests that the vertical heat
transfers play a key role during thermal recovery and is highly
controlled by the thermal conductivity of the lithologies encountered.

4. Discussion
4.1. Thermal effects observed at the DTS cable

The thermal response recorded by the FO-DTS cable from the onset of
heat injection in the cased section has been mainly associated to the
conduction of heat from the injected water through the borehole walls,
casing(s) and grouted annulus towards the rock mass and varies with
depth at a rate that depends on the temperature contrasts and material
thermal properties.

The DTS observations at the depths of the clay, mudstone and
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sandstone suggest that the temperature variation becomes sensitive to
the subsurface properties after c. 2.5 h of heat injection. This is
expressed on the temperature timeseries displayed in a logarithmic scale
(Fig. 5¢) by a divergence between the different temperature curves.
Before that, the trend is similar for all lithologies, suggesting that the
thermal response recorded by the FO-DTS cable and the heat transfers
are mainly influenced by the borehole construction and the location of
the FO cable attached to the casing (close to the source). During re-
covery, the DTS observations moreover suggested that the return to an
equilibrium significantly varies depending on the lithologies and is the
fastest for the sandstone. At the depth of low conductivity lithologies, i.
e. the clay and to a lower extent the mudstone, thermal drawdown is
delayed, and no thermal equilibrium is reached as the end of the one-
week recovery period, suggesting that those lithologies tend to retain
heat much longer.

The numerical analysis suggests that the combination of casing,
grout and borehole thermal conductivity play a key role in determining
the amount of heat that might be transferred and stored within the
reservoir and overlying rock mass. The casing and grout thermal con-
ductivity influences the temperature change over the short term (for
approximately 8 hours) but impacts the total amplitude of the temper-
ature change in the long term. This is expected, as the excess heat of the
borehole water first travels through 7-14 cm of casing before reaching
the rock mass. An opposite relationship between the observed temper-
ature and the grout or casing thermal conductivity is observed and
interpreted to relate to the location of the observation point (i.e. the FO
cable) relative to the casing and grout. The thermal conductivity, and to
a lower extent the density and heat capacity of the rock mass are shown
to mainly controls the rate of heat transfer over the mid- to long-term (i.
e. from c. 2.5 h), in accordance with the data, where the temperature is
mainly dependent on heat conduction through the surrounding porous
media and on potential heat advection via groundwater flow (Simon
et al., 2021). Conductive heat transfers are the largest in the
high-conductivity sandstone interval, between 30 m and 44 m, where
the AT is the lowest, reaching steady values of 23 W/m? after 17 days of
heat injection at r = 141 mm (radius of the DTS observation point). The
lowest rate of heat transfers is calculated in the Paisley Clay member at
19 — 22 m, where the AT is the largest, reaching values of 16 W/m?
(Fig. 9).

The rock mass thermal conductivity is also shown to control the
thermal recovery rate, by enhancing or inhibiting horizontal and verti-
cal heat transfers (Table 3). At the start of the recovery, the return to
equilibrium is the quickest in the high-conductivity sandstone layer,
with a calculated heat flux of ¢. 14 W/m?, against 10 W/m? in the Paisley
Clay Member interval (Fig. 9). After 20 days, the thermal recovery rate
significantly reduces in the higher conductivity layers as they reach a
thermal equilibrium, whilst it is the highest in the low conductivity
layers, showing the persistence of residual heat (Fig. 8). However, the
poor fit to the data during recovery suggests the control of other pro-
cesses, not modelled in this study, such as the effect of groundwater
flow, free convection in the borehole or of disturbances of the back-
ground subsurface temperature due to previous experiments at the
Observatory.

4.2. Effect of uncertainties on thermal response analysis

4.2.1. Uncertainties in material properties

One of the key limitations of the numerical model development is the
lack of constraints on the material and rock properties, where no in situ
measurements are available. The lack of constraints on the material
properties leads to multiple combinations of rock, grout and casing
thermal conductivity able replicate the DTS signal. This is exacerbated
for the superficial clay deposit model that is built with an additional
layer of grout and steel casing and whose lithological characteristics are
poorly constrained.

A 2D model with simplified thermal properties provides a good
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Fig. 9. Modelled conductive heat flux around GGA01(W/m?) during heat injection and recovery, at r = 141 mm (DTS observation point).

Table 3
Summary of key parameters and heat transfer processes.

Process / Property Transferable parameter

Thermal conductivity
rock

Heat capacity rock

Casing conductivity

Reduces rate of AT, increases rate of recovery

Reduces rate of AT, negligible effect on recovery
Increase rate and amplitude of AT, limited effect on
recovery

Reduces rate and amplitude of AT, limited effect on
recovery

Effect on AT during injection, strong effect on recovery
rate

Grout conductivity

Vertical heat transfer

approximation of the observed temperature changes at different depths
and suggested the key control of vertical heat conduction. In the thin
mudstone layer, a good fit in the 1D model using a thermal conductivity
value of 2.46 W/(m.K) led to a 0.2°C discrepancy at the end of heat
injection in the 2D model, highlighting the disturbances of the heat flux
caused by high contrasts in the thermal conductivity between successive
layers in heterogeneous systems (i.e. heat refraction effects, Majcin
et al.,, 2012). Alternatively, it shows that accounting for vertical heat
transfers (2D models) is essential to accurately estimate the thermal
properties of lithologies in heterogeneous succession.

