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Abstract: As the depth of mines continues to increase, the problems of high temperature and potential
heat damage become more prominent. In this study, the characteristics of natural and industrial heat
sources in mines were reviewed, and then mainstream heat hazard governance technologies and
corresponding utilization methods were discussed and compared. The first category of technologies
comprises the optimization of ventilation systems, the insulation of roc heat, and artificial refrigeration.
These cooling approaches are limited because the heat resources cannot be recovered. The second
category is the utilization of waste industrial heat in mines, including the use of waste heat from the
air compressors, drainage water, and foul airflow, but the current applications of these approaches
have limited effectiveness in cooling the underground space. The third category is the application
of geo-structures to recover natural heat in mines. Based on the principles of the chiller/heat pump
cycle and the characteristics of heat sources and sinks in mines, the potential and constraints of
each technology were discussed and summarized. This study provides a scientific reference for the
selection of suitable heat governance and utilization technologies.

Keywords: mine heat damage; mine heat resources; governance; utilization

1. Introduction

Near-surface mining has been increasingly facing challenges in depleting resources,
namely constrained by socio-environmental concerns and undesirable economic feasibility.
The potential of extraction from deeper mineral bodies is becoming increasingly attractive
to the mining industry. The depth to which a mine can be operated economically depends
on the market value of the ore extracted therein [1]. Internationally, there is no strict
definition of “deep mining” [2]. In China, mining operations deeper than 800 m are defined
as deep mining. In the United States, deep mining is considered to be a mining activity
conducted more than 5000 ft deep (1524 m) [3].

The consequent challenges associated with mining progressively deeper deposits in-
clude rock-pressure-related problems [4] and high-temperature-related hazards [5]. Because
their working environments are in areas characterized by incremented ground tempera-
tures, the problem of damage due to geothermal heat is more prominent in deep mines. At
the same time, the heat sources in mines also include those from industry processes, such
as equipment operation and blasting.

High temperatures in mines can seriously reduce production efficiency, obstructing
sweating and disturbing the physical water and salt balance of the miners. Human opera-
tion accuracy significantly deteriorates as a result of long work hours in high-temperature
environments, resulting in potential accidents. On the other hand, high-temperature and
high-humidity environments, the heat dissipation efficiency of equipment drops, and the
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excessively high temperature tends to cause equipment insulation damage [6]. The com-
monly acceptable temperature limit for mining equipment operation is 40 °C, and that of
flame-proof equipment is 45 °C [7]. When machines are operated near their temperature
limit, the possibility of accidents increases significantly. Additionally, the Chinese standard
“Safety Regulations for Metal and Non-Metallic Mines” (GB16423-2020) [8] stipulates that
operation should be stopped immediately when the wet bulb temperature of the thermal
environment of underground mines exceeds 30 °C [9].

China has set the goal of reaching its carbon peak by 2030 and carbon neutrality by
2060 [10]. Meanwhile, mining mineral resources from deep orebodies is also inevitable in
the future. Therefore, efficient control and prevention of heat damage in mines, and the
recovery of geothermal resources and industrial waste heat as a way to utilize green energy
through advanced technological means can improve production efficiency [11] and reduce
carbon emissions, supporting sustainable and green mining.

Previous studies have focused on heat transfer, the identification of heat hazard
potential, individual cooling and heat utilization technologies, and the implementation of
specific technologies. Comparisons and discussions of different technologies based on the
fundamental principles and characteristics of the heat sources and sinks available in mines
are still missing.

In this study, heat in mines classified as natural heat and industrial heat is first
reviewed, including its sources and spatial and time distribution patterns. Then mainstream
technologies in heat hazard governance, heat utilization, and geo-structure are presented.
The technologies are presented in order from simple to complex. Based on the principles of
the chiller /heat pump cycle, as well as heat sources and the available heat sinks in mines,
the potential and difficulties of these technologies are discussed. This study provides a
scientific reference for selecting appropriate heat governance and utilization technologies
in engineering practices.

2. Heat Sources in Mines
2.1. Categorization of Heat Sources

The assessment and evaluation of heat sources in mines are fundamental to heat
governance and utilization approaches. According to previous studies, the heat in mines
can be mainly divided into natural heat as a result of increasing geothermal gradients and
industrial waste heat [12,13]. In general, natural heat is extensive, massive, stable, and low
in temperature; the amount of industrial waste heat is too small to moderate, with medium
but fluctuating temperatures, and more often exists in working faces.

2.2. The Sources and Generation of Natural Heat
2.2.1. Auto-Compression of Air

The pressure of air flowing from the surface down through a mine shaft can be elevated
due to compression by gravity; consequently, its temperature also increases, similar to
the process in an air compressor. A part of the auto-compression heat can be absorbed by
spray water.

2.2.2. Geothermal Heat Released from the Rock Strata

The geothermal gradient of the upper crust is generally between 15 and 40 °C/km [14].
The rock strata in deep mines are in a hotter zone of the upper crust compared with shallow
mining; hence, the larger temperature difference between air and rock strata promotes heat
flow from the rock to underground spaces.

