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Abstract: As the decarbonisation of heating and cooling becomes a matter of critical importance,
it has been shown that flooded mines can provide a reliable source of low-carbon thermal energy
production and storage when coupled with appropriate demand via an appropriate heat transfer
technology. This paper summarises the potential resource represented by a long legacy of mining
operations, the means heat can be extracted from (or rejected to) flooded mine workings, and then
considers the risks and challenges faced by minewater geothermal energy (MWG) schemes in the
planning, construction, and operational phases. A combination of site visits, interviews and literature
reviews has informed concise, updated accounts for many of the minewater geothermal energy
systems installed across the world, including accounts of hitherto unpublished systems. The paper
has found that a number of previously reported MWG schemes are now non-operational. Key risks
encountered by MWG schemes (which in some cases have led to decommissioning) include clogging
of system components with mineral precipitates (e.g., ochre), uncertainty in targeting open mine
voids and their hydraulic behaviour, uncertainty regarding longevity of access to minewater resource,
and accumulated ongoing monitoring and maintenance burdens.

Keywords: minewater; geothermal; low enthalpy; heating; cooling

1. Introduction

From the early days of quantitative geoscience, measurement of temperature in under-
ground mines has proved a powerful tool in estimating geothermal heat fluxes, involving
scientists such as Lord Kelvin, James Clerk Maxwell, Archibald Geikie, Charles Lyell and
Joseph Everett (e.g., [1,2]). Paces and Cermak [3] recognised the geothermal potential of
mines in the Czech Bohemian massif and used their observations in the development of
chemical geothermometric tools. Indeed, one of those Czech mines (Svornost Ag-Co-As-U
mine at Jachymov) is now equipped with a small-scale geothermal heat pump system to
extract heat from the minewater [4,5].

The feasibility of extracting heat from (or rejecting heat to) flooded mine workings
has been demonstrated by operational projects in the USA, Germany and Canada since the
1980s [6-8]. Although this promising low-carbon heating and cooling source is available
in numerous countries with a strong mining legacy, many are yet to exploit the potential.
There are several configurations of minewater geothermal energy (MWG) systems; the
fundamental design involves removing heat from the water in abandoned flooded mines to
provide low-carbon heating for a variety of users, often through district heating networks.
In a typical system, heat is transferred from minewater to a secondary heat transfer circuit
via a plate or shell-and-tube heat exchanger. Heat pumps are typically employed to upgrade
heat from the secondary heat transfer fluid and deliver it at a suitable temperature to a
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customer. The heat pumps can be centralised at one or a few “energy centres”, distributing
high temperature fluid to customers. Alternatively, in a distributed system, individual
customers use heat pumps to extract heat from (or reject heat to) the low-temperature
secondary circuit. Many MWG systems are thus a subset of well-established Ground Source
Heat Pump (GSHP) technology [9-11]. The use of a heat exchanger and secondary fluid
avoids potential corrosion and/or mineral scaling issues caused by direct contact between
minewater and the heat pump evaporator/condenser [12].

Minewater can also be used for commercial or industrial cooling, whereby “waste
heat is transferred from buildings or industrial processes to minewater. Active cooling
can be via use of heat pumps (as described above), but cooling may also be achieved via
a “passive” heat exchanger, since minewater is often cooler than the spaces or processes
to be cooled and the temperature gradient is favourable. Former mining sites are often
redeveloped as commercial or retail facilities, thus the provision of cooling may be more
important to customers than provision of heating. Some of the most complex schemes
incorporate elements of both heating and cooling, and also provide an element of thermal
buffering or storage, e.g., that in Heerlen, Netherlands [13].

Several previous articles have presented accounts of global MWG case studies [7,10,14-16].
This paper draws on these and also presents newly established schemes to generate an
updated review of installed capacity of MWG schemes, and comments on the current
status of some widely referenced schemes. However, it also focusses on the installation and
operational challenges encountered by the reviewed MWG systems, identifies the most
common challenges and offers suggestions for best practice to overcome these.

”

2. Low-Carbon Energy from Coal Mines

The mining industry, and the fossil fuels it produces, have been two of the foundations
of industrial growth and economic well-being. The industry has historically also been
responsible for slavery [17], endangerment of workforces [18], problematic industrial
relations [19] and environmental degradation. The last category includes contaminating
mine drainage (CMD), acid rain, smog, greenhouse gas emissions [20], subsidence [21] and
seismic events [22]. People working in coal-producing areas were endangered by exposure
to the products of coal combustion, contamination of potable aquifers by minewaters [23]
and inhalation of coal dust [20]. Closure of coalfields created new environmental and
socio-economic problems [24] as the sites became derelict. Old workings became liable to
dust, solute and debris release from abandoned tailings, increased erosion potential and
contaminated soils, surface subsidence risks and negative impacts on the local flora and
fauna [25]. Many towns, communities and work forces around the mines were left without
their primary source of employment [26].

Underground mines usually required ongoing pumping of inflowing water to main-
tain dry mining conditions. Their closure, cessation of pumping, and recovery of minewater
toward pre-mining levels has presented one of the greatest challenges associated with the
industry’s downturn [27,28]. Subsequent risks of contaminated aquifers [29], CMD [30],
watercourse pollution and ground instability [31] require monitoring and mitigation. Such
mitigation often involves the continued abstraction of minewater to maintain acceptable
water levels. This is associated with considerable pumping and treatment costs, but the
pumped water can also represent a low-carbon geothermal resource for heating and cooling,
which can offset these costs and potential environmental liabilities [13,32]. A summary of
progression from active coal production to repurposing for MWG is depicted in Figure 1.
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Figure 1. Schematic representation of the history of a mine, from (a) active mining with pumped dewatering; through (b)

post-abandonment flooding; to (c) repurposed as a MWG system.

Minewater resources do not host high enough temperatures to generate electricity [33],
but they offer low enthalpy resources for space heating in new-build or retrofitted buildings,
usually when coupled with heat pump technology and shared heat networks [10]. Minewa-
ter as a heat resource typically exhibits more stable year-round temperatures than other
environmental heat pump sources—river, air or shallow soil [9]. A comparison is shown in
Figure 2, whereby minewater discharge temperatures from the South Wales coalfield are
plotted against fluctuating atmospheric temperature from the nearby town of Neath, South
Wales. The temperatures in shallow mines may be influenced by the ground/atmosphere
interface and temperatures are often close to, or a little above, the annual average soil
temperature (10-12°) [9]. Deeper minewater is influenced by the geothermal gradient of
surrounding rocks, which averages 28 °C/km in UK coal fields [34].

The use of minewater in heat exchange or heat pump systems presents its own set
of hydrochemical challenges because of the water-rock interaction processes occurring
in the mining environment. The pH of minewaters can vary widely [35], and some deep
mines contain highly reducing (methane, hydrogen sulphide-rich), saline waters [12].
Many metal mines yield extremely acidic, metal- and sulphate-rich CMD, often due to the
intensive oxidation of sulphide minerals. Coal mines can contain both these water types,
but are often characterised by a more circumneutral water, typically with a high loading
of dissolved iron (Fe') and manganese (Mn!') which can precipitate as an oxyhydroxide
sludge when exposed to oxygen [36]. Such oxidation and precipitation is often deliberately
encouraged when coal minewater is treated prior to release in the environment [27,28], but
is undesirable within a heat exchanger or minewater borehole [29].

By overcoming the challenges facing MWG systems and implementing widespread
installation of these systems, the geothermal sector could provide a fitting new purpose
for abandoned mines in pursuit of a lower carbon future [37]. Current challenges include:
sourcing funding or capital investment; obtaining timely permissions for planning; ab-
straction and disposal from regulatory agencies; engineering technicalities around system
design; the management of water chemistry and identifying just and sustainable eco-
nomic and management models for selling heat and cooling. MWG systems can facilitate
a significant drop in carbon emissions and beneficial economics [14] when compared
to hydrocarbon-based heating alternatives [8] and present a sustainable heat supply if
managed correctly [13].
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Figure 2. Temperatures of minewater in South Wales, presented as daily averages of half-hourly data recorded in surface
outflow point, compared with monthly average high/low air temperatures for Neath in the period 1961-1990 (from
https:/ /en.wikipedia.org/wiki/Neath (accessed on 18 June 2021), based on Meteorological Office data). Note that the
Tan-y-Garn minewater (3.9849° W 51.7696° N; [38,39]) temperature is a little higher than annual average air temperature,
while the increasing temperatures at Glyncastle (3.6889° W, 51.7119° N) and Morlais (4.0680° W, 51.7004° N) and are
believed to be due to increasing depth of minewater derivation. Minewater data provided by Gareth Farr, with thanks, as
reported in Farr et al. [16].

3. Types of Minewater Geothermal Energy Systems

During planning and installation of a MWG system, consideration of physical and
chemical parameters is important to determine the optimal mode of heat extraction. Open
and closed loop systems suit different scenarios depending on parameters including, size
of the resource and demand, expected flow rate, water chemistry, and thermal conductivity
of host rocks [40]. The configurations are presented in Figure 3 and explained below.

