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Abstract: Heat stress in deep hot mines is a factor that often determines the possibility of technical
mining of natural resources. One of the solutions enabling miners to work in such mines is air cooling.
Cooling systems vary, and their selection depends on the type of mine and the mining methods
used. Limited air cooling capabilities exist in electric-powered coal mines. The main solution for air
cooling is based on movable spot air coolers. Such systems commonly use surface or underground
refrigeration plants. An underground refrigeration plant (URP) equipped with compressor chillers
does not achieve more than 2.5–3.0 MW of cooling capacity due to the limited heat rejection capacity
of return air streams in a typical coal mine. The method discussed in this paper, using mine water to
discharge waste heat from the underground refrigeration plant, provides a measurable benefit for
optimizing the mine air cooling system. The main purpose of this research is to study the feasibility
and effect of water diversion from the actual mine drainage system to the underground refrigeration
plant. The water drainage system in an underground mine is called the dewatering system of the
mine. The heated water in the condensers of the chillers is directed back to the mine’s central
dewatering system. The recovery from water discharged to the surface contributes to optimising
energy consumption for a mine air cooling and the sustainable discharge of wastewater. In addition,
using the total water flow from the mine dewatering system to reject heat in compressor chillers,
compared with the traditional solution, can improve the cooling capacity of URP. These findings
may provide beneficial guidance for practical applications in deep hot mines with small natural
water inflow.

Keywords: mine air cooling systems; underground refrigeration plant; mine dewatering system;
waste heat recovery; heat pumps

1. Introduction

The exploitation of raw materials in underground mines is associated with many
natural hazards. In deep mines, one of the dominant threats is the climate. Its scale
depends on many factors that have been presented recently [1–4]. The basic threat is the
primary temperature of the rocks, also called virgin rock temperature (VRT). VRT depends
on a geothermal temperature at a given mine location. For example, at a depth of 1000 m,
during the exploitation of the gold deposit in the West Wits Basin, VTR reaches 20 ◦C [5]
and 44 ◦C in the Jastrzębie coal mines, Poland [6]. The VTR is related to the different
geothermal temperatures.

The state of climatic hazards at workstations in deep mines is also affected by proper
planning of underground workings, rational ventilation and organization of the techno-
logical process, primarily the transport of mined output, materials and the location of
heat-emitting equipment.

The above-mentioned factors influence the fact that various air conditioning systems
are used in mines. Their specificity depends on the deposit exploitation systems used but
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are also adapted to legal and climatic conditions in a given country. In European coal mines,
closed refrigeration circuits are used to cool mine air due to the widespread use of electrical
machinery and equipment.

The choice of a cooling system is primarily determined by the demand for cooling
power in the mining area of a mine. The specificity of air cooling in deep hot mines is
the constant demand for cooling power regardless of the season. An important factor is
also the type of refrigeration units used and the possibility of heat rejection. A particular
limitation in the application of the cooling system may be the distance between the areas of
mining work and the locations of the refrigeration units.

Primary, secondary and tertiary cooling systems are used in subsurface mines world-
wide [7]. In a typical coal mine, the length of all underground roadways exceeds 100 km.
The distance of workplaces from downcast shafts is usually greater than 5 km. Primary
and secondary cooling systems are not effective in such vast mining areas. Therefore,
a tertiary cooling system is used, consisting of air cooling by movable coil exchangers
called spot air-coolers, which are placed close to workplaces. Such cooling devices are also
called mobile spot air-coolers [7–10]. Water cooled in a refrigerant plant is distributed to
closed-circuit cooling-coil heat exchangers (indirect coolers) in mining districts.

Cooled water circulates in a closed pipe circuit distributed along the roadways. Several
dozen spot air-coolers can be connected to the pipeline network several kilometres from
the refrigeration plant.