2.2.3. Hot Groundwater

The temperature of groundwater is close to the rock mass where it is stored and trans-
ferred. The heat of groundwater is derived from the geothermal sources in surrounding
rocks [15]. The hot groundwater might heat rock layers and then the heat is transferred to
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the ventilation air; the groundwater might also directly heat the ventilation air and increase
air humidity through evaporation.

2.3. The Sources and Generation of Industrial Waste Heat
2.3.1. Heat Released by the Operation of Mining and Tunneling Machinery

Heat released from the operation of machinery is responsible for the largest portion of
industrial waste heat in mines, and it can raise the mining face temperature by 5-10 °C [16].
The heat released by machinery operation usually is concentrated at the working faces,
resulting in an obvious temperature increase in a small region around the working face
in a short time. However, when the ambient temperature near the working face is higher
than the surrounding rock, it cannot be easily absorbed by the geo-formation due to the
low heat conductivity of the rock strata.

2.3.2. The Oxidization of Mineral Piles and Subsequent Heat Release

When the piled sulfate- or carbon minerals react with, the exothermic oxidization
reaction releases heat into the environment and aggravates the heat hazard risks. If the
heat released in the mineral piles is greater than that dissipated to the environment, the
internal temperature of mineral piles is further increased, resulting in a risk of spontaneous
combustion.

2.3.3. Heat Generation by Human Metabolism

Heat generation is a by-product of human metabolism, and it increases both the
temperature and humidity of the air in working areas.

2.3.4. The Oxidation of Backfills with Cemented Tailing Backfill

A cemented tailing backfill is implemented in some non-coal mines. For example,
when the glutted phosphogypsum is used as the backfilling material, the exothermic oxi-
dization reaction aggravates the heat hazard risks, similar to the oxidation of piled minerals.

2.3.5. Blasting in Metal Mines

The blasting heat release is common in metal mines as the blasting mining method is
often used. The heat generated by the explosion is released instantaneously and plays a
leading role in the short-term increase in the stope air temperature [17,18].

2.4. Share of Different Heat Sources

Wagner [12] pointed out that, in deep-level mines, heat transfer from the rock mass
accounts for more than 75% of total mine heat. However, heat generated from the operation
of mining machinery is also significant in highly mechanized coal mines. Therefore, the
share of heat sources is dynamic according to different locations and operation stages
in mines.

From the spatial perspective, the share of natural heat released from surrounding
rocks accounts for more in the air intake roadway, while industrial waste heat accounts
for less. In the working faces, natural heat accounts for less, but the share of equipment
operation, personnel metabolism heat, and other industrial waste heat is higher.

From the perspective of time, after the completion and commissioning, the waste heat
generation is proportional to the operation duration and degree of mechanization, but the
natural heat will not change.

The quality of industrial waste heat is higher than that of natural heat, especially the
waste heat of air compressors, which can be directly used to heat water. Industrial waste
heat can be used concentratedly, while natural heat is more dispersed and has a lower
quality [19]. The heat sources in mines are summarized in Table 1.
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Table 1. Categories and characteristics of heat sources in mines.

Category Sources Gross Amount Quality

equipment operation medium medium-high

oxidation of accumulated mineral small low

industrial waste heat personnel heat dissipation small low

oxidation backfills normal low

blasting very small high

vent air compression by weight small low
natural heat geothermal from rock body large medium-low
groundwater heat dissipation large medium-low

3. Heat Hazard Governance Technologies

The optimization of ventilation systems and the insulation of heat sources benefit
from their low cost, requirement of less retrofitting work, and available personnel and
expertise. Currently, the most effective methods to control heat hazards in coal mines
can be divided into four main categories [20]: the optimization layout of roadways and
equipment locations, increasing ventilation capacity, the use of backfill mining methods,
and spraying thermal insulation layers.

3.1. Optimization of Ventilation Systems
3.1.1. Optimizing the Layout of Roadways and Equipment Locations

The route of ventilation can be shortened by optimizing the development roadway,
reducing the duration of heating the air and hence decreasing its temperature when the air
arrives at the working faces.

Air in mines includes fresh airflow and return airflow. The route of fresh airflow
should be kept away from points where the heat-dissipating equipment and mineral
oxidation are located, and auxiliary equipment should be set along the return airflow
route. In addition, downward ventilation is suggested, where the transportation tunnel is
arranged in the return airflow route, preventing heat release during transportation from
returning to working faces.

3.1.2. Increasing Ventilation Capacity

The airflow volume and speed can be improved by increasing the fan capacity to
provide a better cooling effect.

3.1.3. Project Examples

By increasing the ventilation airflow by 13.3 m3/s at the Pinglang Coal Mine in
Yunnan, China, the temperature on the working face dropped by 1 to 2 °C; at the Lilan
Mine in Guangxi, China, an increase in the ventilation airflow by 53.33 m3/s resulted in a
temperature decrease from 2 to 3 °C on the working face [21].

After implementing the “W” ventilation method at the 14233 ming face at the Dongtan
Coal Mine, Shandong, China, the air temperature in the intake roadway decreased to
26.9 °C, which is 1-2 °C lower than in the case of using the “U” ventilation method [22].

