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Abstract: Flooded mine workings have good potential as low-enthalpy geothermal
resources, which could be used for heating and cooling purposes, thus making use of the
mines long after mining activity itself ceases. It would be useful to estimate the scale of the
geothermal potential represented by abandoned and flooded underground mines in Europe.
From a few practical considerations, a procedure has been developed for assessing
the geothermal energy potential of abandoned underground coal mines, as well as for
quantifying the reduction in CO, emissions associated with using the mines instead of
conventional heating/cooling technologies. On this basis the authors have been able to
estimate that the geothermal energy available from underground coal mines in Europe is on
the order of several thousand megawatts thermal. Although this is a gross value, it can be
considered a minimum, which in itself vindicates all efforts to investigate harnessing it.
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1. Introduction

Large mining areas in Europe are currently being affected by closure processes, which are mainly
due to the progress in mining works and changes in mining activities. Mine closure creates negative
social, economic, urban and environmental effects on the affected areas. Although mines present high
potential for geothermal utilization of low-temperature water, which could be used for heating and
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cooling purposes, only a few cases have been reported in Europe, Canada, USA or China where this
potential geothermal energy from underground mines has been actually detected and used.

In Europe, some cases from The Netherlands, Germany, Poland, United Kingdom, Norway and
Spain have been reported by several authors [1-3]. Power obtained from mine water can only be a
few kilowatts thermal (kWt) from small installations, like Freiberg (Germany) or Shettleston and
Lumphinnans (Scotland, UK); but there are also large installations which extract several megawatts
thermal (MW?t) from mine waters like those in Heerlen (Netherland), Mszczonow (Poland), and Mieres
(Spain). Therefore, a vast geothermal potential is not being exploited; nevertheless, there is always a
problem before the start of any project using the geothermal power of a mine. The procedure begins
when there is an abandoned mine, as in the two cases shown in Figure 1 (one is an old gallery, and the
other is an old shaft). These photos illustrate the reality of the initial stage of these projects: just
evidence of the existence of two underground mines which were in operation in the past.

Figure 1. (A) Abandoned underground mine, Mariana mine (Asturias); (B) Abandoned
underground mine, Olloniego colliery (Asturias).

(B)

Without doubt, there are strong reasons related to sustainability and ecology which make this kind
of projects worthy of research; nevertheless, economic viability is always a strong point helping
support the project. Thus, the first question that should be solved is: could the use of geothermal power
from these mines be profitable? When revising the specialized literature, not many cases have been
described. Relevant research has been carried out mainly in Canada [4-10] (the Springhill case is of
special interest because it has been operating since 1988) and Europe [11-18]. Another few more cases
of geothermal use of mines have also been reported concerning mines in other countries such as the
USA [19,20] and China [21-23]. An interested reader can find more complete information about these
cases in [1-3] and [16]. In many of these works, hydrogeological models are described. In any cases, a
great deal of information is needed to conduct these studies successfully. When the mine is in
operation, to find this information is easy. On the contrary, it is difficult to obtain such information
when the mine was closed many years ago and the company has disappeared. It is often necessary to
study old public administration documents or even visit historic libraries or registries, making this an
archaeological and/or industrial patrimony task rather than technical research. Such an amount of work
would be only justified in those cases where a significant geothermal energy extraction is expected.
The same question can be asked at another level. For example, in countries having a long mining
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tradition, is it reasonable to carry out actions related to geothermal use from abandoned mines which
imply a large investment? How much geothermal energy is expected to be extracted from abandoned
mines? In this sense, the main objective of this research work is to develop a method which allows
estimating lower and upper limits easily for the geothermal potential of an abandoned underground
coal mine. This is important in order to evaluate the possibility of an actual geothermal use of an
abandoned mine or of a future use for a mine near closure. The method would help to decide under
which conditions it becomes interesting to start a project for using this energy from mines.

In this work, the “geothermal potential” of a mine is the total amount of geothermal energy
(or geothermal power) which can be obtained from this mine. It is easy to understand that one of the
factors influencing geothermal potential is the volume and characteristics of the voids created by
mining activity (i.e., these voids can be stable in the long run and remain open, or they can cave in
immediately and be filled with rock debris). This value is directly related to coal output. Our goal is to
relate the present geothermal potential of an underground coal mine with the total saleable coal
production yielded by the mine through its operation history. The main advantage of this proposal is
that the coal output of a mine is a well-known parameter, which is always easy to find because it has
been recorded over the years by public administration. On the other hand, wide coal mining experience
helps us to establish an easy-to-use method.

Thus, a simple formula is proposed:

W~k x P (1)

where W; is the value for geothermal power of the mine in MW thermal (MWt); Pr is the total saleable
coal production in millions of tonnes (Mt); and k is the factor of proportionality which has to be
estimated empirically.

Before starting a project for the use of geothermal power of an abandoned mine, it would be very
interesting to make a “reasonable estimation” of the minimum and maximum thermal energy which
can be recovered from mine water. If the minimum quantity is sufficiently high, a project for its use
could be proposed. Nevertheless, under some unfavorable conditions (as for example a mine located
far away from inhabited areas) the project could be rejected if it were not economically feasible, even
assuming maximum heat recovery.