3.1. Open System

Open systems describe the practice whereby minewater is brought to the surface
via gravity drainage or pumping. A shell-and-tube or plate heat exchanger transfers
heat between the minewater flow and a secondary heat transfer fluid serving a thermal
demand, often via a heat pump array [41]. It is thus a type of groundwater-sourced heat
pump system [4]. Flooded mine systems are especially attractive, as open and highly
interconnected networks of mine workings create productive “anthropogenic” aquifers
yielding large, pumped discharges. Because advection of heat with minewater flow is a
highly effective form of heat recovery (50 L/s of cool minewater can readily yield 1 MW
of heat energy), open systems typically offer higher potential thermal outputs than their
closed loop alternatives [9]. Open systems can be further subdivided as follows.
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Figure 3. Configurations of Minewater Geothermal Energy Systems: (a) Open system with discharge; (b) Open system with
reinjection; (c) Borehole Closed loop; (d) Surface closed loop; (e) Standing column. Reprinted (with modifications) with
permission from ref. [40]. Copyright 2016 David Banks.
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3.1.1. Open System with Reinjection

Other geothermal systems (Hot Sedimentary Aquifers (HSA) and Hot Dry Rock
(HDR) [42]) use this concept as an efficient means of exploiting a thermal resource, as it
conserves water resources and reservoir pressures by returning thermally “spent” water to
the aquifer, and avoids the risk of contaminated discharge and the need to treat discharged
water [40]. A system comprising an abstraction well—heat exchanger—reinjection well is
termed a geothermal well doublet. A good understanding of subsurface flow pathways
between the wells of a doublet, and of the potential for rock-water heat exchange along such
pathways [43,44], is key to the sustainability of such systems. Potentially, the migration of a
cold front from a reinjection well could be relatively rapid, and lead to thermal “feedback”
if the abstraction and reinjection wells are located in the same worked seam [45] (hence
the desirability of separation). The rate of cold front advance will depend largely on the
geometry and dimensionality of the mine void space and the degree of thermal exchange
with the rock matrix (e.g., on whether voids are open or filled with waste). Long and
tortuous flow pathways are preferred since mine roadways and voids can have low surface
area-to-volume ratios and rapid water flow, with relatively low heat exchange per metre
of flow pathway [44]. Conversely, if the intended flow pathway between wells is not of
suitable permeability, the minewater resource can become depleted around the abstraction
wells, with elevated head and possible surface break-out around the reinjection well [46].
Abstraction and reinjection from different (but connected) mine horizons, or flow pathways
via collapsed longwall goaf [47-49], can both be strategies for attaining protracted flow
pathways in a well doublet with a high degree of thermal water-rock interaction, but
both scenarios are subject to considerable predictive uncertainty. The capital costs of
drilling abstraction wells into mine voids can be high (and increase disproportionately with
depth), especially if multiple reinjection wells are required. Heat exchangers and injection
boreholes can be highly susceptible to mineral precipitation and clogging and require good
design, regular monitoring and a potentially costly program of ongoing maintenance to
maintain injectivity.

3.1.2. Open System with Discharge

In this case, following heat exchange, the thermally spent abstracted minewater is
simply disposed of at surface to the ocean or local watercourse [36,50,51]. Monitoring will
usually be required to demonstrate that the water quality and temperature of the discharge
comply with environmental regulations [51]. Often, to achieve a compatible quality with
the local water bodies, the minewater will need to be passively or actively treated [29,52].
Passive treatment usually employs gravity and natural materials in aeration cascades,
settlement lagoons and aerobic wetlands to oxidise and remove iron and neutralise pH.
Active treatment may have elements of the same infrastructure, but includes the use of
electrical pumping, oxidising agents or alkalis to oxidise ferrous iron or raise pH [29] and
filtration. Anaerobic treatment systems are also feasible. Open system with discharge
avoids expenditure of drilling and maintaining reinjection boreholes, however, ongoing
expenditure and/or large land areas may be required for treatment [53,54]. In arid climates,
or where recharge to the mine is limited, there is also the risk that the minewater resource
may be depleted with time. In countries (such as the UK, Poland or Spain) where minewater
is deliberately pumped to manage water levels and avoid surface or aquifer contamination,
the pumping and treatment costs may already be covered, and installing a MWG system
becomes economically favourable, potentially recouping some of the expenditure on
pumping and treatment [55].

3.1.3. Gravity Drainage Systems

In 2000, Younger [56] highlighted that across the UK, there were over 400 ferruginous
gravity discharges from coal mines. Bailey et al. [29] confirmed in 2016 that there are still
several hundred discharges which are unmonitored in the UK. Of the monitored gravity
drainage treatment sites in the UK (n = 21), the mean temperature is 11.5 °C, ideal for
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cooling purposes and also for heating via the use of a heat pump. Using such a gravity-
fed minewater discharge, where it coincides with a thermal demand, avoids the capital
expenditure required for drilling an abstraction well.

3.2. Closed Loop

Here, a secondary heat transfer fluid is circulated through heat exchange pipes sub-
merged in minewater within a shaft, tunnel or borehole, absorbing available heat without
abstracting the water. The heat transfer fluid is then typically circulated to a heat pump,
where the heat is extracted and the newly chilled fluid returned to the submerged heat
exchange network [10].

Low maintenance or problematic minewater chemistry can be deciding factors for
installation of closed loop over an open system. Accessing the heat reservoir without
extracting the water leaves minewaters unable to corrode or clog any heat pump or heat
exchanger [10]. A closed loop system typically requires fewer, if any, environmental permits.
On the negative side, closed loop systems typically deliver relatively limited quantities of
heat (maybe several 10 s of kW; e.g., the 70 kW scheme at Auguste Victoria, Germany [57]),
due to the conductive heat processes limiting heat transfer from the minewater to heat
transfer fluid. Open system minewater extraction, where heat is moved with water by
advection, typically deliver far higher loads: pumped flows in excess of 100 L/s can deliver
several MW of heating (e.g., at Mieres, Spain [51]).

Surface Closed Loop

Pumped discharge or gravity drainage sites, which employ passive minewater treat-
ment, often host aeration cascades and lagoons which facilitate oxidation and precipitation
of dissolved minerals [29]. Closed loop heat exchange pipes or panels can be submerged
within such treatment lagoons, as at Caphouse, UK [36,40]. Consideration must, however,
be given to whether such heat exchangers will allow maintenance or desludging of la-
goons, or whether accumulated sediment or ochre will interfere with their heat exchange
ability [36].

3.3. Standing Column

Standing column technology is a means to exploit an open mine shaft for removal
of heat without high capital expenditure associated with borehole drilling. Pumping and
reinjection of the minewater at separate depths within the same water column requires a
modest abstraction rate to avoid thermal feedback, or sufficient groundwater throughflow
to replenish the heat resource in the shaft [12]. Open shafts provide access to a large volume
of water in the mine workings and are engineered to remain open indefinitely [27], which
brings extended life to the source. Hybrid systems are also possible, where part of the
pumped water flow is returned to the shaft, while part is “bled off” and discharged to a
surface recipient [58].

4. Data Collection Methods

The global uptake of MWG systems has been relatively slow [14]. The first examples
of installation were developed in the 1980s [41], but the authors found evidence for fewer
than 50 known cases harnessing this resource, many of them only at pilot scale, and many
are no longer operational.

To gain a global overview of the current status of MWG systems, we have systemati-
cally gathered information via the following methodologies:

Literature review [14,15,55,59].

Where possible, written or telephone interviews with researchers, consultants or

operators of MWG schemes.

e  Visits or personal experience of research on MWG schemes.
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For each scheme, the following information has been systematically collected:

(a). Location and name.

(b). Type of mine.

(c). Size of scheme (kW or MW peak/installed capacity).

(d). Purpose of scheme.

(e). Current status of scheme and a description of main challenges encountered when
developing or operating.

A short summary of each reviewed scheme is provided under the corresponding coun-
try sub-section in the Results, and the main challenges encountered have been abstracted,
analysed and summarised in Challenges. For each scheme, the main source of information
(L = literature, I = interview, V = personal visit/experience) has been identified.

5. MWG Systems Status Results
5.1. The United Kingdom

Shettleston Housing Association (L,V) constructed a coal minewater scheme in 1999
in eastern Glasgow, UK (4.1668° W, 55.8504° N). A borehole abstracts up to an estimated
3 L/s minewater from relatively shallow coal workings and passes it directly through two
heat pumps with a combined heating capacity of 65 kW, supplying heat to a 16-unit social
housing complex [46,60]. The thermally ‘spent” water is reinjected via a borehole, 37 m
away [40], making it an “open system with reinjection” configuration. The abstraction
and reinjection horizons and depths are not definitively known; the abstraction horizon
is thought to be coal workings of the Glasgow Ell (or adjacent) seam [40]; the reinjection
horizon may be coal workings, or permeable sandstones within the Carboniferous Coal
Measures. The system initially used minewater as “grey water” for the apartments, but
iron staining of sanitary ware led to this being discontinued. The heat pump system ran for
much of its lifespan with few operational challenges. The inline filter required regular clean-
ing as the water occasionally contained ochre flocs and sediment already when abstracted,
especially after heavy rainfall [40]. Currently, the Shettleston scheme is unused. Walls
et al. [61] explain that the accumulated burden of maintaining the system and identifying
contractors who could manage a number of issues (clogging of the reinjection borehole,
miscommunication between electrical control units, build-up of ochre in pipework and
loss of pressure) proved to be a greater commitment than the Housing Association were
ultimately able to sustain. The discontinuation of this system was thus not due to any
single “fatal flaw” but to a combination of more minor issues (both physical and chemical
in nature) and the perception that the maintenance requirements of such a small system
were difficult to justify.