3.2. Insulation of Rock Heat
3.2.1. Use of Backfill Mining Methods

The backfilling of mined-out areas is a fundamental component of many underground
mining operations. The backfill material supports the surrounding rock mass, reduces
wasteful dilution, enables a safe working area for production activities, and mitigates
surface subsidence risk. In mines with heat hazard risks, using backfill mining methods
can effectively insulate the heat dissipation from surrounding rocks by absorbing part of
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the heat. For example, the ultra-high water-based backfill material, whose main component
is water, has a large specific heat capacity, providing a good heat prevention effect.

3.2.2. Spraying Thermal Insulation Layers

Spraying thermal insulation layers on surrounding rocks is easily conducted. However,
its effectiveness is limited by its cost and technical maturity, so currently its application
prospects are not extensive [23].

3.2.3. Project Examples

Li et al. [24] conducted industrial experiments by using glass microsphere mortar as
the thermal insulation layer of a tunnel. The heat release in the tunnel was reduced by 64%,
as the rock temperature was decreased from 34 °C to 30 °C.

3.3. Artificial Refrigeration Technology

When the temperature in mines reaches a certain level, the cooling effects by optimiz-
ing the ventilation system alone is reduced significantly, and artificial refrigeration should
be applied. In this section, the principle of artificial refrigeration is first introduced, and
then four representative artificial refrigeration technologies used in mines are presented:
air compression refrigeration, two-stage water refrigeration, industrial ice refrigeration,
and refrigeration by liquid—gas phase change.

3.3.1. Principles and Types of Chiller Cycles

Artificial refrigeration is achieved via a chiller cycle. The refrigeration machine that
produces chilled water is referred to as a “chiller”. In general, a chiller cycle extracts heat
from a heat source, such as a conditioned indoor space, to cool down its temperature, and
then re-injects the heat into a heat sink, such as the outdoor ambient air. When applied
in underground mines, the heat sources include the working faces, tunnels, chambers,
etc., and the heat sinks can be ambient air or water bodies on the surface, ambient air
underground, groundwater, underground water tanks, or even rock and soil bodies. Types
of chiller cycles include vapor compression and sorption [25].

A vapor compression chiller cycle involves four components: a compressor, a con-
denser, an expansion valve/throttle valve, and an evaporator, as shown in Figure 1. In
an evaporator, the refrigerant vaporizes by extracting heat carried by the chilled water
returned from the heat source, thereby providing a cooling effect to the heat source. After
exiting the evaporator, its pressure is raised by the compression process. The high-pressure
refrigerant flows through a condenser/heat exchanger to reject heat before attaining the
initial low pressure and returning to the evaporator. The vapor compression chiller cycles
use reciprocating, screw, or centrifugal compressors to power the cycle. The compressors
are most often driven by electric motors. The principle and structure of a heat pump
described in Section 4 are essentially the same as those of the compression chiller cycle
shown in Figure 1.

Sorption chiller cycles, available as either absorption or adsorption designs, are driven
by thermal energy produced from a direct-fired burner integrated with the chiller, or with
thermal energy supplied indirectly to the chiller. As shown in Figure 2, the absorption cycle
is similar to a compression cycle except the mechanical-driven compressor is replaced by a
thermal compressor system consisting of an absorber, solution pump, and generator. Like
a mechanical compressor, the thermal compressor takes low-pressure/low-temperature
refrigerant from the evaporator where it extracts heat and delivers high-pressure /high-
temperature refrigerant to the refrigerant condenser where it releases heat. Usually, the
refrigerant/absorbent is a mixture of water (refrigerant) and lithium bromide (absorbent).
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Figure 1. The vapor chiller compression cycle. The cycle provides a cooling effect by exchanging the
chilled water with the heat source (the object to cool).
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Figure 2. The absorption chiller cycle. Instead of a mechanically driven compressor, a thermal
compressor that consumes thermal energy is employed to drive the chiller cycle. The arrows indicate
the flow direction of the refrigerant.

3.3.2. Air Compression Refrigeration

The principle of air compression refrigeration is similar to the aforementioned vapor
compression chillers, but uses air as the refrigerant. The air does not vaporize and there is
no condenser.

Turbo refrigeration is the most used air compression refrigeration technology, compris-
ing a compressor, an expander, and a water heat exchanger. The air is compressed by the
compressor to increase its pressure and temperature, and then its temperature decreases
after exchanging heat with water in an integrated tank; afterward, it undergoes adiabatic
expansion through the expander, lowering the pressure and temperature and providing
cooling to the conditioned space.

Compared with the methods of industrial ice refrigeration and two-stage refrigeration,
the heat capacity of the working medium is smaller, resulting in limited refrigeration
capacity and a lower cooling coefficient. However, due to its small size, simple structure,



Energies 2024, 17, 1369

7 of 18

and low cost, it can be manufactured as a mobile unit, meeting flexible and small-scale
cooling demands, such as for individual working faces.