A ‘“reasonable” maximum and minimum value for the ratio W¢/Pt will be determined in the
following. Regarding our mines, the authors have determined that kyin = 0.25 and kpax = 1.0. It is not
possible to make accurate predictions using this methodology; nevertheless, if technicians were able to
predict a minimum value (or lower limit) for the geothermal potential of a mine and this value is high
enough, the development of a project can be justified. On the other hand, if a maximum value of
geothermal power is calculated and it is not sufficiently high to support a project, it is clear that it is
better not to spend resources in this project.

In order to define this empirical method, coal output and two other parameters of the mine also
have to be known: maximum water pumping and average quantity of air flow. Two different mines
(different coalfields, history, exploitation methods, hydrogeological conditions...) are described here
below. An analysis of these mines helps to understand the method and the value of the characteristic
parameters, Kmin and Kpax.
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It has to be pointed out that the method is only proposed for underground coal mines. As is well
known, due to its sedimentary origin, coal usually appears in Nature as coal seams. This fact makes
underground coal mines have a more topologically arranged structure than base-metals mines.
Consequently, it is easy to find relationships between different parameters which allow the final
relationship between geothermal power and total coal ouput to be found. For example, in a given coal
field, the total length of galleries is approximately proportional to coal production. In base-metals
mines it is more difficult to establish these kinds of relationships due to variable metal concentration in
the rockmass. This does not mean that in this kind of mines it could not occur; in fact, a similar
formula could probably be established for base-metals mines, but since no data is available a similar
empirical law cannot be defined.

2. Brief Description of the Proposed Method

As previously mentioned, the method is reduced to a simple formula (Equation (1)). This formula
allows estimation of the geothermal power of the mine W, (in MW thermal or MWt), from a well-known
parameter which is the total saleable coal output Pt (in millions of tonnes or Mt) produced by this mine
during operation period. In effect, Pt is easy to find, since it has always been recorded over the years
by different administrations. In order to define the method, the parameter k has to be defined or estimated,
which implies knowing both the geothermal power and coal output of a mine at a given moment.

In any active mine, there is always a constant flow of two fluids which interchange heat with the
rockmass: water and ventilation air. An estimation of the geothermal power which could be supplied
by the mine can be deduced from the total heat extracted by these two fluids from the mine.

Assuming that a certain quantity of water flow Q,, (m’/s) is pumped from the mine and assuming
that the temperature of the water has increased in AT (°C) in its flow through the rockmass, the heating
power Wy, (Watts) which heats the water is:

dy and s, are respectively the density (kg/m®) and the specific heat (J/kg-°C) of water.
In the same way, if the air flow rate Q, (m’/s) is extracted from the mine by the main exhaust fans
and its temperature has increased by AT, (°C), the heating power W, which heats the air is:

Wa:QaXdaXSaXATa (3)

where d, and s, are respectively the density and the specific heat of air.

Nevertheless, the increase of water and air temperature can be produced by other heat sources in the
mine which are not related to the heating capacity of the ground. In underground coal mines, the most
important artificial heating source is the electrical equipment which also contributes to increasing the
water and air temperature.

Assuming a total electrical power E (MW) installed in the mine and an electrical performance of r (%),
the total power transferred to the air/water would be:

We=(100 1) x E (4)

Under these conditions, the total thermal power effectively released from the rockmass or
transferred from the rockmass to water and air is:
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thin = Ww + Wa - We (5)

This is a real value, since it has been directly obtained from experience and, without doubt,
the available geothermal power of this mine is at less equal to it.

In Asturias, the average temperature of water pumped from mines is about 18 °C [24,25] whereas
the average temperature of water at the surface is around 12 °C, and consequently, ATy, = 6 °C. On the
other hand, the water density and specific heat are d, = 1000 kg/m’ and s, = 4186 J/kg°C
respectively. The heating power which heats the water, which is a part of geothermal power of the
mine, can be estimated by:

Wy =25.1 x Qy (6)

where Wy, is in megawatts thermal (MWt) when Q,, is in cubic meters per second (m’/s).

In winter, the average temperature of mine air is also about 18 °C and the temperature of the air at
the surface is about 7 °C. On the other hand, taking into account that the air humidity within the mine
is almost constant and close to 90%, its density and specific heat are 1.18 kg/m’ and 1020 J/kg-°C
respectively; the thermal power necessary to heat the air is thus:

W, =0.013 x Q, (7)

W, is in megawatts thermal (MWt) when Q, is in cubic meters per second (m’/s).
On the other hand, assuming an electrical performance of 90%, the total power is:

W.=0.10 xE (8)

Under these conditions, the total thermal power released from the rockmass or transferred from the
rockmass to water and air is:

W= Wy, + W, — We=25.1 x Qy +0.013 xQ,—0.10 x E 9)
Taking into account the previous explanation, the ratio can be easily calculated as:
k = Wy/Pr (10)

The analysis of two mines where this ratio reaches low and high values respectively allows us to
estimate a minimum and maximum value for k.

The method is useful to perform geothermal resource estimates for given mining regions where coal
extraction data are available; nevertheless, it is important to point out that it should not be used to
design a geothermal system at a mine site.