The Lumphinnans (L,1,V) minewater heating system was constructed in 2000 follow-
ing success at Shettleston. Located at Ochil View, Lumphinnans, Fife, UK (3.3332° W,
56.1209° N), it supplied heat to a refurbished 18-unit social housing complex. Its design
and size were similar to Shettleston. The open system with reinjection configuration ab-
stracted minewater (estimated up to 3 L/s) from the Diamond/Jersey coal seam at 172.5 m
depth, the reinjected waters were to a shallower borehole 100 m away. The system initially
worked well; however, free cascading of thermally spent minewater into the reinjection
borehole allowed oxygenation and precipitation of ochre that eventually clogged it up [46].
Lumphinnans minewater system has been decommissioned and has since been replaced
by gas boilers.

The Markham minewater scheme (L,V) is located at Markham No. 3 shaft, near
Bolsover, Derbyshire, UK (1.3285° W, 53.2424° N). It is a relatively small (20 kW) heat
pump scheme, supplying heat to a small company office complex, and also pre-heating
gas engines for rapid start-up, the purpose of which is to generate peak load electrical
supply for the national grid [40,62—-64]. The heat source is minewater from a deep coal
mine shaft, which is pumped through a shell-and-tube heat exchanger connected to the
heat pump, and then returned to the same shaft at a different depth in a standing column
arrangement [12]. The system has functioned well, with negligible problems of heat
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exchanger clogging noted (presumably due to the reducing, oxygen-free nature of the
water) [12]. As minewater levels in the mine system are still rising rapidly post-closure,
the abstraction—reinjection arrangement has been raised in the shaft as minewater levels
have risen. The main challenge has been the high submersible pumping energy costs, due
to the deep minewater level in the shaft, which has eroded the overall energy efficiency
of the scheme [40]. As minewater levels continue to rise, however, energy expenditure
on pumping would decrease and the overall efficiency improve. The current status of the
scheme is unknown.

Two pilot (research) systems have been combined at the former Caphouse [L,V]
colliery, now housing the National Coal Mining Museum of England, located at Overton,
near Wakefield, Yorkshire, UK (1.6251° W, 53.6416° N). The 10 kW capacity heat pump
could be coupled to one of two available heat exchanger systems: (i) direct shell-and-
tube heat exchange with a portion of the minewater pumped from the Hope Shaft for
the purposes of regional minewater level control (open system with surface discharge),
(ii) a closed loop heat exchange unit submerged in the first aeration pond of the minewater
treatment system [36]. These provided space heating to one of the nearby museum exhibit
buildings. The iron content of the pumped minewater had already begun to oxidise and
form ochre flocs on abstraction. This meant that the in-line minewater filters on the open
system required cleaning of ochre deposits up to several times per day [40], although the
shell-and-tube heat exchanger itself experienced remarkably little scaling [40]. The closed
loop system operated without significant maintenance issues and was preferred by the
operational staff. The system is current non-operational following the research phase.

The Coal Authority treatment site at the old Dawdon [L,I,V] Colliery, County Durham,
UK (1.3313° W, 54.820114° N) pumps and actively treats minewater at rates up to 150 L/s
before discharge to the sea, to prevent contamination of an overlying drinking water
aquifer [50,65]. In April 2011, a pilot system was installed where c. 1 L/s of treated
(aerated) minewater was passed through a shell and tube heat exchanger, transferring
heat to a 12 kW heat pump providing heating for the treatment facility building [50].
Throughout the first year of operation, the in-line filter and heat exchanger clogged with
ochre deposits which restricted flow and decreased efficiency, despite the water hosting
<1 mg/L total iron. The system was reconfigured using the same hardware, but using
untreated minewater, with 71-74 mg /L total iron. This was successful: the use of unaerated,
reducing raw minewater prevented dissolved iron from oxidising and precipitating and,
after seven months there were no reports of ochre clogging of the heat exchanger [50].
The pilot system at Dawdon is currently operational. The Coal Authority (CA), Durham
County Council and Tolent Construction are implementing ambitious plans to use the
entire pumped minewater flow (150 L/s at 19 °C) to develop and supply up to 6 MW heat
to a 1500 house ‘garden village” [66].

At Abbotsford Road, Gateshead (I,V) (1.5557° W, 54.9544° N) an open system abstraction-
reinjection scheme has been developed with the intention of heating a beverage warehouse
facility, via 2.4 MW installed heat pump capacity [67]. It is thus a large private system
with a dedicated customer. The scheme currently consists of three 110-120 m deep abstrac-
tion wells into Coal Measures sandstones (i.e., not mine voids) and three deeper (155 m)
boreholes to reinject thermally spent water to the level of the High Main coal seam work-
ings [67]. The scheme was intended to produce around 100 L/s water, but is only licenced
for 49 L/s and is currently only able to produce 30 L/s at c. 11 °C from one of the three
abstraction wells (the other two having low yields). Two of the three reinjection wells have
sufficient capacity to accept the reinjected water. The scheme is, however, fully licensed
and operational at this reduced capacity [67]. The main challenges faced by the scheme are
as follows: (i) insufficient yield to operate at full capacity, (ii) slowly declining yield during
operation, requiring periodic cleaning of plate heat exchanger to remove precipitated ferric
hydroxide, by circulation of either citric or oxalic acid to restore capacity (Figure 4), (iii)
technical issues with maintenance of heat pumps, (iv) cessation of trading from the original
consultant on the scheme, with loss of hydrogeological knowledge and information [67].
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Some 700 m to the NW, at Nest Road, Gateshead (I,V) (1.5635° W, 54.9584° N), the
same operator has constructed another abstraction-reinjection scheme with the intention of
heating a beverage warehouse facility, via 1.2 MW installed heat pump capacity [67]. The
scheme currently consists of one 130 m deep abstraction borehole from the level of the High
Main coal seam workings and one 280 m deep reinjection borehole accessing deeper work-
ings down to the Harvey-Beaumont seam [67]. Two other drilled boreholes failed to access
significant additional capacity. The abstraction well is capable of producing the required
60-70 L/s water, although the reinjection well has hitherto only been tested at c. 40 L/s.
The scheme currently has a temporary licence to operate from the Environment Agency [67].
The main challenges faced by the scheme are as follows: (i) the reinjection capacity of
the scheme has yet to be fully demonstrated, (ii) extended timeframe and requirements
to obtain full licence from Environment Agency, and heat access agreement from Coal
Authority, (iii) cessation of trading from the original consultant on the scheme, with loss of
hydrogeological knowledge and information. The degree of thermal interference between
the two Gateshead schemes has yet to be empirically demonstrated [67].

The minewater heating scheme in Crynant (L,I), employs a 35 kW heat pump to
heat a large farmhouse, farm workshops and an adjoining physiotherapy centre in West
Glamorgan, UK (3.7486° W, 51.7244° N). The abstraction borehole accesses mine workings
from the Cwmnant Colliery at 63 m bgl, whereby water is pumped at c. 2 L/s at a constant
11.5 °C [16,68]. The system employs a 63.9 m deep reinjection borehole, approximately
60 m away from the abstraction borehole, to complete the open system with reinjection, [68].
Data pertaining to water chemistry, temperature, water level, electricity consumption were
all collected during onsite monitoring. Some cleaning of the heat exchanger was required
after a winter cycle [68], since then the system has faced further ochre build up, partially
blocking the submersible pump and pipework. As a result, the system has reported higher
electricity consumption and subsequent costs [69]. Following removal of the pump from
depth, the system is currently non-operational [69].

Full scale test pumping at rates of up to 50 L/s and with heat extraction of over
100 kW heat was carried out at the 256 m deep Florence haematite mine shaft at Egremont,
Cumbria (L,V) (3.5177° W, 54.4784° N). A hybrid standing column system was trialled
with disposal of part of the thermally spent pumped minewater to a surface recipient
and part being recirculated back to the pumping shaft. Significant (MW scale) thermal
potential was suggested by the trial. No system has been commissioned at the shaft, due
to lack of clearly identified heat demand, and pending the demonstration of acceptable
environmental impact, safe water disposal and agreement between owning/operating
parties. Dissolved iron did not occur in significant amounts in the pumped water and no
scaling or clogging issues were noted [58].
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Figure 4. Periodic recirculation of citric acid solution through the plate heat exchanger at Abbotsford Road, Gateshead, UK

(left), to remove accumulated ochre (which can be seen in the recirculation tank, (right). Reprinted with permission from
ref. [70]. Copyright 2019 David Banks.

5.2. Norway

At the historic Folldal (L,I) Cu-Zn-S mine in central Norway [71] (9.992° E, 62.1410° N)
a closed loop system of 18 kW heating capacity was installed to provide heating for the
underground Wormshall cavern, used for concerts and banquets. It would employ a 600 m
long, 50 mm diameter pipe to collect heat from the 600 m deep flooded shaft, coupled to
a heat pump to provide warm air at 22 °C [10]. The system came offline c. 2011, to be
replaced by a standard air-to-air heating system [72].

A similar system was installed as described by Banks et al. (2004) at the Kongsberg
(LI) silver mine in southern Norway (9.6004° E, 59.6302° N) [10,73]. The system can pro-
vide 12 kW of heating to the underground banqueting and concert hall (the ‘Festsalen’),
via a closed loop system whereby an anti-freeze solution is circulated through a 130-250 m
long polyethene collector loop in the main shaft. The current status of this system is opera-
tional [74]. The system is reported to have run unproblematically since installation, and
the closed loop configuration was preferred (over an open system) due to the unfavourable
chemical nature of the metal mine’s water [10].