3.3.3. Two-Stage Water Refrigeration

This system uses water as the refrigerant and is divided into the surface section and
the underground section. The process is shown in Figure 3.

double-effect steam- centrifucal
fired lithium bromide -T2~ < IEHES
absorption chillers 1 chifiers
T1 return | double-effect steam- | :
water »- fired lithium bromide -T2» ce;:_tl'ilfuggl :fe:(t)zliik
tank absorption chillers 2 et Ie rs w
I
|
| | T3 cold water
double-effect steam- centrifugal
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———]mm == —————— - Surface - ———-——————————————“|-——————

coolant

distributor 4\

return water return water

return water

cold water cold water

air cooler

aircooler|
n

1

Figure 3. Flow diagram of the two-stage water refrigeration. The returned warm water from the
underground section is cooled by several units of centrifugal chillers and double-effect, steam-fired
lithium bromide absorption chillers. The cold water is sent to the underground section and distributed
to a series of air coolers in the mines to absorb heat.

The Surface Section

The surface section mainly consists of a return water tank, a cold water tank, a series
of centrifugal chillers (a type of vapor compression cycle), and double-effect, steam-fired
lithium bromide absorption chillers. Each of the absorption chillers is connected in a series
with a centrifugal chiller to form a unit, and the units are connected in parallel.

The return water with a temperature of T1 enters the first-stage refrigeration system
(the absorption chiller) and is cooled to T2, which is greater than 7 °C; otherwise, the
thermal efficiency is low and the system may crystallize, affecting the refrigeration effect
and operation of the system. The second stage of the system uses centrifugal chillers to
further lower the temperature of the refrigerated water from T2 to T3 for use in underground
air coolers.

The Underground Section

The underground cooling system mainly consists of multiple coolant distributors
and air coolers. the cold water from the surface section is sent to the coolant distributors
and then distributed to various air coolers. In the air cooler, the cold water cools down
the ventilation air and the water temperature is increased from T3 to T1. The warmed
water is then circulated to the surface as return water through a pump. The two-stage
refrigeration scheme has significant advantages when applied in mines with prominent
heat hazards, with the temperature decreasing by as much as 5 °C to 12 °C. However, due
to the deformation of surrounding rocks in deep mines, the arrangement of air coolers
becomes difficult. Besides, the cooling effect can be degraded due to the accumulation
of coal dust and dirt on the air coolers over time. Regular cleaning is necessary, which
also applies to ice refrigeration technology using air coolers. Additionally, a significant
cooling loss can result from the large elevation gap and high static water pressure from the
surface to the bottom of the mine, as well as the long and complex pipeline layout in deep
mines. In such cases, it is necessary to install high- and low-pressure conversion devices,
use well-insulated pipelines, and optimize the pipeline layout [26].
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3.3.4. Industrial Ice Refrigeration (Figure 4)

Several industrial ice-making machines are installed on the ground, producing ice
blocks that are then transported to the ice-melting pool underground through insulated
pipelines. In the melting pool, the ice melts into cold water at around 0 °C. The cold water
from the melting pool enters various air coolers, where it absorbs heat from the airflow,
ultimately releasing cold air. Then, some of the water returns to the melting pool to melt
the ice again, while the rest called residual return water is discharged into the bottom
water tank. In the case that the residual return water is transported through an area with
intensive operating equipment, it can also help cool this area to ensure the utilization of
residual cooling capacity.

Essentially, the ice machine works based on the principle of compression chillers. The
ice functions similarly to the chilled water between the chiller and conditioned space, but
without returning to the chiller.

Industrial ice refrigeration and two-stage water refrigeration both belong to a scheme
named ground centralization and underground cooling. Therefore, the heat dissipation
and condensation heat from the ice-making and refrigeration system will not accumulate
underground. Compared with the water refrigeration system, the ice refrigeration system
is simpler and has a lower maintenance and operating cost.

Since latent heat is very large when ice melts, only 20% of the water demand in water
refrigeration is required to achieve the same cooling capacity. Relying on this advantage of
high cold energy density, industrial ice refrigeration technology is widely used in many
deep mines. The main drawback of this technology is the transportation of ice blocks. Due
to the acceleration and friction caused by gravity during the ice transportation from the
surface to the underground, the pipeline requires greater strength. The ice transfer process
can easily lead to pipeline breakage or blockage due to unreasonable pipeline layout. With
technological advancements, the development and use of ice slurry transportation for
cooling are expected to solve these problems [27].

ice machine 1 —

icelnaching Insulated ice pipe

ice machinen —

Surface
melting pool
Part of return water Part of return water
inlet water  inlet water
‘ transit
Residual water——> equipmen Bottom water tank
t

Figure 4. Flow diagram of industry ice refrigeration. Ice produced on the surface is sent to the melting
pool underground melting pool, where it melts into cold water at around 0 °C, and the cold water is
used to cool the warm air from the air coolers. The cooled air ultimately cools down the temperature
in mines.
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3.3.5. Refrigeration by Liquid-Gas Phase Change (Figure 5)

As mentioned in the last paragraph, the latent heat associated with phase change is
very large compared with sensible heat, and this is the foundation of many phase-change
refrigeration processes. This technology utilizes the latent heat of vaporization to achieve
the cooling effect. Some commonly used working fluids include liquid nitrogen, liquid
carbon dioxide, and liquid oxygen. The liquid is distributed through the heat conduction
pipeline, where it vaporizes by absorbing a large amount of heat from the surrounding
environment. A gas parameter detector and auto-control system are installed in the pipeline
outlet to ensure that the temperature and pressure are in a reasonable state at all times.
When the temperature is too low, the valve on the right side is closed to prevent loss of
refrigeration capacity.