The most important factor when using geothermal energy from flooded mines is that there must be a
customer for the energy nearby. However, villages or even towns and cities have typically grown due
to a mine having started its mining activity nearby. Consequently, a lot of mines in Europe are near
populated areas and the geothermal energy can be used directly in district heating or similar systems.

3. Empirical Estimation of Limit Values for Parameter k
3.1. Case History 1: La Camocha Colliery

This mine has exploited an independent coal field in the past. Coal seams were mainly very steep
(70° dips) and of low-medium thickness (1.5 m in average). The mining method used initially was the
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traditional inverted steps method (with backfilling) when mining was manual by means of pick
hammers. More recently, sublevel caving with explosives has been used successfully.

This is an example of estimating the geothermal power of abandoned coal mine from historic coal
output data, air flow rate and quantity of water pumped. As the quantity of water pumped out of this
mine can be considered rather low, data will be used for the estimation of a minimum value ky;n.

In this case, coal output data are known from the first year of the mine until the last year of
exploitation. Annual coal production of the mine during its history is represented in Figure 2A.

The exploitation of the mine started during the 1930’s. During the Second World War in Europe,
the price of coal increased and this caused an increase in coal production. The maximum was reached
in 1960 and then, output decreased quickly mainly due to emigration of miners to other coal fields in
Europe which offered better working conditions (in this case, to Germany and Belgium). This
tendency continued until 1970. However, the energy crisis in the 70s made the production of coal
interesting and coal output increased again. Such an increase continued until about 1995. Then,
changes in the world market and in European politics caused coal output to decrease drastically until
mining ceased, in 2007. Until then, total accumulated production was about 16 million tonnes of
saleable coal (Figure 2B).

Figure 2. Coal production at La Camocha Colliery (Asturias, Spain). (A) Coal output,
in t/year; (B) Cumulative total output from approximately 1932 to mine closure.
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The use of this method implies knowing not only coal output but also another two parameters of
the mine: water pumping and quantity of air flow. It is not always possible to obtain the necessary
information; nevertheless, in this case, a record for the water pumping over several years has been
obtained (Figure 3A).

This is a characteristic curve which decreases over time. There is a initial period of transient regime
when the water originally contained in rockmass flows towards the mine. Afterwards, a stationary
regime is reached (the water inflow into the mine is equal to the water inflow within the rockmass) and
the quantity of water flow remains more constant during the years. The greatest water flow rate
pumped was 200 m’/h.

As can be seen from Figure 3B, water pumping is related to coal output because underground voids
created by mining works become channels for water flow. On the other hand, ground movements
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caused by caving and land subsidence generate an increasing rock mass permeability. But, the
relationship between water and coal production is a gross estimation because other significant factors,
such as the rainfall, influence the mine water inflow. In many cases, water inflow increases more with
the extension of the mine than—for a given extension—with depth.

Figure 3. (A) Water pumped at La Camocha colliery per year; (B) Water pumped at
La Camocha colliery versus annual coal output.
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The second factor required is the air flow rate in the mine. This parameter does not vary greatly
year by year; so, to develop a simple procedure, a unique representative value will be chosen. Thus, the
average quantity of air flow extracted from mine by the main fans determined from measurements
taken during the last years of the history of the mine is a representative value. Here, air flow rate
supplied to the mine by two main exhaust fans was aproximately 60 m’/s, and was practically constant
over the years. When the value of this parameter is not known, it can be deduced from mining
experience. Figure 4A,B represent the specific methane emissions in m® of methane per raw ton and
the average methane flow in m® of gas per day for a typical underground mine in Asturias [26-28].
In this mine, the average output in the last 50 years is 300,000 tonnes of saleable coal per year
(about 2500 of raw tonnes per day). This mine was not very gassy so, for this output level, the methane
flow is of about 10,000 m® of gas per day or 0.115 m*/s. Methane concentration in ventilation return in
our coal mines is usually about 0.20%; consequently, the fresh airflow rate is about 60 m’/s.

The last factor is electrical power. Traditionally, these mines have low mechanisation. We can
assume that electrical power of mining equipment in the mine is lower than E = 1.0 MW.

It now becomes easy to estimate ki, The maximum value of recorded Q. has to be selected. In this
case, for 200 m3/h, Qw=0.055 m’/s. On the other hand, Q, = 60 m’/s.

By replacing these values in Equation (9):

Wimin =25.1 X Qy +0.013 X Q; —0.10 x E=1.38+0.78 - 0.10 = 2.1 MWt (11)

This is a real value for geothermal power that can be extracted from La Camocha mine and,
although Q,, is a maximum, Wiy, iS a minimum because the water inflow in this mine can be
considered low.
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Figure 4. Typical methane emissions parameters from underground coal mines in Asturias

(A) Specific emissions; (B) Average methane flow.
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In order to estimate a geothermal power for a given total accumulated coal output, the relationship

between Winmin and Py is calculated for all the years for which Pt is known (Figure 5A and Equation (10)):

Kmin(t) = Wimin/Pr(t) = 2.1/P1(t)

(12)

In order to better understand the results, this relationship is represented against the accumulated

output Py in Figure

5B.