Underground or surface refrigeration plants are used for chilling water. In surface
cooling stations, several chillers are connected in a cascade system. Both compressor
and absorption units are used. The condensation heat of the refrigerant in compressor
chillers is rejected to the atmosphere. In the event of an increase in the demand for cooling
power, such surface cooling installations can be expanded to certain limited extents. The
limit is the capacity of the chilled water through the vertical pipelines. For technical
reasons, pipe diameters in air shafts are not larger than 300 mm. This allows for achieving
cooling capacity in the surface refrigeration plant (SRP) up to about 15 MW. Such cooling
systems are described in [11–13]. However, in the case of large distances between SRP and
workplaces, the temperature of chilled water flowing through pipelines increases [14,15].
This is due to water supply through vertical pipelines and the Joule-Thompson effect. The
solutions in the hydrostatic pressure reduction of the water column between vertical and
horizontal pipelines are also required.

Therefore, increasingly, the construction of underground refrigeration plants (URP)
with a greater cooling capacity than in the systems built so far is being considered, and
practical, economically justified removal of the heat of condensation is sought.

In the case of underground refrigeration plants consisting of stationary chilling ma-
chines, the heat of condensation is usually rejected into return air flowing in ventilation
roadways toward upcast shafts using evaporative water coolers. Until now, URPs equipped
with compressor cooling machines have been used in Poland if the cooling power demand
does not usually exceed 2.0–3.0 MW [7,16]. URPs with higher cooling power are usually
not built because it is impossible to dissipate more condensation heat from the refrigerant.
This is due to the thermodynamic parameters of the air and its flow in mine excavation.

The previous experience related to the use of underground plants and the transfer of
heat to the air shows that:

1. Rejecting condensation heat into mine air streams is crucial for the correct operation
of the underground cooling plant.

2. Heat rejection to the mine air is often associated with the need to install evaporative
water coolers at a considerable distance from cooling units (this necessitates building
long pipelines connecting evaporative water coolers with cooling units and installing
circulation pumps to overcome resistance in these pipelines).

3. The forcing fan must be placed in the evaporative water cooler, which increases the
cooling system’s energy consumption.
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In the case of heat transfer to the mine atmosphere, there are problems related to
ensuring appropriate air parameters at the location of evaporative water coolers (too high
air temperature, too high humidity, ensuring adequate water flow).

Another way of transferring the heat of condensation from the URP is to transport
water through vertical pipelines in the intake air shaft to the surface, cool it, and bring it
back down the mine. However, the cost of pumping water has kept such systems from
becoming widespread. Xu et al. [3] presented a method of using mine water in the surface-
subsurface circulation cycle. From this circulation, part of the cool water from the surface
can be transferred to URP, and part is passed through the post-mining goaf.

It is confirmed that the heat condensation from the compressor units can be transferred
to the service water or dewatering system of a mine. That integrated system is called the
water reticulation system [9]. In the case of electric-powered coal mines, the consumption
of service water is minimised, and the inflow of natural water from the strata depends on
the geological conditions of a particular mine. In such mines, efforts are made to minimise
the mine water circulation. Increasing service water use is out of the question in mines if
the dewatering system does not have enough capacity in reserve. Therefore, attention is
drawn to using the inflow of natural water from the strata to the workings of the real-life
mine. Natural water is also called fissure water.

There are two different sources of water inflow to the dewatering system in mines:
ground water (known as fissure water) and mine water (known as service water). Service
water consumption in Polish mines is small compared to world mines and constitutes only
a small percentage of the total water pumped out to the surface.

The main objective of the dewatering system is to capture fissure water at the outlet
points and supply it to the surface of the mine. In mines, most of the water inflows by
gravity from the mining areas to the central chamber of the dewatering pumps. The main
drainage chambers play a crucial role in the entire system, in which pumps pumping water
continuously to the surface are installed. The total water inflow to the pump chamber is
related to the inflow of fissure water and service water.