4.2.2. Borehole construction

As for the rock properties, there are no reports on the borehole ma-
terials characteristics at the Glasgow Observatory, leading to difficulties
in constraining the best combination of borehole materials and rock
properties. In this study, the models were developed based on the ge-
ometry reported in Monaghan et al. (2020). It is however suggested that
differences in the borehole construction relative to the one reported
might generate discrepancies between the observed and modelled
temperature response. For example, the grout thickness might vary
depending on the annulus space between the casing and the rock mass
developed during drilling, depending on the rock competency. Grout
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losses might result from fracturing in brittle rock such as sandstone
whilst impermeable lithologies prone to elastic deformation (e.g.
shallow unconsolidated clay) might be associated to a smaller annulus
space, reducing the grout volume around the FO cable. Depending on
the rock properties (i.e. thermal conductivity contrasts between the
grout and the rock mass), a thicker or thinner grout thickness can in-
crease or decrease the predicted thermal conductivity in the
near-borehole area. This would in turn modify the heat transfer rate and
the temperature signal recorded by the FO-DTS cable within the first
hours of heat injection. A model with reduced grout thickness in the
bottom part of the sandstone interval (between 36 and 44 m) confirms
that the grout thickness impacts the thermal response during heat in-
jection and improves the fit to the DTS data (Fig. 8), and therefore the
borehole construction may impact the performances of heat storage and
recovery in the long-term.

4.2.3. Hydraulic processes

In addition to the effect of poorly constrained thermal boundaries
mentioned above, it is suggested that hydraulic processes in the bore-
hole (e.g., vertical free heat convection), the mine workings and over-
lying rock mass (e.g., heat advection) might need to be considered to
explain the thermal recovery process. Discrepancies between the data
and modelled temperatures at the depth of and above the GU at the end
of the modelled recovery period moreover suggest that assuming a water
dominant interval in the GU might not be appropriate. Attributing solid
properties to the GU mine workings to account for heat conduction
through porous material, in accordance with the presence of packed
waste reported by Monaghan et al. (2021), might be necessary to best
replicate the temperature within this interval.

In GGAO1, the injection main is situated at c. 15 m in GGAO1, at the
transition between the superficial deposits (8 — 16 m depth) and the
Paisley Clay Member interval (16 — 22 m depth). The injection of warm
water at that depth might therefore be responsible for the strong
warming at the depth of the clay interval, rather than being the
expression of a low rock thermal conductivity and explain the poor fit in
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the recovery profile. Above the injection main, the temperature might be
lower than the one recorded by the logger, situated at c. 23 m depth, and
explain the absence of extensive warming above c. 16 m.

4.3. Significance for mine water geothermal and heat storage

4.3.1. Geothermal characterisation

DTS was shown to be sensitive to contrasts in lithologies that strongly
influence the rate of temperature change and the temperature distribution
along the borehole. i.e. 0.86°C/d, 0.95°C/d and 1.02°C/d within the first
4 h of heat injection for the sandstone, mudstone and clay, respectively,
and 0.33°C/d, 0.43°C/d and 0.51°C/d within the first 8 days and -0.28°C/
d, -0.45°C/d and -0.48°C/d over the 6 first days of recovery. Thanks to the
high temporal and spatial resolution of acquisition, DTS data collected
during heat injection and interpreted using numerical modelling was
demonstrated to have the potential to identify heterogeneities in the
lithological succession, refine the characterisation of subsurface proper-
ties and therefore provide more accurate estimates of the geothermal
resource. The key results are that clay and mudstone have a slower rate of
heat transfer (i.e. larger accumulation of heat near the borehole with large
AT and long return to equilibrium) and that sandstone has a smaller heat
storage/recovery potential (i.e. low AT and quick return to equilibrium,
with diffusion of heat further away from the borehole).

4.3.2. Relevance for storage

The monitoring of temperature change during the injection and re-
covery periods offers invaluable insights to study, understand and pro-
vide more accurate forecast of the long-term heating and recovery stages
of different lithologies following heat injection/abstraction cycles in
thermal energy storage applications.