Figure 5. (A) Relationship between geothermal power and output per year (La Camocha

colliery); (B) Relationship between geothermal power and output versus accumulated

output (La Camocha colliery).
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3.2. Case History 2: Figaredo Colliery
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The second example is similar to the previous one in some aspects; for example, in the latter also

vertical coal seams were also mined. However, there are several factors which significantly influence

the water inflow into the mine, making it greater than in the former case. One factor is that the

longwall method with caving was used more extensively thereby increasing the permeability of the

rockmass. The second aspect is that there is a river above the mine and it has been demonstrated that a
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stream of water had flown from the river into the mine. The last issue is that this mine is connected to
three other collieries and could receive water from them. For all these reasons, this practical case will
be used to estimate a maximum value of k.

The history of coal production in this colliery is shown in Figure 6. The exploitation of coal started
at the end of the XIX century (Figure 6A). It had increased during the second half of the 20th century
due to the Second World War and the subsequent petroleum crisis. Peak production was reached in the
decade of the 80s and afterwards production felt until the closure of the mine in 2007. Total accumulated
production was about 10 million tonnes of saleable coal over more than 100 years (Figure 6B).

Figure 6. Coal production at Figaredo colliery (Asturias, Spain) (A) Coal output, in t/year;
(B) Cumulative total output from 1910 to mine closure.
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Figure 7A shows the water pumped from the mine for 20 years and, in Figure 7B, water flow rate
pumped from the mine is related to the coal output. As can be inferred from Figure 7, water inflow in
this mine is greater than in the mine previously analysed, in particular it is as much as five times
higher. The maximum quantity of pumped water reached 1000 m’/h or 0.277 m*/s. On the other hand,
the air flow rate recorded in the last year of the mine was 90 m’/s and the electrical power of mining
equipment is lower than E = 1.0 MW.

Figure 7. (A) Water pumped at Figaredo colliery per year; (B) Water pumped at Figaredo
colliery versus yearly coal output.
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Proceeding as in the previous case, geothermal power could be obtained from Equation (9):
Wimax =25.1 X Qy +0.013 X Q,—0.10 x E=6.97+1.17 — 0.10 = 8.1 MWt (13)

This is a real value for geothermal power which can be extracted from the mine and it can be
considered as a maximum by comparing it with other mines in Asturias. In order to estimate
geothermal power for a given total accumulated coal output, the relationship Win,/Pr is calculated for
all the years in which Pt is known (Figure 8 A and Equation (10)):

Kinax(t) = Winax/P1(t)= 8.1/P1(t) (14)

This relationship is represented as a function of the accumulated output Py in Figure 8B, in order to
better understand the results.

Figure 8. (A) Relationship between geothermal power and output per year (Figaredo colliery);
(B) Relationship between geothermal power and output versus accumulated output
(Figaredo colliery).
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3.3. Determination of Parameter k Based on Experience

In Figure 9, the value of k has been represented as a function of the accumulated coal output for the
period of activity of these two representative mines. This method for selecting the proper value of k
would be useful for mines producing, at least, 5 million tonnes of saleable coal.

As it can be deduced directly from experience (Figure 9), a reasonable minimum value for k would
be kmin = 0.2 — 0.4 while, a reasonable maximum for the parameter would be ky,.x = 0.90 — 1.20.

This means that, with regard to the assessing geothermal power in Asturias, the value ki, would be
a conservative value and this geothermal power could be actually reached, while k. is an optimistic
value and it would be hard (even impossible) to reach the corresponding estimated geothermal power.
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Figure 9. (A) Minimum relationship between geothermal power and output versus
accumulated output; (B) Maximum relationship between geothermal power and output

versus accumulated output.
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4. Analytical and Semi-Empirical Estimation of Limit Values for Parameter K

It is not easy to estimate “theoretically” reasonable maximum and minimum values for geothermal
power. But a semi-empirical approach could be used if the total length of galleries in the mine is
known. If this length parameter is unknown it could be either obtained from historical data or it could
also be deduced from coal output as explained below.

After a study carried out in Spain in 1990 [29], the length of galleries excavated in rock in Spanish
coal mines varies from 4 to 9.5 km per million of saleable tonnes. In the case of gateroads or galleries
advanced in coal seams this value ranges from 6 to 12 km. The report gave data from a total of about
25 underground mines in Spain (pit-coal, anthracite and lignite). In this period, a number of large-scale
mines were in operation and these values can be taken as representative for any mine. In the following,
a minimum value for the gallery length excavated in rock and a maximum value for the total length of
excavated galleries (rock + coal) will be necessary. Taking into account the above, limits of 5 km and
20 km per million of tones have been chosen.

Figure 10 shows the total yearly length of galleries excavated in rock and gateroads excavated in
coal seams for several mines in Asturias. The value is related to the yearly coal output and it is given in
mm per ton (equivalent to kilometre per million tonnes). These Figures illustrate that these values,
5 and 20 km, could be accepted for mines in Asturias rather than show data from which these values
could be deduced mathematically.