The liquefied gas is easy to produce and has a large refrigeration capacity, and the
system structure is simple. The disadvantage is that the vaporized refrigerant is directly
discharged into the underground environment and cannot be recycled. Moreover, if carbon
dioxide is used as a refrigerant, over-discharge to the working face environment can cause
breathing difficulties for the workers and easily lead to safety accidents. Compared to the
two-stage water and industrial ice refrigeration schemes, there are safety hazard concerns
due to the transportation of liquefied gas from the surface instead of water [28,29].

Physical parameters

dettector and auto-control
system

valve
liquifred

gas tank X
valve
o — -
s, X —
5 —
g — -

heat-conducting pipeline

Figure 5. Flow diagram of refrigeration by liquid—gas phase change. The distributed liquid coolant
vaporizes in the heat-conducting pipeline by absorbing heat from the airflow, cooling down the
temperature of the airflow.

3.3.6. Project Examples

A mobile air compression refrigeration system was employed in the Dahongshan Cop-
per Mine, Yunnan, China to cool the high-temperature working face. The site monitoring
data showed that the mobile refrigeration system could reduce the wet bulb temperature of
the working face at the test site to below 30 °C. The overall temperature drop was 3.68 °C,
and the cooling rate was 1.84 °C per hour [9].

The Morro Velho gold mine in Brazil was one of the first in the world to utilize artificial
water refrigeration technology in mines. The initial surrounding rock temperatures reached
50 °C. A refrigeration system with a cooling capacity of up to 1744 kW and an airflow rate
of 2300 m3/min was installed, capable of cooling air temperature from 30 °C to 6 °C.

The initial surrounding rock temperatures reached 44 °C at the Radbod coal mine in
Germany. A refrigeration system with a cooling capacity of 581 kW was implemented and
reduced the fresh air temperature at the working face from 22.5 °C to 19.5 °C [30].

The Pingmei Coal Mine, Henan, China has used an ice refrigeration system since 2006.
Recorded temperature data show that the system has effectively reduced the temperature
at the working face by 4.3 to 6.3 °C. Similarly, at the Quandian Coal Mine, with the
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implementation of an ice refrigeration system, the highest temperature at the mining face
decreased by 7 to 8 °C, and the highest temperature at the tunneling face decreased by
8.8 °C [31].

Besides, an industrial experiment for a CO, liquid—gas phase change refrigeration
system was conducted at the Banshi Coal Mine, China, 2017. The test results showed
that the system effectively decreased the ambient temperature at the tunneling face by
6.9 °C [32].

4. Waste Heat Utilization Technologies

The major sources of industrial waste heat in mines include air compressors, drainage
water, and foul airflow, corresponding to which there are three major waste heat utilization
approaches.

The first approach involves recovering the heat contained in the coolant of air compres-
sors for various usage purposes [32]. The second approach is the extraction of the heat from
drainage water using a water source heat pump to heat domestic water or for anti-freezing
in wellbores [33]. The third approach is recovering the heat from the foul airflow through
a contact or indirect spray-type heat exchanger using water as the heat carrier, and then
heat in the water is further extracted by a heat pump. The specific technical principles,
advantages, and disadvantages of these three technologies are discussed as follows.

4.1. Waste Heat Recovery from Air Compressor

During the operation of the air compressor, a large amount of heat is generated. The
dissipated low-grade waste heat occupies 80-90% of the input power [34]. The cooling
oil absorbs the excess heat from the air compressor, and when its temperature reaches
the set threshold, the cooling oil valve opens, allowing the high-temperature cooling oil
to enter a heat exchanger to transfer the heat to a water loop. Then, the cold cooling oil
returns to the compressor to continue absorbing heat, and the valve closes. This cycle
repeats to ultimately heat the water to a certain temperature sufficient for direct use on
the surface. The main advantage of this technology is that it can use the cooling oil to
dissipate heat from the compressor, thereby reducing energy waste and achieving waste
heat utilization. Another advantage of this method is that it can supply stable heat as
long as the air compressor is in operation. However, since this approach only extracts
heat dissipated from specific equipment, its cooling effect is limited in the view of heat
hazard governance.

A secondary heat exchange loop can be installed according to actual demands. For
example, when it is used for producing water for bathing, which does not require very high
temperatures [35], the primary water is heated to around 70 °C by the cooling oil, and then,
in the secondary heat exchange loop, the temperature of the bathing water is increased
to 45-50 °C by the primary circulating water [36]. It is necessary to consider the ratio of
the water quantity for primary and secondary heat exchange, as well as whether the air
compressor can obtain a normal cooling degree during operation [37].