The total water inflow limits the possibility of rejecting condensation heat in mine
dewatering systems to the system. Polish mines belong to mines with a small inflow of
fissure water. Currently, the largest amounts of water inflow to mines vary widely, from
about 20 m3/h to over 3600 m3/h [17]. The average inflow is about 700 m3/h. However,
the water inflow’s structure is various, so water is often pumped out from different areas of
the mine and different levels. Such a drainage system makes it impossible to receive heat
rejection from the refrigeration plant fully.

Water from underground settlers can be pumped to the surface indirectly (in two or
more stages) or directly. The method of pumping out water in the mine depends on its
inflow and the number of active mining levels. In Polish conditions, direct water drainage
to the surface is primarily used in large water inflows. In the indirect dewatering system,
water is transferred between depth levels and then to the surface. In such a situation, the
primary drainage chambers are located at the level with the greatest water inflow. Water
can also be transferred by gravity or by pumps between levels.

Water from mine drainage is partly used on the surface. On average, about 1/3 of the
water pumped out on the surface is used in mines. The rest of the water is discharged as
wastewater. Depending on mine water’s salinity degree, some mines are forced to direct
water to a desalination plant.

The concept of using water from the dewatering system to reject the refrigerant
condensation heat was considered for one of the coal mines. The idea is to transfer mine
water through the condensers of underground chillers and pump it to the surface. To
develop a technical solution, it was necessary to analyse the possibility of rejecting heat
for the maximum cooling capacity of the designed URP, technical possibilities of water
purification and pumping, analysis of the temperature of water flowing into the main
pumping chamber, analysis of the temperature of water pumped out to the surface, and
the possibility of using low-temperature heat from water on the surface.
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Cooling is an energy-intensive process. Therefore, such a system must be as efficient
as possible [9,18]. Increasing air cooling efficiency can be implemented in many ways,
depending on the various solutions used. One way is to recover condensation heat from
chillers for heating purposes. For example, in energy infrastructures of mines, there are
heating needs related to, among others, heating of rooms, utility water and air inlet to
shafts [19–21].

This paper presents the implemented solution for transferring condensation heat from
chillers in URP to the mine dewatering system. The objective is a detailed examination of
the condenser circuit. The conditions the dewatering system must meet will be analysed
to use this method in similar mines. Determining the possibility of utilising recovery heat
from cooling chillers is a crucial aspect that should always be considered. The presented
example is a kind of energy optimisation in cooling underground excavations with URP.

2. Background behind Using Mine Water to Heat Rejection of Refrigeration Plant
2.1. Cooling Demand in a Real-Life Mine—Case Study

Halemba coal mine is located in the Upper Silesian Coal Basin in Poland, with an
area of almost 33 km2. The mine has four working levels: 380 m, 525 m, 830 m, and
1030 m. Currently, mining is carried out mainly from the 1030 m level. VRT in mining areas
ranges from 40 ◦C to 48 ◦C. Difficult microclimate conditions at the workplaces make it
impossible for the mining crew to work. Therefore, it is necessary to cool the air in the
working locations.

A characteristic feature of deep coal mines, including the Halemba mine, is that the
demand for cooling power is practically unchanged throughout the year. The surface
temperature varies from −20 ◦C to 30 ◦C throughout the year, depending on the season.
According to the regulations [22], the air in the intake shafts must be heated to a minimum of
1 ◦C. That means that the air temperature in the shaft varies from 1 ◦C to 30 ◦C throughout
the year. The impact of seasonal changes in air temperature in the shaft is negligible for
consideration of air parameters at working locations [23,24]. This is due to the high VRT,
large distances between the workings and shafts, and the presence of many heat-generating
machines in the mine. Therefore, the mine has an identical demand for cooling power all
year round.

The relatively low efficiency of cooling systems with SRP applied in mines with many
widespread working locations means that the URP with compressor units is considered in
the Halemba mine. Regarding the prediction of cooling power demand in workstations
ranging from 4.5 to 4.8 MW and cooling losses in the closed circuit system, the need for
cooling power of centrally located URP is 6.0 MW [25].