5.3. Russia

Minewater was reportedly first used in Russia for heat production at Osinnikovskaya
mine (L) (87.414° E, 53.646° N) near the Siberian city of Novokuznetsk, in the Kuznetsk
coal basin (Kuzbas). A 130 kW heat pump was used to extract heat from minewater and
supply it at 45 °C to the mine’s administrative buildings [75,76].

In the eastern Donetsk coal basin (Donbas) of southern Russia, several minewater
drainage stations are in operation to control and treat coal minewater levels: Sholokhovskaya,
Tatsinskaya (together 119 L/s or 430 m?3/h), Kirov (390 L/s or 1400 m3/h), Glubokaya and
Yuzhnaya [77]. The deep mines and relatively high minewater temperatures make heat
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recovery from the water in attractive option, though hitherto only implemented at a single
locality—Novoshakhtinsk in Rostov oblast’.

Cherni [78] describes the pilot heat pump scheme at Novoshakhtinsk (L), Rostov
oblast’ (39.9339° E, 47.7478° N) [79]. Here, minewater heat pumps are used to supply two
hospitals, two schools and a kindergarten. Minewater is pumped from 390 m depth via
a drilled well at 18-23 °C at a rate of around 28 L/s. Two heat pumps, each of capacity
384 kW, provide hot water at 65 °C to a 2.5 km district heating network. The minewater
temperature is dropped by 5-8 °C and the water reinjected to a different horizon of the mine
workings at 50 m depth [80]. Three 2 MW back-up gas boilers are available when outdoor
temperatures fall well below zero [79]. The cost of the heat pump scheme is reported at
160 million rubles (5.7 million USD at 2011 rates), with a projected 7 year payback. The
2011 paper [78] reports a significant planned expansion of the scheme.

Dmitrienko et al. [79] indicate the potential of other mines in the area, for example
the Glubokaya (Deep) mine, in Shakhty city (40.3244° E, 47.7244° N), which pumps up
to 258 L/s water with a temperature in excess of 19 °C. To date, no investors have been
forthcoming due to the mine being over 2 km from the nearest locus of demand.

5.4. Spain

The 3.9 MW system installed in Mieres (L,V), Asturias, Northern Spain (5.7747° W,
43.2428° N) is a well-functioning, well-reported example of the scale of heating and cooling
provision which can be achieved through MWG energy. It delivers heating and cooling
to public buildings via two 352 kW heat pumps at a university, one 652 kW and two
1.2 MW heat pumps at a hospital and a 100 kW heat pump operating at the Asturian
Energy Foundation (FAEN) [51]. Water is pumped, using four submersible pumps, at
a rate of around 100 L/s from the 362 m deep Barredo coal mine shaft, in order to con-
trol minewater levels in the regionally interconnected complex of workings [51,81]. The
pumped minewater temperature is around 23 °C [40,82]. The majority of the minewater
flow is passed through an array of shell-and-tube heat exchangers (Figure 5), where heat
is exchanged with an intermediate heat transfer fluid circuit, running around 1.9 km to
the heat pumps in the plant room of the Alvarez Buylla hospital. The ratio (heating and
cooling provided)/electricity consumed for the hospital system was reported as between
7.6 and 7.9 in the years 2015-16 [83]. A smaller portion of the minewater is directed to the
University plant room, where heat is exchanged via plate heat exchangers and thence to
the University’s “Edificio de Investigacion” heat pump array. Following heat exchange, all
the minewater is discharged to the Rio Caudal river, which classifies the scheme as “open
system with discharge”. The minewater chemistry is relatively mineral-rich (mean total
dissolved solids 1200-1400 mg/L), but iron-poor (mean iron 1.1 to 1.6 mg/L depending
on depth of pumping), and is consistent throughout the connected mine system [51]. The
iron content has caused some minor issues with clogging of the University plate heat
exchangers, which were able to be disassembled, cleaned and returned to service [51]. The
shell-and-tube heat exchangers have hitherto appeared less prone to clogging issues. The
mine system is being explored for Underground Pumped Hydroelectric Energy Storage and
Compressed Air Energy Storage plants in addition to the established MWG scheme [84].
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Figure 5. (left) Shell-and-tube heat exchangers between minewater and secondary circuit to hospital, Barredo shaft-top

building; (right) minewater to secondary circuit plate heat exchangers. University plant room. Reprinted with permission
from ref. [82]. Copyright 2015 David Banks.

5.5. The Netherlands

The scheme in Heerlen (L,V), The Netherlands (5.9557° E, 50.9168° N) was developed
in phases. In around 2005, five wells (two “hot” wells to 700 m depth with water temper-
atures of c. 28 °C, two “cold” wells to c. 250 m depth and 16 °C and one intermediate
well to 350 m depth for return of thermally spent water) were drilled into abandoned,
flooded workings of the Oranje Nassau collieries with the intention of supporting district
heating and cooling in the suburb of Heerlerheide. The minewater, especially from the hot
wells, was potentially corrosive due to its salinity (electrical conductivity at c. 7300 uS/cm)
and reducing nature (Eh 45-65 mV), and also contained dissolved iron. Issues with water
quality were overcome by excluding contact with oxygen, careful selection of materials and
provision of pipeline “pigs” for scale removal [85]. Modelling work (e.g., [86]) suggested,
however, a significant potential for thermal feedback within the mine system, so the system
was reconceptualised with a greater emphasis of thermal storage (i.e., reinjecting heat
or “coolth” back to the mines at appropriate temperatures and depth). The system has
evolved to become a 5th generation district heating and cooling network using the mine
workings as a thermal buffer [11], thus greatly reducing the risk of over-abstraction and
subsequent exhaustion of the heat resource [87]. In such a concept, a (primary) minewater
spine delivers warm or cool minewater to consumer clusters, where heat stations use
passive heat exchange or heat pumps to supply (secondary) cluster-level district heating or
cooling networks (DHCN). At each individual property, tertiary heat exchangers exchange
heat or coolth between the building and the DHCN [11]. Energy recipients include more
than 300 dwellings, a college, a hotel, a sporting centre, and several office buildings, one of
which features a datacentre [87]. Among some of the technical challenges reported were
multiple failures of pressurised pipework buffers following installation, since incorrect
nitrogen pressure was not recognised by the contractor; and the importance of this pa-
rameter had not been well communicated by the supplier. A flooding incident in April
2014 saw the cold-water production well cause significant water damage in the operations
room basement. Pressure peaks and a leaking gasket were identified as the main cause,
exacerbated by a lack of safeguards [87].
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5.6. Poland

The pilot-scale scheme at the ARMADA housing development in Bytom, Poland
(L,V) (18.9049° E, 50.3355° N) was constructed near the outfall of the discharge pipe for
minewater pumped from the Ewa shaft of the Szombierki Colliery (Figure 6). The colliery
required dewatering at a rate of at least 3000 L/min at 24-25 °C to provide protection to
neighbouring collieries [88]. A small proportion of the minewater was led off the main
outfall pipe and through a plate heat exchanger coupled to a c. 9 kW heat pump, providing
heat to the site offices of the ARMADA development company. The spent minewater was
led back to the main discharge. The scheme was thus of the open, pump-and-discharge type,
with minewater being discharged to a lake and thence to the Bytomka River. The water
quality was relatively good and required no treatment [88]. The system’s current status
is operational [89]. The main challenge faced by the scheme, and indeed the reason why
it was not fully developed for the entire housing complex, was the lack of any guarantee
from the mine dewatering agency of the continued supply of minewater from Szombierki
mine [90]. The relocation of pumping from Szombierki to the adjacent Centrum mine has
been delayed from 2020 to 2022-2023 [89]. Additionally, there are some indications that the
plate heat exchanger was under-sized, leading to significant temperature loss between the
minewater and the secondary heat transfer fluid [88].

Figure 6. The pumped mine water discharge from Ewa shaft in Bytom, Poland (left), and its outfall into a lake within the

ARMADA housing development complex (right). Reprinted with permission from ref. [70]. Copyright 2017 David Banks.

At the offices of CZOK (the mine dewatering authority of the Upper Silesian coalfield
in Poland) in Czeladz (L,I), a demonstration minewater heat pump project was installed
around 2011-2013. The offices are located at the site of the shafts of the Saturn coal
mine (19.0926° E, 50.3019° N), which requires dewatering to protect adjacent mines from
flooding [91]. Water is pumped from the Pawel shaft of Saturn mine at a rate of around
416 L/s [89] at a temperature of 13-15 °C. The mine workings extend to 400 m below
sea level, but the pumps are located at around 210 m depth (c. +70 m OD). The water
is derived from both mined coal strata in the Carboniferous sequence and roof leakage
from the overlying Triassic aquifer. The low water temperature suggests that much of the
water has a relatively shallow source. The water has a pH of 7.3 and a total mineralization
of 1186 mg/L but does contain elevated iron and manganese (6 mg/L Fe and 1 mg/L
Mn), which has caused issues with ochre precipitation in minewater pipes. A portion
(5-6 L/s [92]) of the pumped water is therefore directed to a treatment plant (comprising
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aeration and filtration) to remove excess iron and manganese and thence to plate heat
exchangers, connected to two 59 kW heat pumps, supplying heating and cooling to the
CZOK offices, following which the pumped water is discharged to the Brynica river. The
current status of the project is operational.