The costs of this waste heat recovery system mainly derive from the installation and
power consumption of the water pump to lift the cooling water to the surface, without
considering the energy consumption of the air compressor itself as part of the waste heat
recovery cost, since the air compressor always generates waste heat during operation.
Moreover, the waste heat recovery system is independent of the air compressor, so the
recovery system will not affect the normal use of the air compressor.

In some areas, the calcium and magnesium ion content in the water is high. Prolonged
operation of an air compressor will cause scaling in the cooling system, affecting its heat
transfer and heat utilization efficiency. Regular manual inspection and cleaning to remove
scaling is necessary [38].
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4.2. Waste Heat Recovery from Mine Drainage Water

The temperature of drainage water is constant throughout the year and contains a large
amount of low-grade thermal energy, which can be extracted for surface use by a water
source heat pump. A heat pump is a device that transfers heat from a low-temperature
source (low-grade energy) to a high-temperature environment using mechanical energy.
The structure of a heat pump is essentially the same as the compression chiller cycle
depicted in Figure 1, including a compressor, a condenser, an expansion valve, and an
evaporator. The principle is that the liquid refrigerant in the evaporator absorbs heat from
drainage water (heat source) to vaporize, and then, the vapor is compressed to increase its
pressure and corresponding saturation temperature. In the condenser, the vapor condenses
to liquid, and the released latent heat warms up the water for utilization (heat sink). The
liquid refrigerant is then sent to the evaporator to continue the cycle.

This method has the advantage of being able to extract a large amount of low-grade
energy from mine drainage water. The disadvantage is that the corrosive substances in the
mine water may corrode the devices and pipes, so it is necessary to treat the water or select
appropriate thermal conductivity and corrosion-resistant materials for the interiors of the
heat exchangers and pipes.

To recover the maximum amount of waste and to be proximally closer to the users,
the water source heat pump usually is installed at the surface outlet of drainage water, and
so barely provides a cooling effect to the underground space from the perspective of heat
hazard governance.

4.3. Heat Recovery from Foul Airflow
4.3.1. Technology Schemes and Types

There are currently three types of technologies to recover heat from foul airflow: heat
recovery via liquid spraying, shallow enthalpy heat recovery via direct vaporization, and
deep enthalpy heat recovery via direct cooling [39]. These technologies are designed for
different local environments and technical requirements, but their basic principles are the
same, as the low-grade heat is transferred from the foul airflow to a water loop and further
extracted for surface use through a water source heat pump. The main advantage is the
stable heat recovery rate due to the stable temperature of the foul airflow. Additionally, it
can reduce the dust and corrosive problems of mine ventilation air [40].

To maximize the heat extraction rate from the foul airflow, the system is supposed to
be installed at the ventilation outlet of the foul air on the surface, so it barely provides any
cooling effect for the underground space from the perspective of heat hazard governance.
Besides, the resistance to airflow created by the installation of the heat exchanger at the
outlet of foul air and the consequent impact on the ventilation effect should be evaluated.

4.3.2. Heat Recovery by Liquid Spray (Figure 6)

This technology consists of a heat pump cycle, a heat exchange diffusion tower, a
collect pool, and a water treatment unit. The low-temperature and high-pressure atomized
water droplets from the heat pump unit are sprayed in the heat exchange diffusion tower
to absorb heat in the foul airflow [41]. The heated water droplets drop freely into the collect
pool, from where they are sent to the water treatment process. The treated warm water
is sent into the heat pump unit to extract the contained heat [42]. The principle of a heat
pump is described in Section 4.2.

The system structure is complex, with a low heat recovery efficiency and a high energy
consumption. In cold regions, it might lead to problems such as pipe freezing and poor
continuity of heat supply.
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Figure 6. Schematic diagram of heat recovery via liquid spraying. Arrows in the diffusion tower
indicate the foul airflow, and other arrows indicate the direction of water loop extracting heat from
the foul airflow.

4.3.3. Shallow Enthalpy Heat Recovery via Direct Vaporization (Figure 7)

Shallow enthalpy heat recovery via direct vaporization involves a foul air diffusion
tower, a water supply tank, and a heat pump unit. The foul air heat exchanger is installed
in the foul air diffusion tower and functions as the evaporator of the heat pump loop. The
refrigerant of the heat pump absorbs heat from the foul air to evaporate. The heat absorbed
by the refrigerant is extracted by the heat pump loop and then used to warm up the water
for surface use.

foul air heat exchanger
: : i compressor
foul air diffusion towiE//éf/f/?ﬁi\?\I>T\\\
: ‘ ! ‘ . water heat exchanger
I heat users
ﬁ// n/ water supply

expansion valve

Figure 7. Schematic diagram of shallow enthalpy heat recovery via direct vaporization.

4.3.4. Deep Enthalpy Heat Recovery via Direct Cooling (Figure 8)

Deep enthalpy heat recovery via direct cooling is essentially an improvement of the
abovementioned method. Specifically, an antifreeze fluid heat extraction loop is added to
first recover heat from the foul air and then pass the heat to the water loop, forming a two-
stage heat extraction. The water loop and antifreeze loop are separated and independent of
each other.