In this study, the observations at the depth of the GU suggests that
the heat progressively dissipates vertically from the mine workings,
where the injected water dominantly flows. In that interval, the thermal
recovery is slow relative to the borehole sections where the water is
isolated from the mine working (i.e. -0.35°C/d) (Fig. 9), and this is
attributed to the persistence of warmer injected water in the GU
following the cessation of injection. The diffusion of heat (and/or
advection in overlying fractured rock mass) up to c¢. 5 m above the
screened interval after 1 week of recovery suggests that in a MTES
setting, a larger amount of heat can be stored within a larger rock mass
volume accessed by mine workings. Adding the extent of the mine itself
to the specific surface of host bedrock would imply that the total
reservoir volume is much larger than the considered volume of mine
workings and galleries. Whilst assessment of the available heat and
storage potential of mines are often limited to the volume of rock that
has been mined out, this suggests that the volume of rock (i.e. including
the fractures zone and further above) around the mine workings and
galleries across the extent of the mine has key storage effects within a
week of heat injection/recovery and needs to be accounting for in
cyclical heat storage assessments. This is in agreement with the findings
from Guo et al. (2018), who highlighted using numerical modelling that
the height of the fractured zone, that depends on the strength of the rock
mass overlying the mine roof, has a key effect on the heat extraction rate
from flooded mine workings.

The collected data has shown the effect of conduction on nearby li-
thologies and how the affected volume is not restricted to the flooded
mine voids. Therefore, the results presented in this work are not only
useful for MTES systems, but learnings, new insights and property es-
timates are also useful for storage application in both aquifers (ATES)
and borehole (BTES) thermal energy storage system setting. BTES is a
valuable technology is cases where the reservoir permeability is limited,
or the water chemistry is not favourable. In this setting, the thermal
properties of the lithologies have a key control on the subsurface heat
storage and recovery potential. The heat injection experiment at
UKGEOS showed that DTS, combined with modelling, showed that
mudstone/claystone lithologies with conductivities of 1.1 — 2.4 W/(m.K)
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and rates of 10-15 W/m? have potential for longer term thermal storage.
On the contrary, sandstone lithologies with higher conductivities (c. 3.5
W/(m.K)) may be more suited to shorter duration recharge/discharge
cycles. These estimates however highly depend on a good estimate of the
borehole material properties and are essential when implementing
seasonal injection and assessing the efficiency of heat resupply over
successive cycles (Wang et al., 2025).

These findings highlight the necessity to optimise the thermal
properties of the borehole materials depending on the application. For
BTES applications, high casing thermal conductivity will promote heat
transfers through the borehole walls and storage in the overburden rock
mass, depending on their thermal properties. In open loop heat storage,
insulating materials will prevent heat losses as the water is flowing in the
borehole, promoting storage in and around mine workings (Gascuel
et al., 2024).

5. Conclusion

Numerical modelling with COMSOL Multiphysics was used to sup-
port the interpretation of the Distributed Temperature Sensing data
acquire in an injection borehole during a 17-day heat injection experi-
ment at the UK Geoenergy Observatory in Glasgow and better constrain
the subsurface properties and storage potential of mine water reservoirs.
1D approaches were first used to investigate the relative effect of the
borehole design and the borehole and rock properties on the tempera-
ture signal measured during injection and heat recovery. The 2D model
then allowed accounting for a more complex geometry, including the
heterogeneities in the lithological succession, vertical heat transfers and
groundwater flow in the GU mine working. This work is, to the best of
our knowledge, the first time that a heat injection experiment and
subsequent analysis of DTS data to constrain the subsurface properties
has been conducted in a flooded coal mine.

The results showed that borehole casing, grout and rock thermal
conductivity have an interdependent control on the heat transfer. The
short-term response in the overburden rock mass highly depends on the
borehole construction / material properties, whist the long-term signal
is dependent on the overburden rock properties. Sandstone lithologies
with a thermal conductivity of 3.4 W/(m.K) showed steady rates of heat
charge of ¢. 23 W/m? (with a maximum rate of temperature change AT
of 0.86°C/d at the start of heat injection) and discharge rates of up to 14
W/m? at the start of recovery (with an average recovery rate of -0.28°C/
d). Clays with A, = 1.2 W/m? showed steady charging rates of ¢.16 W/m?
(with a maximum AT of 1.02°C/d at the start of heat injection) and
maximum discharge rates of ¢. 10 W/m? at the end of recovery (with an
average recovery rate of -0.48°C/d).

The findings show that lithology variations in the rock mass also
influence vertical conductive heat transport processes under heat stor-
age and heat recovery. Vertical heat transfers were shown to play a key
role during heat recovery, impacting the rate at which the system
returns to an equilibrium. Evidence of conductive vertical heat transfer
from the mine workings over longer timescales was also interpreted
from the progressive upward diffusion of heat, critical to the charging/
discharging of thermal battery over a wider volume. These suggest that
accounting for heterogeneities throughout the lithological succession is
essential to understand the overall temperature profile and refine the
rocks thermal conductivity.

Discrepancies between the modelled temperature and the DTS data
were observed and interpreted to result both from the model simplifi-
cations and the hydraulic processes (i.e. groundwater flow, convection
in the borehole). Further work should therefore consider these factors,
including the use of automatic parameter estimation, process coupling,
and take the advantage of other existing datasets (e.g. electrical re-
sistivity tomography) to better constrain the properties, controls on heat
recovery and potential effect of fracturing around the mine workings.
These results have applicability to Carboniferous coalfield successions
common underlying many UK towns and cities.
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