A minewater heating system at the Sobieski Mine (L), Jaworzno, Poland (19.2821° E,
50.1919° N) has provided hot water for the mine bathhouse since 2015 [92]. Minewater is
pumped from 500 m depth at a rate of 21 m3/min (350 L/s) at a temperature of 15 °C [92].
Of this, around 18 L/s is diverted to support five twin-compressor heat pumps and provide
a total heating capacity of 420 kW [89]. Intermediate heat exchangers are installed to
protect the heat pumps from the hydrochemical risks posed by the high mineral content
(4990 mg/L), chloride (2270 mg/L) and sulphate (380 mg/L) [92]. This system falls in the
“open system with discharge” classification. The current status is operational, with an
estimated payback period of 6 years and a design life of 18 years, with no major difficulties
recorded since installation.

5.7. Czech Republic

The Jeremenko mine (L) shafts (18.2698° E, 49.8061° N) are used as a central pumping
station for minewater in the Ostrava coal basin [93]. The minewater temperature is reported
as 26-29 °C. Since around 2006, heat pumps have been used to provide heating at around
55 °C to administrative buildings and employee baths. The total installed capacity is
reported by Jirakova et al. [5] to be around 91 kW.

Jirakova et al. [5] and Novak et al. [4] also report a modest heat pump scheme based
on the Svornost Ag-Co-As-U mine (L) at Jachymov (12.9115° E, 50.3726° N) in Krusné
Hory, which has a history of balneological usage. Minewater temperatures of 29-36 °C
are reported.

5.8. Germany

A number of MWG schemes are operational in Germany. These will not be reviewed
further here, as they have been recently summarised by Ramos et al. [15] and Oppelt
et al. [94]. The authors of the present study have no special additional knowledge of these
schemes and it is understood that a comprehensive review article is being prepared by
German authors at this time.

5.9. Canada

The town of Springhill (L,,V), Nova Scotia, Canada is underlain by seven worked coal
seams dating from 1872-1958, hosting minewater with temperatures of up to 20 °C [8,95].
Minewaters are generally circum-neutral calcium sulphate-bicarbonate waters, with a few
mg/L dissolved iron and often significant H,S [82,96,97]. A mining museum at the former
Syndicate Mine, south of the town (64.0739° W, 45.6339° N) pumps minewater to control
water levels in the region. Studies of minewater thermal potential were carried out as
early as 1984-85 and by the mid-1990s around eight independent MWG schemes had been
established, delivering coolth and heat to manufacturers, including Ro-Pak (plastic manu-
facturing 64.0681° W, 45.6456° N, since 1988) and Surette Batteries (64.0644° W, 45.6535° N
from 1989), a restaurant, a dentist building, and a modest town district heating system
(the “town loop”, from 1992). Most of the schemes are open abstraction-reinjection sys-
tems, typically using different worked seams for abstraction and reinjection, and typically
dominated by summer cooling over winter heating [96]. The status of individual projects
has changed over time, new systems have come online, and others have ceased: indeed,
since 2004 a 12.5 L /s minewater doublet system has been installed at a Community Centre
and provided, heating, space cooling and refrigeration for an ice rink. The systems have
generally run efficiently, although challenges have included: the inadvertent introduction
of oxygen causing iron clogging problems in one system (Surette Batteries) [97]; possible
thermal feedback effects in the Community Centre wells; and a trend to increasing abstrac-
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tion temperatures, which may be due to upward migration of deep minewater or to the net
excess rejection of summer heat from the systems [97].

5.10. The USA

Korb’s (2012) [41] publication is frequently referenced to convey a collection of minewa-
ter systems in the USA outlined in Table 1, others have been described by other au-
thors [6,10,98]. Recent discussion with Mike Korb [99] provides a brief but significant
update on the status of the selection of American systems. The only operational system
remaining from those originally described is the passive cooling system in the Architecture
Center at the Marywood University site in Scranton, Pennsylvania. Whilst the Cable Com-
pany Building had already been confirmed as decommissioned owing to design flaws and
aeration of minewater, the other systems have each become disused or decommissioned
since the publication in 2012. The Kingston Community Recreation Centre required a
rebuild in 2019, seeing the minewater heating system replaced by natural gas source. The
Kingston Hospital scheme was shut down several years earlier following a history of
backflushing with fine coal waste, and subsequent water fouling. The Radio Studio, also in
Kingston, was demolished, and the Church in Pittsburgh, Pennsylvania became disused
following bankruptcy [99].

Table 1. Minewater geothermal energy systems in the USA detailed by Korb (2012) [41].

Location Recipient Year
Scranton, Pennsylvania Architecture Centre 2010
Carbondale, Pennsylvania Cable Company Building 1980s
Kingston, Pennsylvania Community Recreation Centre 1981
Kingston, Pennsylvania Hospital Building 1980s
Pittsburgh, Pennsylvania Church Building 2008
Kingston, Pennsylvania Radio Studio 1979

6. Challenges

Challenges facing MWG systems are present throughout each stage of development—
planning, installation and operation—the most prominent of these are captured in Figure 7.

6.1. Planning and Feasibility

Thorough feasibility studies covering hydrogeological, geometric, engineering and
thermal characteristics of mine systems and adjacent aquifers usually precede successful
systems [100,101], and regular monitoring of water chemistry and temperature can extend
their longevity. Good practice for feasibility studies involves consulting archival and
historic mining data from sources such as mining owners and regulators (the Coal Authority
(CA) in the UK), local library archives and any independent historic collections held by
local mining investigators [45]. These provide invaluable data on the type (longwall, pillar
and room, total extraction), extent, dimensions, and connectivity of mined workings. The
mine workings must be evaluated in the context of adjacent and regional aquifers. In
addition to evaluating the available resource, other important factors must be considered,
for example, proximity of a suitable and economically viable heat consumer [100,102]. As
many systems perform optimally with balanced heating and cooling loads, one should
ideally aim to identify a mix of heating and cooling customers. The minewater scheme
at Heerlen is an indicator of a future direction: low temperature 5th Generation Heating
and Cooling networks, where MWG is one of a number of possible sources of heating and
cooling and can also be an important thermal store or buffer in the system [103].
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PLANNING

* Excessive up-front uncertainty and risk

« Permitting / regulatory issues (intertia, numbers of
authorities, issues with deviated drilling and land
ownership)

+ Lack of appropriate thermal demand in mining areas

* Inadequate specialist input (e.g. chemistry, hydrogeology)
+ Uncertainty in long-term availability of resource (especially

pumped mine waters)

« Difficulty in identifying workable management and
ownership models

+ Lack of consumer confidence

OPERATIONAL

« Dissolved gas management (methane, hydrogen
sulphide, carbon dioxide, oxygen, radon)

+ Scaling and clogging of pipes, wells, heat exchangers
(often ferric oxyhydroxide or ochre). Particulates.

* Decline in yield or injection capacity

« Corrosion of instruments, heat exchangers, pumps,
pipes (salinity, sour gases, reducing conditions)

* Treatment of water prior to discharge (in some cases)

+ Changing minewater chemistry, risk of pollution

+ Thermal feedback within well doublet. Depletion of
thermal resource. Thermal interference with/from
adjacent minewater geothermal system.

CONSTRUCTION

* Unpredictable and excessive drilling costs (e.g. excessive
casing to penetrate non-targetted mine voids; verticality;

directional or deviated drilling)
* Not encountering mine voids as expected
* Unpredictable hydraulic behaviour of mine workings

ECONOMIC

* High upfront risk translates into high capital cost

* Excessive pumping costs, if mine water deep

« Spiralling maintenance costs, especially if lack of
functioning market for maintenance contractors

+ Competition from cheaper alternative energy sources

* Increasing electricity costs (water and heat pumps)

* Ongoing water treatment costs (some systems)

+ Vandalism

Figure 7. Identified issues which minewater geothermal energy systems may face throughout their project lifetime.

Good practice generally requires investigation into the mining history and hydrogeol-
ogy of the desired site, and a clear conceptual model of heat, solute and water movement
within the unstressed (i.e., pre-pumped) and hydraulically stressed (i.e., pump-perturbed)
mining system. Analytical or numerical modelling of mine systems may assist in under-
standing [44,86,104], but should be approached with caution. The behaviour of many mine
systems may be reliant on a few critical hydrogeological pathways (drifts, open shafts
or roadways) and may be dramatically affected by unpredictable factors: is a ventilation
door on a roadway open or closed; is a water dam intact, leaking or failed; has a section
of workings collapsed and, if so, is it still transmissive; has a shaft been backfilled with
permeable or impermeable material? Thorough hydrochemical and dissolved gas sam-
pling of minewater can assist in identifying risks of corrosion or clogging and inform
selection of appropriate construction materials [61,105]. Such sampling should be carried
out prior to construction and during initial operation to identify chemical changes induced
by pumping and reinjection. In addition to water chemistry and temperature, sampling
for stable isotopes (oxygen, hydrogen and sulphur isotopes) may aid understanding of
minewater behaviours. For well doublet systems, chemical or thermal tracer tests may
assist in understanding flow pathways and issues of thermal feedback and residence
time [45]. For example, had thorough hydrochemical assessment been carried out prior to
the construction of the Lumphinnans and Shettleston schemes, issues with ochre staining
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by minewater being used as “grey water” could have been avoided, and risk clogging of
injection wells could have been reduced (dissolved iron oxidises in contact with oxygen to
precipitate ferric oxyhydroxide) [40,60].

In most national systems, the operation of an MWG system will require a system of
permits, which may include:

Overall planning permission.

An environmental permit to abstract minewater.

An environmental permit to discharge or reinject minewater.

A mining permit or heat extraction agreement from a mining authority.
Approval from a renewable energy or subsidising authority.