High air temperature and humidity of return airways excluded the possibility of trans-
ferring condensation heat to the ventilation air using evaporative water coolers. Therefore,
it was decided to transfer condensation heat from URP to the mine water.

2.2. Parameters of Dewatering System of the Mine

The dewatering system in the analysed mine drains water from the mining areas to the
sump at level 1055 m. First, water flows to the sump, partly by gravity through the sewage
system and partly pumped through pipelines from the intermediate pumping stations in
mining areas. Next, water is pumped to settlers at level 1030 m near the shaft by pumps
with a total capacity of 800 m3/h. Finally, the main drained pumps in the dewatering
chamber pump water from settlers to the surface by shaft piping. Halemba mine does not
desalt the mine water before it is discharged into the wastewater due to the low salinity.
Figure 1 shows the schematic diagram of the dewatering system.

Depending on the season, the temperature of the pumped water changes in a small
range from 26 to 28 ◦C. Therefore, a higher water temperature value, i.e., 28 ◦C, was
assumed to design the rejection of condensation heat.
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Figure 1. Schematic diagram of the dewatering system in the analysed mine.

For steady waterflow conditions and neglecting changes in kinetic and potential
energies in a cooling device, the cooling power is the difference between the outlet and
inlet enthalpy flows. Therefore, considering the water enthalpy, the cooling power can be
calculated as follows: .

Q =
.

mwcpw(t1 − t2) (1)

where
.

mw is the mass flow rate of water in kg/s, cpw is the specific heat at constant pressure
in J/(kg·◦C) and t1 and t2 are inlet and outlet temperatures of water from the heat exchange
device of the air-cooling system in ◦C.

Figure 2 shows the change in heat transfers to water depending on its volumetric
flow rate and the temperature difference when flowing through the condensers. The
presented graph shows that it is necessary to ensure a high flow of cooling water to reject
heat from URP, which is often not ensured in the cooling systems of underground mines.
Another critical factor is the temperature of the water. If it is too high, the heat rejection
potential decreases.
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Such water often contains impurities and cannot be used directly to cool the con-
densers, as it would cause rapid contamination. However, such water can be used with
underground heat exchangers mediating heat exchange. Another factor that may limit
the water potential of heat rejection is its temperature. The main facets affecting the water
temperature in settlers are parameters of air flow out from the inlet shaft. In addition, the
ventilation of settlers causes the water temperature to fluctuate throughout the year.

2.3. Technical Solution of Cooling and Heat Rejection Systems

URP is located in the vicinity of settlers of the dewatering system at level 1030 m.
Cooling-coil heat exchangers have been proposed to cool the air at workstations.

Chilled water in the URP will be supplied to spot air-coolers in two operating areas at
1500 m to 6000 m from the shaft [25]. The chilled water will flow through insulated pipelines.
After receiving the heat in the air coolers, the water returns through uninsulated pipelines
to the URP, where it is cooled again. A diagram of the chilled water pipeline network of the
cooling system is shown in Figure 3.
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The entire cooling system consists of four circuits:

• circuit of chillers’ evaporators—circulation of chilled water,
• refrigerant circuit—the internal circuit of chillers,
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• primary circuit of condensers of refrigeration units—circulation of cooling water for
condensers,

• secondary circuit of chillers’ condensers—circulation of mine water receiving heat.