In order to define a procedure, a typical mine in Asturias with a total output of about 10 million of
saleable coal has been assumed. The total necessary gallery length would be about 200 km. This value
is in agreement with real data, since the total length of galleries excavated in Figaredo Colliery has
been about 254 km.
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Figure 10. (A) Yearly ratio of length of new galleries excavated to coal output; (B) Yearly
ratio of length of new gateroads excavated to coal output.
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After research in a typical mine in Asturias [30], it has been found that the potential geothermal
power of a 1 km gallery is approximately 50 kWt = 0.050 MWt. This means that the total geothermal
power of a mine which has produced Pt tonnes along its life would be:

Wimax = 0.050 x 20 x Pt =1.0 x Pt (15)
Therefore the value of k which can be taken as a maximum would be a constant:

This value has to be considered a “maximum” because the factor 50 kW/km was deduced from data
of galleries at a depth of 500 m, where rockmass temperature was about 28 °C. It is clear that galleries
at a lower depth would have smaller geothermal potential. On the other hand, it is assumable that most
of the galleries excavated in rock maintain their section, with no significant convergences. Another
assumed factor is that the distance between galleries is enough to allow extraction of the maximum
heat from the rockmass, which is not always realistic. Finally, in order to recover this amount of heat,
large quantities of water should be used (which is not always possible).

A more conservative value can be estimated if it is assumed that gateroads (galleries following coal
seams) would collapse and water could not flow through them. In this case, only galleries excavated in
rock are stable in the long term and only these galleries could behave as paths for water flow. Moreover,
the smaller ratio of galleries’ length excavated in rock to coal output is chosen. Consequently, only 5 km
of galleries are useful per million of coal tonnes:

Wimax = 0.050 x 5 x Py =0.25 x Pr (17)
Consequently the value of k which can be taken as a minimum is constant and its value is:
Kmin(t) = Wimin/Pr(t) = 0.25 (18)

These theoretical results are represented in Figure 11, in a graphical output similar to the one that
shows the more experimental results previously deduced (in Figure 9).
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Figure 11. (A) Minimum relationship between geothermal power and output versus

accumulated output; (B) Maximum relationship between geothermal power and output

versus accumulated output.
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5. Using the model

5.1. Estimation of the Geothermal Power of a Mine

4253

It now becomes easy to estimate the geothermal power potential of any mine in Asturias, by

applying the above-described method.

The case example selected to validate the method is a coal mine having mainly low, steep coal

seams at a moderate depth of 400 m. The coal is anthracite, without methane and the exploitation

method is longwall with caving. This coal field did not have easy access to the rest of the region, so its

mining history starts about the middle of the 20th century, when a power station was built near the

coalfield (Figure 12). Production drastically increased in 2000, due to the mechanisation of the works

in order to mine a 4 m thick coal seam by the longwall method [31].

Figure 12. Coal production of an underground mine in Asturias (A) Coal output, in t/year;

(B) Cumulative total output from approximately 1954 to present time.
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Studies conducted during 2003 have provided some valuable information, which can be used to
validate the approach. Up to this date, the mine had produced about Pt =5 x 10° tonnes of saleable
coal. Taking the value ki, =~ 0.25, the minimum expected geothermal power of the mine would be:

Wimin = 0.25 x 5 =1.25 MWt (19)

This minimum value can be verified from real data obtained from the mine. In 2003, the total water
inflow into the mine was Q, = 162 m’/h = 0.045 m’/s while the air flow rate was Q, ~ 25 m’/s [24,32].
In this case, it can also be assumed that the electrical power of mining equipment is about E = 1.0 MW.

Consequently, a realistic value for geothermal power would be:

Wi=25.1xQy+0.013xQ,—0.10xE=1.13+0.32-0.10=1.35 MWt (20)

This value is greater than the previously calculated minimum value.
Taking kmax = 1.0, the upper limit for geothermal power (which is not expected to be reached)
would thus be:

Wimax = 1.0 x 5= 5.0 MWt (21)

Nevertheless, in opposition to estimation of the minimum parameter, the assessment of the
maximum value cannot be proved.

5.2. Estimation the Geothermal Power for Several Mines in the Same Coalfield

This section shows the typical problem of estimating the geothermal power potential of many
abandoned mines for a given coalfield in Europe, applying it to Asturian mines. The total underground
coal output in Asturias during the last 200 years is shown in Figure 13. It is a fairy moderate
production of only 110 million tonnes. Actually, the output is about 1 million tonnes per year. Data is
only referred to pit-coal produced in the Central Coal Basin.

Actual data from 1980 and 2004 allow verification of the simplified method. In 1980, total coal
ouput of mines in Asturias was about 89 million tonnes of saleable coal (P+ = 8.9 x 10’ tonnes). This
production was obtained mainly from 25 collieries, so the average saleable production reached was
about 3.5 Mt per mine facility. So, at the present time these mines could be considered “old mines” and
the approach could be used.

For the following minimum and maximum values, kmin = 0.25 and kpyax = 1.0, the minimum and
maximum expected geothermal power of the mines would thus be:

Wimin = 0.25 x 89 =22.2 MWt (22)
Wimax = 1.00 x 89 = 89.0 MWt (23)

It can be estimated that the total mine water evacuated from underground mines in Asturias was
more 4.0 x 107 m’ per year or Q,, = 1.2 m’/s, as a study about mine water carried out in 1980 reports [33].
On the other hand, following the procedure explained above, coal output for this year was
5.5 x 10° tonnes, and the total air flow rate supplied to the mines would be more than 1500 m*/s. With
this input data, the actual geothermal power could then be estimated as:

W;=25.1 xQy+0.013 xQ,=30.1+19.5=49.6 MWt (24)
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Figure 13. Total coal production of underground mines in Asturias (A) Coal output,
in thousand t/year; (B) Cumulative total output from 1850 to present time, in million tonnes.
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This value is higher than the minimum geothermal power estimated before and, it is obviously
lower than the maximum one. In 2004, the total coal output of mines in Asturias was about 104 million
tonnes of saleable coal (Pt = 1.04 x 10® tonnes). Taking the values kuin =~ 0.25 and kmax = 1.0, the
minimum and maximum expected geothermal power would be:

Wimin = 0.25 X 104 =26.0 MWt (25)
Wimax = 1.00 x 104 = 104.0 MWt (26)

A study carried out in 2004 [25] demonstrated that the total mine water pumped from underground
mines in the Central Coal Basin in Asturias was more than 36 x 10° m’ per year or Qy = 1.1 m’/s. On
the other hand, following the procedure developed in this research, for a yearly coal output of
approximately 1.8 x 10° tonnes, and a total air flow rate supplied to the mines of more than 500 m®/s in
2004, the estimated geothermal power is:

Wi=25.1xQw+0.013 xQ,=27.6+6.5=34.1 MWt (27)

A value which is also between the minimum and maximum values previously estimated.
It is important to point out that, as recorded in [25], the population of villages and towns close to
these mines reaches 500,000 inhabitants which could directly use this geothermal power.

5.3. Could the Total Geothermal Power of Abandoned Mines in Europe be Estimated?

An accurate quantification of the geothermal power of abandoned mines in Europe would not only
contribute to making the right decisions but also help to find proper uses for existing funds. This is
obviously an interesting problem which cannot be solved at this stage of research; the main but not the
only reason, is that at the present time, thousands of mines remain abandoned in Europe with no
information available and without reported data; nevertheless, at least, an attempt to estimate the
potential of abandoned coal mines could be made by applying the proposed method.

The graphical output in Figure 14A shows a gross estimation of the total coal production in the
European Union for the last 150 years [34,35]. The accumulated coal output could reach the value of
11,000 million tonnes (Figure 14B).
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Figure 14. Estimation of total coal production of underground mines in Europe (A) Coal
output, in million t/year; (B) Cumulative total output from 1850 to 2000, in million tonnes.
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Taking the value kyin = 0.25, the total geothermal power potential in Europe could be assessed:
Wimin = 0.25 x Pt =0.25 x 11000 = 2750 MWt (28)

This is, about 3000 MWt could be extracted only from abandoned underground coal mines. The
conclusion is that, as stated above, a vast geothermal potential from abandoned mines is not being
exploited in Europe.

Furthermore, at this point, it would be interesting to make a gross estimation of hypothetical
reduction in CO, emissions due to the use of this unexploited geothermal power.

Assuming that W; = 3000 MWt, and for a coefficient of performance COP = 4, the useful thermal
power is:

W, = W, x COP/(COP — 1) = 3000 x 1.33 = 4000 MW (29)

Assuming that the power is used h = 24 h/day and d =30 days/month during m = 6 months/year,
the total energy would thus be:

E.=W, x (12 —m) x d x h=4000 x 6 x 30 x 24 = 17,280,000 MWh/year = 17.3 TWh/year  (30)

The ratio between tonnes of CO, emissions and MWh produced depends on the source. In order to
produce 1 MWh of thermal energy, it is necessary to emit 0.850, 0.450 or 0.200 tonnes of CO; to the
atmosphere depending on wether electrical, fuel or natural gas has been used as a primary energy
source [30]. Assuming an average ratio of 500 t/MWh the production of 17.3 TWh/year would imply a
total emission of more than 8.5 million tonnes per year.

The value of this ratio is 0.170 for geothermal power by means of heat pumps. Consequently, in this
case, CO, emissions would be only 3 million tonnes per year, thus yielding a reduction of CO,
emissions of about 5 million of tonnes/year.

Finally, it is important to point out that this 3000 MWt could be extracted only from abandoned coal
mines. It is unquestionable that a quantity of similar magnitude could be extracted from base-metals
mines. So, the total amount of geothermal energy which could be recovered from underground mines
in Europe could be as much as 6000 MWt. This value is equivalent to the energy supplied by 6000 eolic
generators or equivalently, to the energy supplied by a wind power park with more than 150 generators
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for each country in the European Union. For this reason, promoting the widespread use of this source

of renewable energy is of the most importance.

6. Conclusions

The following conclusions can be deduced from research carried out so far:

Although mines present a high potential for geothermal utilization, there are only few cases
known in Europe where this potential has been detected, and accurately used.

A method has been developed to allow a non-complex estimation of the limits for the
geothermal potential of an abandoned underground coal mine, from the value of its
total production.

The method is useful for making geothermal resource estimates for given mining regions where
coal extraction data are available; it should not be used to design a geothermal system at a
mine site.

The specific maximum and minimum values, kyin = 0.25 and k.« = 1.0, could also be applied
in coal regions similar to Asturias. Many parameters can influence these values, as for example
thermal properties and hydrogeological characteristics of the rockmass, average temperature of
virgin rock and gradient of temperature with depth, climate and average temperatures of the air
and the river water and mining methods...efc. Consequently, values of ki, and kpax could be
different in other regions.