Managing this permitting process can be discouraging experience; it is not unknown
for some permits to expire before others have been negotiated. The unpredictable hydroge-
ological behaviour of mine systems means that permitting authorities can have a poorly
developed conceptual model, and valuable time can be expended agreeing appropriate
testing and monitoring. Due to the high up-front risk and capital expenditure of many
MWG systems, long delays in permitting imply negotiating an economic “chasm” between
expenditure and realisation of revenue.

Integration of minewater sourced heating and cooling into an efficient building ther-
mal delivery system or district heating and cooling network involves a large, complemen-
tary expertise across the disciplines of engineering and geoscience, which should not be
underestimated by scheme developers. A successful MWG system involves seamlessly
integrating skills of hydrogeologists, mining engineers, chemists, HVAC and buildings
services engineers, economists and planners.

Table 2 outlines the various difficulties that some of the MWG schemes discussed
above have experienced (or, at least, admitted to experiencing!). Rather than engage in
an in-depth discussion of each individual category of “problem”, a single example of a
scheme that has encountered that problem will be selected to highlight the issues involved.

Table 2. (Overleaf) Issues reportedly encountered at the described MWG schemes. X = major difficulty, ¢ = some difficulty,
* potential difficulty, but resolved. Grey cells = no information. HEX = heat exchanger. Be aware that there is a correlation
between difficulties reported and detail of reporting.
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Crynant X X

Norway

Folldal

Kongsberg

Russia

Novoshakhtinsk

Spain

Mieres O

Netherlands

Heerlen * * *

Poland

Bytom X

Czeladz X

Sobieski

Czech Republic

Jeremenko, Ostrava

Svornost, Jachymov

Canada
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USA
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Building

Community .
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6.2. Technical Challenges
6.2.1. Striking Open Workings

Most nations where extensive mining was carried out have a tradition of precise
underground surveying and the ability to produce excellent mine plans, as such maps
were pivotal to minerals claims, taxation assessments, underground and surface safety.
However, the quality, completeness and accuracy of such maps has evolved with time, and
one must suspect that, in early days of private mining, maps may have underreported the
true extent of mining activities, for economic and legal reasons. Legislation pertaining to
recording the extent of coal mine workings in the UK was introduced in 1872 [106]. Prior
to this date, there were no obligations to communicate the method, extent or dates by
which coal was extracted from the subsurface. Locations of stoops, rooms, roadways or



Energies 2021, 14, 6215

20 of 33

other mine features were often poorly recorded. Following nationalisation of the coal mine
industry in the UK in 1947 the quality of mapping evolved again, towards highly detailed
maps with a consistent format.

The construction of an MWG system relies on a sound understanding of the intercon-
nected workings which it exploits, both to understand the probable hydraulic behaviour of
the workings and to be able to identify targets for drilling with accuracy.

While historic techniques of underground surveying were surprisingly accurate, one
must recognise that there may be an inherent uncertainty in the accuracy of subsurface
mapping, which will be inferior in older plans. There may also be uncertainties in georef-
erencing historic mine plans to modern digital mapping. Where areas of pillar and room
workings are shown in plans, the differentiation between voids and pillars may not be
reliably shown, nor whether they have subsequently been “robbed” or collapsed. All of
this leads to uncertainty of encountering a void when drilling, given that unworked to
worked coal ratios in pillar and room workings may vary between 30 and 70% [31]. Finally,
even if a subsurface drilling target can be identified accurately, it is challenging to drill a
completely vertical borehole, capable of penetrating, say, a 3 m wide roadway at depth
of 300 m, and one should also consider whether a drill bit is likely to penetrate roadway
supports and reinforcement. Rapid drilling techniques, such as down-the-hole hammer
(DTH), typically have a poorer vertical accuracy than more expensive techniques such as
wireline coring or directional drilling. For example, Nordell et al. [107] documented an
average lateral deviation of 16 m in 21 supposedly vertical, 150 m deep, DTH closed loop
ground source heat boreholes in Sweden (although cost, rather than verticality was likely
to have been prioritised in that case).

Small-diameter pilot boreholes, to prove a mine void target prior to drilling a full
diameter borehole, provide a means to reduce the risk of loss of capital during drilling.
Such pilot boreholes may allow measurement of water levels and even sampling before the
hole is reamed out at full diameter and permanent casing installed. Identifying the precise
locations of the roadways proved to be an issue at Springhill, Nova Scotia, where test
drilling into the old mine workings was conducted by several consultants. These test drills
were shallow, reaching down to less than 100 m depth [108], and any which intersected
pillars instead of open workings did not provide water and were usually abandoned [97].

At the recently drilled UKGEOS minewater research site in Glasgow (4.2011° W,
55.8383° N [109]), where “mine plans were examined by experienced geologists prior to drilling, 3
of the 6 target mine workings encountered a void” upon drilling [110]. These were, however,
largely pillar and room workings and it was recognized at the outset that the georeferencing
error on the mine plans was greater than the dimension of the room/void. One can probably
assume therefore that the drilling outcome partly represents the statistical ratio of voids to
pillars, possibly combined with subsequent extraction of pillars. Monaghan et al. [109] thus
reported that inaccuracy was experienced at the “metre scale”. Mine plans were examined
by experienced geologists prior to drilling and targets chosen with great care, the rate of
success of encountering voids as anticipated was good, but by no means perfect.

At a newly developed scheme in Caerau, Wales (3.6415° W, 51.6379° N), discussion is
ongoing regarding uncertainty in the hydrogeological significance and connectedness of
voids encountered by exploratory boreholes, as this will affect the overall sustainability of
this system [111].

At Nest Road, Gateshead, despite good mine plans being available, boreholes did
not necessarily encounter workings as expected. Workings were encountered where not
explicitly shown on maps and, indeed, vice versa. Four boreholes were drilled to obtain
one good abstraction and one good reinjection borehole.

6.2.2. Unpredictable Hydraulic Behaviour

Conventional hydrogeological theory has grown out of the assumptions of Darcy’s
Law (laminar flow through a permeable granular medium) and the ideal Theis [112] sce-
nario (radial flow towards a well in a homogeneous, isotropic aquifer of infinite extent).
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None of these assumptions are valid in an interconnected network of mine voids: indeed,
there are many aspects of minewater hydrogeology that are more similar to karst hydroge-
ology [113,114] than a conventional Darcian granular medium. Factors such as collapses,
inter-seam shafts and boreholes, water dams and fracturing can dramatically influence
hydrogeological behaviour. It should come as no surprise that the hydraulic behaviour
of mine workings is poorly predictable and that conventional numerical modelling ap-
proaches should be treated with great caution (approaches based on network modelling
have shown some potential, however [86]).

For example, the abstraction borehole at Nest Road, Gateshead, penetrated to the
level of the worked High Main seam. The drawdown versus time response was rather flat,
characteristic of a leaky/constant head recharge boundary, good lateral connectivity and
high transmissivity. The reinjection borehole, at the same location but to deeper workings,
showed almost an opposite response: a quasi-linear evolution of upconing with time at
early time, more consistent with workings behaving as a “sealed reservoir” [70]. Neither of
these behaviours could have been readily predicted in advance, neither are Theisian and
they may have implications for the subsequent operation of the scheme.

Rapid fluid pressure changes or elevated flow rates, especially in shallow mine work-
ings, may theoretically lead to risk of geotechnical instability or erosion of unworked
pillars [115]. A thorough assessment of geotechnical risk should be undertaken on evaluat-
ing any mine water thermal scheme (and is usually required by the Coal Authority in the
UK). Having said this, most UK mines have been subject to very significant water head
fluctuations caused by dewatering during their working life, followed by re-flooding on
closure. InSAR (Interferometric Synthetic Aperture Radar) data clearly show small regional
ground movements across wide areas related to re-flooding of workings [116,117]. Water
head fluctuations caused by MWG systems are likely to be modest in comparison.

6.2.3. Inadequate Yield and Injectivity

A lower production or reinjection yield than anticipated will limit the thermal output
of the system. In many cases, the yield and injectivity of a borehole will be related to open
mine voids being encountered, as discussed above. However, poor yield or injectivity
may be related to unexpected hydraulic behaviour of flooded workings (see above), or to
chemical or biological clogging of recharge boreholes (see below).

For example, at Lumphinnans and Shettleston in Scotland, the free cascading of
water into injection boreholes (promoting iron oxidation and precipitation) has promoted
clogging and decline in performance of injection boreholes and has contributed to the
cessation of the systems [40,46,61].

6.2.4. Dissolved Gas Issues

The management of dissolved gases in the minewater used in MWG systems can be
critical for minimising the risk of clogging, scaling, odours, asphyxiation and corrosion.
Contact between oxygen and an anoxic minewater containing dissolved ferrous iron or
manganese can lead to oxidation of these metal cations and precipitation of oxidised
manganese or ferric oxyhydroxides. This was observed in the reinjection borehole at
the Lumphinnans scheme [46] and, initially, at Dawdon [50]. Degassing of excess CO,
from minewater on exposure to the atmosphere can lead to an increase in pH and thus
an increased tendency to precipitation of carbonates and hydroxides [46]. Degassing of
COy-enriched, Nj-enriched or O,-depleted gas mix in an enclosed wellhead chamber
or building, especially at times of low atmospheric pressure, can also lead to a risk of
asphyxiation [118,119]. Dissolved methane can be present in minewater in significant
quantities and can cause risk of explosion if allowed to degas in an uncontrolled manner,
especially to enclosed spaces. Dissolved methane at the Markham No. 3 mine shaft was
deliberately vented away to the atmosphere in a controlled manner (formerly it had been
commercially produced from the shaft) [40]. Finally, dissolved hydrogen sulphide (H;S) in
minewaters can prove a corrosion risk to a range of metals (corrosion of downhole sensors
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has proved to be an issue at the Nest Road site [120]), and its uncontrolled release can
cause an odour nuisance. In the case of the Dutch Heerlen scheme, understanding and
management of dissolved gases was recognised at an early stage to be an important factor
for success [85].