Since the freezing point of the antifreeze fluid is lower, the temperature of the cooled
foul air flow can reach —15 °C. The enlarged enthalpy drop of the foul airflow results in a
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larger amount of heat recovered from the foul airflow compared with the shallow enthalpy
heat recovery process [43], so this technology is named deep enthalpy heat recovery.

heat exchange between antifreeze and foul air

evaporator

foul air fiffusion tower compressor

water heat exchanger
heat users

water supply

expansion valve

Figure 8. Schematic diagram of deep enthalpy heat recovery via direct cooling.

4.4. Project Examples

A waste heat recovery and utilization system is was installed at the Liangshuijing
coal mine, Shaanxi, CinaChina, to recover the waste in return airflow, burst water, and air
compressors, in order to replace a conventional coal-fired boiler for district heating on the
surface. The heating capacity is 35 ton tons of steam per hour. The temperature of foul
air in winter ranges from 10-15 °C, and the temperature of drainage water in winter is
between 13-17 °C [44].

The life cycle analysis showed that, although the capital investment of the waste heat
recovery system was 12% higher than that of the boiler, the average annual life cycle cost of
the waste heat recovery system was 13% less than the boiler [45].

In Zhangji Coal Mine, Anshui, China, a waste heat recovery system was implemented
to utilize the heat contained in foul airflow and dissipated from compressors for the purpose
of borehole anti-freeze, building heating, and bathing on the surface. The total heating load
was 2568 kW in the winter and 160 kW in other seasons. The total annual cost was reduced
by 54% compared with a coal-fired boiler and the annual CO, emission was reduced by
3940 tons [46].

5. Application of Geo-Structures in Mines

A portion of the heat hazard in mines can be transformed into recoverable geothermal
energy through certain technical means, meeting the energy demand in mining and staff
use. The geo-structure is a new technology that combines ground source heat pumps
with underground structures. Because some underground structures are installed in
geoformations of constant temperature for a long time, they are combined with heat
exchange pipes to function as underground heat exchangers, transferring the geothermal
energy to surface users [47]. Some common geo-structures include energy tunnels, energy
piles, and underground energy continuous walls. In a thermodynamic sense, these geo-
structures can be regarded as ground source heat pumps that utilize geoformation as a heat
source, and they have potential for utilization in heat hazard governance.

5.1. Energy Tunnels

An energy tunnel (Figure 9) absorbs the heat of surrounding rocks and air inside
the tunnel by embedding the heat exchange pipes in the internal structure of the tunnel,
supplying heating for ground buildings and serving both as a heat exchanger and a
structural component. As the temperature in the high-temperature source (the tunnels)
usually is higher than that of the surface air, it is more energy-efficient and environmentally
friendly than traditional air source heat pumps, saving more than 30% of the energy.
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Figure 9. A tunnel segmental lining serving as a ground heat exchanger [48].

In mines, tunnels where equipment is operated or those with a heat-intensive environ-
ment serve as potential geothermal resources, such as transportation tunnels, return air
tunnels, and equipment chambers. Additionally, if these tunnels are in medium or deep
in depth, the thermal energy in surrounding rocks is sufficient and of higher quality than
that in shallow depth. The extraction and utilization of the heat reduces the underground
temperature, mitigating heat hazard risks.

5.2. Energy Piles

Energy piles (Figure 10) are a type of pile structure with heat exchange pipes (usually
U-bend tubes) set inside. They not only bear the load of the piles but also provide heat
exchange capacity. There are different types of energy piles based on structure, such as
steel pipe piles and reinforced concrete piles. Heat is extracted through the heat exchange
pipes inside the piles and then utilized by a heat pump loop on the surface.

Rock

Backfill material

PE pipe

Heat exchange working fluid

Rock

Backfill material
PE pipe

Heat exchange working fluid

Figure 10. Schematic diagram of energy piles [49].

In the current deep metal ore mining process, some horizontal or gently inclined
ore bodies use room and pillar mining methods, and the mining pillars are generally
not recovered at the end but left for support purposes. It is possible to consider using
energy piles instead of mining pillars, which not only utilize geothermal energy but also
increase the recovery rate by recovering the mining pillars. Additionally, U-bend heat
exchange pipes can be combined with tunnel support structures to form energy anchor
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rods. However, it is necessary to consider that the deformation of surrounding rocks might
lead to the deformation and cracking of pipes, further resulting in subsequent leakage and
failure of the heat exchange medium.

5.3. Underground Energy Continuous Wall

The underground continuous energy wall binds heat exchange pipes to the reinforced
structure of the underground continuous wall for extracting ground heat. In mines, it can
be combined with structures such as explosion-proof enclosures, wind barriers, cut-off
walls, and other structures [50].

The three abovementioned methods are all improvements of matured ground source
heat pump technology with variant layouts of ground heat exchangers. They have the
advantage of providing energy and mitigating mine heat hazards to a certain extent. Even
by the end of a mine’s service life and after the termination of mining, it can continue to
supply green energy for surface use as a way to re-use abandoned mines.