Assuming that the application of the formula has a high level of uncertainity, it has been
estimated that an underground coal mine has a geothermal power of approximately 2.5 MWt
per each 10,000,000 of tonnes produced.

At least approximately 3000 MWt could be used from underground coal mines in the European
Union, without including base-metals mines; the potential for coal mines is equivalent to 3,000
eolic generators or thereabouts, to the energy supplied by a wind power park with 90 generators
for each country in the European Union.

If this energy potential were used, an important reduction in CO; emissions of approximately
5 million tonnes of CO, per year could be reached.

A good practice in mining management would be to make some mine-measurements, such as
recording air flow rates, quantity of water actually pumped or air and water temperatures; this
data would be of the most interest for future studies, especially when approaching the mine
closure date.

Author Contributions

Rafael Rodriguez conceived and developed the idea behind the present research and he proposed

the methodology and analytic procedure. Rafael Rodriguez and Maria B. Diaz have carried out the

literature review and manuscript preparation including the searching and study of historical data of

mines used in the definition of Kmin and kmax. Final review, including final manuscript corrections,

was done by Rafael Rodriguez.



Energies 2014, 7 4258

Conflicts of Interest
The authors declare no conflict of interest.
References

1. Hall, A.; Scott, J.A.; Shanga, H. Geothermal energy recovery from underground mines.
Renew. Sustain. Energy Rev. 2011, 15,916-924.

2. Klinger, C.; Charmoille, A.; Bueno, J.; Gzyl, G.; Garzon Sucar, B. Strategies for follow-up care
and utilisation of closing and flooding in European hard coal mining areas. Int. J. Coal Geol.
2012, 89, 51-61.

3. Younger, P.L. Hydrogeological challenges in a low-carbon economy. Q. J. Eng. Geol. Hydrogeol.
2014, 47, 7-27.

4. Jessop, A.M.; MacDonald, J.K.; Spence, H. Clean energy from abandoned mines at Springhill,
Nova Scotia. Energy Sources 1995, 17, 93—106.

5. Jessop, A.M. Geothermal energy from old mines at Springhill, Nova Scotia, Canada. In
Proceedings of the World Geothermal Congress, Florence, Italy, 18-31 May 1995; pp. 463—468.

6. Raymond, J.; Therrien, R. Low-temperature geothermal potential of the flooded Gaspé¢ Mines,
Québec, Canada. Geothermics 2008, 37, 189-210.

7. Ghoreishi, S.A.; Ghomshei, M.M.; Hassani, P.; Abbasy, F. Sustainable heat extraction from abandoned
mine tunnels: A numerical model. J. Renew. Sustain. Energy 2012, 4, doi:10.1063/1.4712055.

8. Grasby, S.E.; Allen, D.M.; Bell, S.; Chen, Z.; Ferguson, G.; Jessop, A.; Kelman, M.; Ko, M.;
Majorowicz, J.; Moore, M.; et al. Geothermal Energy Resource Potential of Canada; Open File 6914;
Geological Survey of Canada: Ottawa, ON, Canada, 2012.

9. Renz, A.; Ruhaak, W.; Schatzl, P.; Diersch, H.-J.G. Numerical modelling of geothermal use of
mine water: Challenges and examples. Mine Water Environ. 2009, 28, 2—14.

10. Raymond, J.; Therrien, R. Optimizing the design of a geothermal district heating and cooling
system located at a flooded mine in Canada. Hydrogeol. J. 2014, 22, 217-231.

11. Malolepszy, Z. Man-made, low-temperature geothermal reservoirs in abandoned workings of
underground mines on example of Nowa Ruda coal mine, Poland. In Proceedings of the
International Geothermal Conference, Reykjavik, Iceland, 14—17 September 2003; pp. 23-29.

12. Malolepszy, Z. Low temperature, man-made geothermal reservoirs in abandoned workings of
underground mines. In Proceedings of the 28th Workshop on Geothermal Reservoir Engineering,
Stanford, CA, USA, 27-29 January 2003; Stanford University: Stanford, CA, USA, 2003;
pp. 259-265.

13. Malolepszy, Z.; Demollin-Schneiders, E.; Bowers, D. Potential use of geothermal mine waters in
Europe. In Proceedings of the World Geothermal Congress 2005, Antalya, Turkey, 24-29 April
2005; International Geothermal Association: Antalya, Turkey, 2005; pp. 1-3.

14. Demollin-Schneiders, E.; Malolepszy, Z.; Bowers, D. Potential use of geothermal energy from
mine water in Europe for cooling and heating. In Proceedings of the International Conference
Passive and Low Energy Cooling for the Built Environment, Santorini, Greece, 19-21 May 2005;
Santamouris, M., Ed.; Heliotopos Conferences: Santorini, Greece, 2005; pp. 683—685.



Energies 2014, 7 4259

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Toth, A.; Bobok, E. A prospect geothermal potential of an abandoned copper mine. In
Proceedings of the 32nd Workshop on Geothermal Reservoir Engineering, Stanford, CA, USA,
22-24 January 2007; pp. 1-3.

Hamm, V.; Bazargan Sabet, B. Modelling of fluid flow and heat transfer to assess the geothermal
potential of a flooded coal mine in Lorraine, France. Geothermics 2010, 39, 177-186.