6.2.5. Clogging/Scaling of Pipes, Wells and Heat Exchangers

Pumping a mine void increases water velocities and may induce turbulence. This can
cause clastic particles to be suspended in the water and mobilised. Installing in-line filters
prior to heat exchangers should remove large clastic fragments but may not remove smaller
particles. Such filters can also prove to be a locus for ochre precipitation and accumulation.
At the Mieres site, Spain, particulate matter, including pyrite grains, were found to occur
within a plate heat exchanger disassembled for cleaning [37].

Arguably more problematic than mobilisation of particulate matter is the potential
problematic chemistry of many minewater [32,36,46,50]. Most minewater from coal or
metal sulphide mines contain high loadings of dissolved (ferrous) iron, derived from either
pyrite oxidation or reductive dissolution of iron carbonates or oxides. Upon oxidation
and precipitation, the accumulation of iron oxides, commonly known as ochre, is the
most common issue when dealing with minewater. It can cause staining and clogging
of pipework, heat exchanger surfaces and boreholes, as noted in the previous section.
Accumulations in pipework or heat exchangers will restrict the apertures, increase system
pressure gradients, and may reduce achievable flow rates [51]. At Shettleston, Scotland,
ochre did accumulate slowly in pipes, but the system was able to operate for a considerable
period without notable cause for concern [40]. At Abbotsford Road, ochre accumulates
over a period of months within the plate heat exchanger, necessitate periodic flushing
with solutions of citric or oxalic acid [120]. At Mieres, Spain, ochre slowly accumulates in
the plate heat exchangers of the University system, requiring disassembly and cleaning,
but the shell-and-tube heat exchangers of the Hospital system appear more resilient. This
observation is arguably as one would expect, given the larger apertures of the tubes
compared to the plates.

Accumulation of ochre in wells and pumps can cause a decline in borehole perfor-
mance (injectivity of specific capacity) and place stress on submersible pumps. Coatings of
ochre on metal surface can also allow reducing, corrosive niches to develop between the
ochre and the metal surface.

Restricting access to oxygen is a key factor in controlling ferrous iron oxidation and
ochre (ferric oxyhydroxide) precipitation. At Markham, where the water is anoxic and
contact with atmospheric oxygen is avoided, scaling problems have been remarkably few,
as was also the case when unoxygenated water was used at Dawdon [40,50]. In some cases,
prevention of iron oxidation can be difficult, as oxygen can gain access to minewater in
unsaturated mine workings, in mine shafts or even in pumped boreholes. For example, at
Caphouse, analyses appeared to demonstrate that iron in the minewater had already begun
to oxidise and form flocs prior to entry into the MWG system, possibly due to exposure to
oxygen within the pumped Hope Shaft, or within the workings themselves. This led to
rapid accumulation of ochre on the in-line filter prior to the heat exchanger [40].

The risk of clogging can be reduced by: (a) careful management of dissolved gases and
exclusion of oxygen for the pumping-heat exchange-discharge pipe work; (b) prevention
of cascading in abstraction and reinjection wells; (c) monitoring of pressure differentials at
key points in pipework systems and across heat exchangers; (d) visual or CCTV inspection;
(e) a regular program of sampling of minewater chemistry.

In closed loop systems, accumulation of iron oxyhydroxide precipitates around heat
exchange pipes or plates can hinder the free convection of water around the exchangers,
restricting heat transfer and thus decreasing the overall efficiency of the system [9,40]. In
cases where closed loop heat exchangers are mounted within minewater lagoons, protocols
will need to be developed for desludging and cleaning the lagoons, which may involve the
temporary removal of the heat exchange elements.
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6.2.6. Corrosion

Corrosion of metallic components of wells, pumps, pipes and heat exchangers can
take place by a variety of mechanisms, depending both on water chemistry and the metal
in question [121,122]. However, as with scaling and precipitation, minewater possess a
particular set of chemical characteristics which can enhance corrosion risk. Deep mines
can contain highly saline waters, at elevated temperatures and of a highly reducing,
sometimes H,S-rich, nature [123,124]. High concentrations of H,S can enhance corrosion
in all steel types [125]. Highly reducing, sulphide-/chloride-rich waters can prove very
corrosive, even in stainless (high-Cr) steels traditionally regarded as corrosion-resistant,
as the oxide layer that offers corrosion protection under normal circumstances can be
disrupted, although a sulphide layer can develop in its place to limit the progress of
corrosion [12,126-129]. Copper and its alloys are very susceptible to corrosion in sulphide-
rich conditions. At the Nest Road site, enhanced corrosion of downhole sensors in H,S-
containing, reducing minewater has necessitated their replacement with more robust
titanium models [120].

In shallower mining environments, the oxidation of pyrite typically releases dissolved
iron, sulphate and acid.

2FeS, + 705 + 2H,0 = 2Fe?* + 450,%~ + 4H* (1)

The acid is often partially consumed by hydrolysis reactions with silicate or carbonate
(e.g., siderite, ankerite, calcite, dolomite).

FeCO; + 2H" = Fe** + CO, + H,O )

Acidity and elevated “free” carbon dioxide concentrations can prove corrosive to
carbon- and mild steels [130,131]. Finally, as seen above, the dissolved iron can oxidise
and precipitate as ochre (ferric hydroxide) scales. Ochre (or limonite) gradually hardens
over time, dehydrating and becoming redder, via ferrihydrite and goethite, towards a
haematite composition [132]. In some cases, biofilms may be involved. Although the
overall environment may be oxidising, corrosion-promoting niches can develop under
the iron oxyhydroxide scale or biofilm layers, where normal ionic diffusion is hindered
and reducing conditions may develop. Given the prevalence of dissolved sulphate in
minewater, sulphate-reducing environments could even develop below the scales, against
the metal surface [133-135].

In cases of high corrosion risk, titanium can be used as an alternative to stainless steel
in wells, pipelines or heat exchangers [136] or of course, high strength plastics for wells
and pipes.

6.2.7. Minewater Treatment

In open systems with discharge to surface water, it is likely that regulators will
require treatment of the minewater prior to discharge, to prevent contamination. In
the UK, regulators are especially concerned about residual concentrations of iron and
manganese discharged to watercourses, as precipitation of these can discolour stream beds
and smother benthic fauna. Iron can be effectively removed either by passive (aeration,
precipitation, settlement, wetland [53]) or active (oxidation, neutralisation, flocculation,
settlement/ clarification, filtration [50]) techniques. Most of these schemes in the UK were
constructed to control the subsurface minewater levels, to prevent uncontrolled minewater
discharges or to treat existing gravity discharges. Any heat recovery from such schemes via
MWG schemes would be a beneficial by-product (e.g., the pilot schemes at Caphouse, or
the Seaham Garden Village scheme under development at Dawdon). Consideration must
be given, however, to the extent to which changes in temperature might impact the various
stages of any treatment process.

In Poland, regulators are more concerned about discharge of salts (chloride and
sulphate) in minewaters to rivers [137]; these are very challenging to remove by treat-
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ment [138]. Other problematic parameters, such as barium or radium, can be more readily
removed by treatment [139,140].

In the case of a new pumped MWG scheme with discharge to the surface environment,
where there was no pre-existing need to pump, the requirements for construction of
water treatment plant, and the ongoing costs of pumping and treatment would likely
be substantial.

At the Mieres MWG system in Spain, waters from deep mines are permitted to
be discharged into the nearby Rivers Turon and Caudal [51] with no treatment. Iron
concentrations are modest, but the minewater discharges have been demonstrated to alter
the river chemistry (increased concentrations of salinity, alkalinity and several solutes,
including sulphate, altered temperature) [51]. These issues were most pronounced in the
summer months of low river flow.

Bailey et al. [50] initially used minewater treated by aeration and settlement as feed
water for their pilot MWG scheme at Dawdon, UK. They found that although treatment
removed much of the iron, it also introduced oxygen to the water: residual iron rapidly oxi-
dised and clogged components of the heat exchange system. When they reverted to anoxic,
untreated raw water, these clogging issues ceased. In the UK, there is thus a perception
that oxygen exclusion is the optimal strategy for prevention of clogging (although there are
circumstances where it may not be practical or wholly effective, see above).

In Poland, however, minewater is treated for iron removal by aeration and “filtration”
prior to entry to the heat exchange system at the Czeladz MWG system. This appears to be
successful, in the absence of reports to the contrary [89,91,92].

7

6.2.8. Thermal Feedback/Depletion of Heat Resource

At the Heerlen scheme, the risk of possible thermal feedback between abstraction and
reinjection wells was perceived to be relatively high [85]. This led to the reconfiguration of
the mine void more as a thermal store or buffer, than as a source of heating and cooling, with
temperature changes within the subsurface minimised. At present, the prospect of a wholly
reliable modelling approach to heat transfer in complex networks of subsurface mine voids
seems distant, but the approach of [86], involving a conduit network approach coupled to
tunnel heat exchange [44], seems promising. The use of empirical techniques—appropriate
pumping test techniques, solute and heat tracer tests, and diligent ongoing monitoring of
abstracted and reinjected water temperature and chemistry—are to be encouraged.