6. Discussion

The heat generated by natural sources in mines is extensive, long-range, low-grade,
and stable. On the other hand, the waste heat from industrial work, especially that from
the operation of machinery and blasting, tends to be temporary, higher in temperature, and
concentrated around the working faces. Although the share of industry-derived heat in the
total heat in mines is less than that of the natural heat, it more often causes heat damage
to equipment and jeopardizes the health of miners. When the optimization of ventilation
systems and the insulation of rock heat cannot provide effective cooling, local cooling at
the working faces usually becomes the priority option.

Various artificial refrigeration and heat utilization technologies are presented in
Sections 3.3 and 4, as summarized in Table 2. Except for the phase change refrigera-
tion and direct use, most of these technologies, as well as geo-structures, are based on the
principle of a chiller cycle or heat pump.

Table 2. Summary of artificial refrigeration and heat utilization technologies.

Technology Principles Cooling Objects Cooling Range Heat Sink

. . . . . individual integrated
Air compression refrigeration chiller cycle working face small wator tank
Two-stage water refrigeration chiller cycle roadways and small to large ambient air

working face
Industrial ice refrigeration phase change working face small to large ambient air
. . o roadways and . . .

Refrigeration by liquid-gas phase change phase change working face medium to large ambient air
Waste heat recovery from air compressor direct use compressors small surface use
Waste heat recovery from drainage water heat pump drainage water N/A surface use
Heat recovery by liquid spray heat pump foul airflow N/A surface use
Shallow enthalpy heat recovery by heat pump foul airflow N/A surface use
direct vaporization
Deep enthzjllpy heat recovery by heat pump foul airflow N/A surface use
direct cooling
Geo-structure heat pump rock heat medium to large surface use

As described in Section 3.3.1, a chiller cycle or a heat pump essentially transfers heat
from a heat source to a heat sink. One should keep in mind that when chiller cycles or heat
pumps are applied to underground mines, the heat source, heat sink, and chiller unit might
be located apart from each other a long distance.
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As demonstrated in Figure 11, heat sources on the surface are more concentrated and
have a higher heat flux. Among the heat sources underground, industry heat is more
dispersed and the natural heat is of low grade but large amount. Heat sinks on the surface
have a higher accommodation capacity and are proximally closer to users. However,
the temperature of vent air underground is higher, deteriorating the cooling efficiency;
the capacity of the water tank is limited especially for those integrated with a mobile
refrigeration system; and the availability of sufficient groundwater flow is not guaranteed.
To conclude, the most needed cooling objective is the working face underground, whereas
heat sinks on the surface are the preferred candidates compared to heat sinks underground.
No matter whether the chiller unit is located underground or on the surface, the separation
of heat sources and sinks would result in long and complex transport of heat carriers or
condensed water and high associated costs.

e
Heat sources on surface: Heat sinks on surface:
Compressors Ambient air

Foul air outlet Rivers and ponds
— | Drainage water outlet __| __ — __ | __Districtheating ~_ | __
ﬂeat carrier_ Chiller unit / | condensed water
Heat sources underground:  {chilled water\ce) heat pump Heat sinks underground:
Compressor unit Vent air
Mining/tunneling machinery Water tank
Blasting :\,> groundwater

Oxidation of minerals
Oxidation of backfills
Rock mass
Groundwater
Vent airflow underground

Extracted heat Rejected heat\'

Figure 11. Distribution of heat sources and sinks in mines.

The use of industrial waste heat in mines, including those from air compressors,
drainage water, and foul airflow, has been commercially applied. However, in order to
extract the maximum amount of waste heat, most heat recovery systems are installed at the
foul air outlet or drainage water outlet on the surface, providing very limited or nearly no
cooling effect to underground spaces.

Geo-structures are green energy technologies, which are currently not commonly used
in deep mines. Compared with currently available methods, they have the potential to
achieve purposes both in heat governance and utilization simultaneously. The capital
investment for this technology is relatively large. Even after the mine is closed, it can still
stably provide thermal energy and continue to create economic benefits.

7. Conclusions

The heat sources in mines are mainly divided into natural heat sources and indus-
trial heat. Currently, mature technologies in mine heat hazard governance include the
optimization of ventilation systems and artificial refrigeration measures, which have been
proven to be effective in practice in different situations. However, as mining depth and
temperatures increase, these governance technologies are limited by their effect, cost, and
energy consumption, not only wasting significant geothermal energy existing in mines but
also increasing carbon emissions.

Current heat utilization processes in mines aim to extract heat at the surface outlets of
foul air and drainage water, or compressors, providing very limited cooling effect to the
underground space. Technological advancements in geo-structures, such as energy tunnels
in subway metro stations and energy piles in underground structures, are expected to be
applied in the future in medium and deep mines to recover stable and massive natural
heat mines.

Except for the phase change refrigeration and direct use, most heat governance and
recovery technologies, as well as the geo-structures, are essentially chiller cycles or heat
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pumps. However, the separation of underground heat sources and potential heat sinks on
the surface raises the challenges of a complex system structure, long-distance transfer of
heat carriers, and high cost.
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