Ferket, H.L.W.; Laenen, B.J.M.; Van Tongeren, P.C.H. Transforming flooded coal mines to
large-scale geothermal and heat storage reservoirs: What can we expect? In Mine Water—
Managing the Challenges, Proceedings of the International Mine Water Association Congress
2011, Aachen, Germany, 4—11 September 2011; Riide, T.R., Freund, A., Wolkersdorfer, C., Eds.;
International Mine Water Association: Wendelstein, Germany, 2011; pp. 171-176.

Uhlik, J.; Baier, J. Model evaluation of thermal energy potential of hydrogeological structures
with flooded mines. Mine Water Environ. 2012, 31, 179-191.

Municipal building, Park Hills, Missouri; Ghpc #CS-064; Geothermal Heat Pump Consortium:
Washington, DC, USA, 1997.

Watzlaf, G.R.; Ackman, T.E. Underground mine water for heating and cooling using geothermal
heat pump systems. Mine Water Environ. 2006, 25, 1-14.

Guo, P.; He, M.; Yang, Q.; Chen, C. Wellhead anti-frost technology using deep mine geothermal
energy. Min. Sci. Technol. China 2011, 21, 525-530.

He, M.; Zhang, Y.; Guo, D.; Qian, Z. Numerical analysis of doublet wells for cold energy storage
on heat damage treatment in deep mines. J. China Univ. Min. Technol. 2006, 16, 278-282.

Zhang, Y.; Guo, D. Effect of cold energy storage of doublet-wells aquifer thermal energy storage
in Sanhejian coal mine. Energy Procedia 2012, 14, 1730—-1734.

Torafio, J.; Rodriguez, R.; Rivas, J.M. Application of numerical methods in the analysis of the
hydrogeology of an area affected by underground mining. In Proceedings of the Congresso de
M¢étodos Computacionais em Engenharia, Lisboa, Portugal, 31 May—2 June 2004; Asociacién
Portuguesa de Mecanica Teorica Aplicada y Computacional (AMPTAC); Servicio de
publicaciones del CIMNE: Barcelona, Spain, 2004; pp. 1-15.

Jardon, J.; Pendas, F.; Ordofiez, A.; Cordero, C.; Alvarez, C.; Garzon, B. Aprovechamiento de las
aguas de mina en la Cuenca Central Asturiana como recurso hidrico y energético. In Proceedings
of the XII International Congress on Energy and Mineral Resources, Oviedo, Spain, 7-11 October
2007; Consejo Superior de Colegios de Ingenieros de Minas: Madrid, Spain, 2007; pp. 1-7.
(In Spanish)

Luque, V.C.; Pedeca, S.C.L.E. Manual de ventilacion de minas; Pedeca S. Coop. Ltda: Madrid,
Spain, 1988; p. 732. (In Spanish).

Diaz Aguado, M.B.; Gonzalez Nicieza, C. Control and prevention of gas outbursts in coal mines,
Riosa-Olloniego coalfield, Spain. Int. J. Coal Geol. 2007, 69, 253-266.

Rodriguez, R.; Lombardia, C. Analysis of methane emissions in a tunnel excavated through
Carboniferous strata based on underground coal mining experience. Tunn. Undergr. Space Technol.
2010, 25, 456-468.

Rambaud, C. Situacion actual y tendencias futuras en las labores de preparacion. In Proceedings
of the Jornadas Técnicas sobre Labores de Preparacion, Madrid, Spain, 21-22 November 1990;
Instituto Tecnolégico Geominero de Espafia: Madrid, Spain, 1990; pp. 23-25. (In Spanish)



Energies 2014, 7 4260

30.

31.

32.

33.

34.

35.

Rodriguez, R.; Diaz, M.B. Analysis of the utilization of mine galleries as geothermal heat
exchangers by means a semi-empirical prediction method. Renew. Energy 2009, 34, 1716—1725.
Alvarez, T.J.; Rodriguez, R.; Rivas, J.M.; Casal, M.D. Economic and technical results mining a 4 m
thick coal seam in Spanish Carbonar Colliery. Gliickauf 2003, 139, 323-328.

Torafio, J.; Rodriguez, R.; Rivas, J.M. New techniques versus experience: A real case of mine
ventilation analysis. In Proceedings of the 10th U.S./North American mine ventilation symposium,
Anchorage, AK, USA, 16-19 May 2004; Bandopadhyay, S., Ganguli, R., Eds.; Taylor & Francis:
London, UK, 2004; pp. 487-492.

Pendas, F.; Garcia, M.P. Caracterizaciéon hidrogeologica de la mineria de la Cuenca Central
Asturiana. In Proceedings of the VIII Congreso Internacional de Mineria y Metalurgia, Oviedo,
Spain, 1622 October 1988; Asociacion Nacional de Ingenieros de Minas de Espafia: Oviedo,
Spain, 1988; pp. 279-298. (In Spanish)

Del Rosal, 1. La productividad en la mineria espanola del carbon. Revista de Minas 1999, 19-20,
213-218. (In Spanish)

Del Rosal, I. La reconversion del carbon, una dependencia plena de la decision publica.
La Empresa Publica 2000, 1, 156—166. (In Spanish)

© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article

distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/3.0/).