In the Gateshead area of North-East England, a number of MWG systems have been
proposed and the Coal Authority are attempting to develop a system of Heat Access
Agreements to prevent interference between systems and thermal depletion [141]. The two
MWG systems at Nest Road and Abbotsford Road are only 700 m apart and there may
exist some potential for thermal interference. The schemes will be carefully monitored into
the future, but at present there seems no clear evidence of thermal conflict [67].

At the Markham standing column (single shaft) scheme, no thermal feedback was
observed; however, the flow and density regime within the shaft is not fully understood.

6.2.9. Excessive Pumping Costs

The energy expended in pumping minewater from a shaft or borehole is directly
proportional to the pumping head (which will be the sum of the elevation difference
between the dynamic water level in the shaft and the surface, plus frictional losses in pipes
and heat exchanger) and is given by:

P hxpxgxQ 3)
6
The heat delivered by a minewater heat pump system is given by:
H— AT xcxpxQ @

(1—1/COP)
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where P = electrical power consumption by submersible pump (W); i = pumping head
overcome (frictional losses + elevation difference) (m); p = density of water = c. 1000 kg/m?;
¢ = acceleration due to gravity = 9.81 m/s?; Q = pumping rate (m3/s); ¢ = pump efficiency
(dimensionless fraction); ¢ = specific heat capacity = c. 4200 J/kg/K; AT = temperature
drop at heat exchanger/heat pump (K); COP = coefficient of performance of heat pump.

For a pumping rate of 50 L/s (=0.05 m3/s) and a pump efficiency of 65% (0.65),
Equation 3 shows how 7.5 kW of electrical energy is expended when pumping the water
against a head loss of 10 m (i.e., very shallow minewater). If the head loss is 100 m
(deep minewater level), the pumping expenditure increases to 75 kW. The product of P
(Equation (3)), 3500 h/year pumping (assumed), and an electricity cost of GBP 0.14 per
kWHh (typical UK price), gives annual pumping costs of GBP 3700 and GBP 37,000 for these
two scenarios.

For a AT of 4 °C and a heat pump coefficient of performance (COP) of 4, 50 L/s
would deliver 1.117 MW of heat (279 kW of which is derived from the heating effect of
the electricity required to run the heat pump—a function of the COP and accounted for in
Equation (4)), with an annual heat pump electricity cost of GBP 137,000 (279 kW x GBP
0.14 per kWh x 3500 h).

It can be seen that, for a minewater head of 10 m, the water pumping costs are almost
negligible, but they are far from negligible for a head of 100 m. If we define the system COP
(in a highly simplified manner) as total heat delivery divided by total electricity consump-
tion, we can see that, for a head of 10 m, the system COP is 1117 kW /(279 + 7.5 kW) = 3.9.
For a pumping head of 100 m, the system COP reduces to 1117 kW /(279 + 75 kW) = 3.2.
The relationships between pumping head, system COP and hydraulic pumping cost are
shown in Figure 8.

This analysis was performed by Athresh et al. [63] for the Markham heat pump
scheme, where the water level in the shaft is still rising, following the colliery closures in
the area. In 2011, the minewater was almost 240 m deep, but by 2015 had risen to within
150 m of the surface. The authors concluded that such deep water levels had a detrimental
impact on the overall energy efficiency of the system but that, as minewater levels continue
to rise, the energy efficiency will improve dramatically.

6.2.10. Cumulative Maintenance Burden

The Shettleston scheme, which has been used as a case study for many articles pro-
moting the potential for MWG systems [46], worked well for up to 20 years since being
commissioned in 1999, despite minewater being passed directly through the heat pump
evaporator. Walls et al. [61] describe how physical and chemical issues contributed the
system recently being decommissioned. Since there were different contractors employed
to service the separate components of the system, the housing association was unable to
resolve the exact nature of the issue(s) but believed that several technical factors could have
contributed (clogging of the reinjection borehole, miscommunication between electrical
control units, slow build-up of ochre in pipework and loss of pressure [61]), in addition
to the challenge of supplying reliable, responsive heat to social housing customers at an
affordable price. It is evident that with every extra stakeholder or contractor, the projects
become more complex, and untangling cause and responsibility of issues becomes in-
creasingly difficult. The lack of a mature market for maintenance of such systems (e.g.,
“one stop shop” contractors), makes it highly challenging for small operator on a limited
budget to adequately maintain a MWG scheme (an observation that has been made in the
context of many ground source heat schemes by Banks and Birks [142]). Indeed, the array
of potential technical (and regulatory) challenges associated with MWG systems means
that the cumulative monitoring and maintenance burden can prove economically unviable
for small-medium scale systems. One can speculate that, in the absence of a mature and
competitive maintenance market, complex MWG schemes are only viable above a certain
economic scale.
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Figure 8. Hydraulic pumping costs, as a % of total electricity cost, and system COP, as a function of
elevation head (elevation up which water is pumped). A constant frictional head loss of 6 m is added
to the elevation head loss. Only water pumping and heat pump power and costs are considered. The
heat pump COP is set at values of 3, 4 and 5. System COP is defined as Total heat output (kW)/Total
electricity use (kW). Other assumptions: water density of 1 kg/L, temperature change across heat
pump = 4 °C, volumetric heat capacity of water = 4.19 k] /L/°C.

6.2.11. Lack of Demand/Lack of Future Minewater Availability

For a sustainable MWG system, one requires not only favourable mining hydrogeo-
logical conditions (the resource), but also a demand and a means of conveying heat from
source to consumer (heat/cooling transfer and distribution).

In Poland, abundant warm minewater resources and existing pumped minewater
shafts are located beneath major conurbations (e.g., Katowice [143]). In the UK, while
flooded coal mine workings exist below several major cities (Newcastle, Gateshead, Manch-
ester, Sheffield /Rotherham, Stoke-on-Trent, Glasgow), many (but not all) of the existing
Coal Authority’s pump-and-treat schemes are located outside conurbations in locations
of sparse demand. Ideally, this should lead the Coal Authority, developers and planners
to ask:

e Whether any future minewater pumping and treatment schemes could be more delib-
erately located in built-up areas, possibly using compact active treatment systems,
rather than passive lagoons and wetlands in rural areas.

e  Whether planners should be more pro-active in designating land in the vicinity of
existing mine-water discharges as development zones.
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Indeed, a recent feasibility study of minewater geothermal potential in the Fortissat
area of Lanarkshire, Scotland, found favourable technical potential, but ultimately the
density of heating/cooling demand in the vicinity was insufficiently favourable [45].

It is one thing to identify a potential MWG resource, a potential demand and to
obtain planning consent. It is quite another challenge to ensure that the regulatory permits
(planning permission, environmental permitting, subsidy approval) can be acquired within
a time frame that satisfies the development timetable. It is also essential, for a sustainable
system, to be able to guarantee that the minewater resource will be available in the future.
The resource may become unavailable if:

e  The locus of any pumped minewater discharge changes, for example, because the
dewatering authority believes the pumping should be moved elsewhere for economic
or operational reasons (as occurred at the ARMADA development at Bytom, Poland).

e A gravity minewater discharge dries up due to dewatering, development or mining
activities in the vicinity (as has reportedly happened at the Fordell Castle minewater
discharge in Scotland, related to open casting at Muirdean [144,145]).

7. Conclusions

Lessons are still being learned about minewater heating and cooling resources and
technology, first realised in the 1980s, by systems which have recently become operational.
In many cases, solutions to risks posed to projects require thorough planning and ongoing
monitoring and maintenance to ensure suitable operation. It is clear that even well-
established systems, frequently used as case studies for proof of feasibility, have run in
the face of some operational challenges. Evidently, MWG systems that have the ability to
adapt and improve when faced with challenges or changes in demand are better placed to
succeed, Heerlen being a good example.

The selection of a favoured MWG configuration to harness thermal energy from a
flooded mine, from a range of design configurations, requires evaluating various pros and
cons and is often a reflection of controlling factors such as available capital, minewater
chemistry, mandatory pumping of coal seams and thermal energy demand, among others.
However, upon investigating the feasibility of using minewater to provide heating and
cooling, certain good practices prove to be invaluable for the longevity of the installation,
including thorough (geological, hydrogeological, geochemical, thermogeological) mine
characterisation and hydraulic/geochemical testing to identify the optimum operational
mode for efficient and sustainable extraction of heat or ‘coolth’. Characterisation and
empirical testing can be supported by numerical or analytical modelling, provided that
current limitations in modelling minewater environments are recognised. Following com-
missioning, many MWG schemes have continued to encounter significant operational
challenges, which should ideally be identified at an early stage via ongoing monitoring
(e.g., of minewater heads, pressure losses in pipework and heat exchangers, minewater
chemistry). Fortunately, many of the technical and operational challenges can have miti-
gating engineering solutions. However, in additional to specific technical, hydraulic and
chemical challenges, we would encourage potential MWG system operators to be aware
of the less technical factors for successful implementation: spatial relationships between
minewater geothermal resources (surface discharges or pumped minewater treatment
schemes) and significant paired thermal demands (district heating networks in towns and
cities); the seasonal balance between heating and cooling demand; the need to manage
multiple parallel permits and contracts required for construction, abstraction and disposal
of water and heat; competitiveness with other renewable heat sources; management and
financial models for distribution and sale of heat and cooling to communities.
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