To design the refrigeration system to work properly, it had to be ensured that the heat
of condensation of the refrigerant in the chillers of URP was discharged. Figure 4 shows a
schematic diagram of chilling and cooling circuits in the URP, together with the inclusion
in the dewatering system.
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Ensuring the rejection of condensation heat determines the effectiveness of chilling
water in the evaporator cycle to the required temperature of 3 ◦C. The condensers of the
refrigeration units will be cooled with water from the mine dewatering system through
plate heat exchangers. Water will be transported from the sump to the pipeline and heat
exchangers. After discharging the heat in the chillers’ condensers, the water will flow
through the return pipeline to the settlers, from where it will be pumped to the surface
using the mine’s dewatering pumps. The distances between the URP and the sump and
settlers do not exceed 100 m. Therefore, it allows assuming no heat loss during water
transport. For other circuits, heat loss must always be considered.

The energy balance of the analysed installation, assuming the efficiency of the primary
heat exchange devices, allows the determination of water temperatures in the individual
compartments of the condenser cooling circuit. The results are shown in Figure 2. Con-
sidering the temperature and mass of water flowing into the dewatering system, the heat
stream from cooling the condensers, the water temperature in the settlers will be 38 ◦C. The
specific enthalpy of water at the inlet to the shaft pipeline will be 160 kJ/kg.

The solution allows the accumulation of condensation heat from URP in mine water.
It does not increase the costs because the dewatering system drains water to the surface
anyway, and the costs of its pumping must be incurred regardless of the cooling system.

3. Results and Discussion
3.1. Energy Balance of Refrigeration System

Air cooling systems are characterized by high energy consumption. The main energy-
intensive devices are motors of chiller compressors and water circulation pumps.

Analysed URP has 5 chiller units, including 1 unit with a capacity of 2000 kW and
four units with a capacity of 1000 kW. The units are connected in parallel to the chilled
water pipeline network and the condenser cooling pipeline network, respectively. The total
condenser power of these chillers is 7800 kW. The electric power of compressor motors in
chillers is 2050 kW. The energy efficiency ratio (EER) is 4.18 and 4.22, respectively.
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The second significant source of power demand is circulating pump drives. Electric
power demand for pump drives is given by Equation (2):

Pp =

.
Vw∆hρwg

ηp
(2)

where
.

Vw is the volumetric flow rate of the pumped water in m3/s, ρw is the water density
in kg/m3, ∆h is the pump head in m, g is the gravitational acceleration in m/s2, and ηp is
the efficiency of the pump system.

The calculations were carried out in accordance with the water parameters shown in
Figure 2. The results of calculations of pump drive power are presented in Table 1.

Table 1. Parameters of circular pumps in URP.

Pump Flow Rate, m3/h Delivery Head, m Efficiency, % Electric Power
Demand, kW

Rated Power of
the Engine, kW

Pumps of chilled
water circuit (2 pcs) 348 230 75 298 380

Pump of primary
cooling water circuit 760 90 68 274 315

Pump of secondary
cooling water circuit 800 60 71 184 200

The additional demand for electric power in the URP is 100 kW, related to the drives of
automatic damper actuators, drivers and controllers, and lighting. The total electric power
demand in the URP is 2800 kW.

The chilled water installation includes fan drives in 17 spot air-coolers and automatic
dampers. The electric power demand in a chilled water circuit is 450 kW.

The designed cooling system is assumed to operate continuously throughout the year,
with the same cooling capacity. The cooling power demand is constant regardless of the
season and outdoor air parameters.

The total demand for electric power in the cooling system is 3250 kW, resulting in
electricity consumption of 78 MWh per day.

If the cooling water from the URP had to be transported to the surface through a
1030 m long vertical pipeline, the chiller condensers would have to be increased by 3350 kW.
Such an increase in power demand in the cooling system is unacceptable due to operating
costs. Therefore, the solution is to pump the water into the air through the existing mine
dewatering system.

3.2. Energy Balance of Dewatering System

A mine dewatering system also generates high costs related to the operation of pumps
due to the lifting height and high capacity of pumped water in the shaft. In the analysed
case, the power of the pump sets in the dewatering system is about 3500 kW. Every day,
pumps consume around 84 MWh of electricity.

Due to the costs incurred, it is reasonable to use water to receive the heat of con-
densation of the refrigerant in chillers. The temperature of the water pumped out from
the bottom shaft at level 1030 m is 38 ◦C. Therefore, it is necessary to consider the water
temperature change in the shaft pipeline. The expected water temperature on the surface is
required to determine the possibility of its use and removal.

3.3. Predicted Temperature of Mine Water on the Surface

As air flows from the inlet of the shaft to the bottom of the shaft, the air’s temperature
and moisture content vary along its length. The reason is the heat and mass exchange
between the strata and the airflow in the shaft. The shaft wall temperature varies with depth
as a result of the geothermal rock gradient. Masses of moisture or infiltration water can
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flow from the surrounding rocks into the shaft. In addition, there is heat exchange between
the air and devices or pipelines transporting media in the shaft. Air self-compression due to
height differences is also an essential factor. In the Halemba mine, a significant internal heat
source is the pipeline transporting hot water from level 1030 m to the surface. The nature
of airflow in the shaft and water in the pipeline is like a pipe-in-pipe with counter-current
flows. However, mass and heat are exchanged between the shaft (outer tube) and the strata.
Methods of predicting air temperature and humidity in air shafts are known [26]. The
analytical solutions to determine heat and mass transfers in mine shafts and heat exchange
between flowing counter-current air in the shaft and water in the pipe were adopted during
design. The solution is given by [27–29]. The authors of these works presented a simplified
solution to the differential equations of heat and moisture transfer to vertical workings.
The assumptions are that the surrounding rocks are isotropic and homogeneous, and the
virgin temperature of the surrounding rock varies linearly with depth. The heat and mass
transfer from the rocks to the airflow is steady, and their directions are perpendicular to the
axis of the shaft. The steady state of the heat flow is related to the shaft’s ventilation time by
considering the period from the moment of its construction to the present. Seasonal change
in outdoor air is taken into consideration. In the analysed shaft, the water inflow from the
rock mass is about 3.5 m3/h. Other air and water flow parameters are presented in Table 2.

Table 2. Parameters of shaft and pipeline.

Parameter Value

Shaft
Diameter, m 7.5
Rock parameters at 30 m below the pit-bank level: -

- Virgin rock temperature, ◦C 7.5

- Thermal diffusivity, 10−6 m2/s 1.2

- Coefficient of thermal conductivity, W/(m K) 2.8

Rock parameters at the shaft bottom: -

- Virgin rock temperature, ◦C 37.8

- Thermal diffusivity, 10−6 m2/s 0.7

- Coefficient of thermal conductivity, W/(m K) 1.9

Average mass flowrate, kg/s 262
Convective heat transfer coefficient, W/(m2 K) 18.7
Average specific heat of water vapour, J/(kg K) 1860
Average specific heat of dry air, J/(kg K) 1005

Pipeline
Diameter, m 0.4
Coefficient of thermal conductivity, W/(m K) 48
Mass flowrate, kg/s 222.2
Average density of water, kg/m3 995
Average specific heat of water, J/(kg K) 4179
Linear heat transfer coefficient, W/(m K) 54.5

The temperature of pumped-out water on the surface depends on the inlet air tem-
perature of the shaft and the temperature of the water at the level of 1030 m. For the
prediction of water temperature on the surface, calculations of heat exchange between the
water pipeline and the air in the shaft were made based on the models given in [27–29].
Calculations were made for the summer, transitional and winter periods. Assumptions of
air parameters for these periods are given in Table 3. The results of the calculations are
shown in Figure 5.
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Table 3. Medium-term parameters of air inlet to the shaft.

Parameter Winter Spring/Autumn Summer

Air temperature at the inlet of the shaft, ◦C 1 13 28
Relative humidity of air at the inlet of the shaft, % 34 58 67
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The calculation results show that water temperature on the surface will vary from
33.6 ◦C in winter to 37.3 ◦C in summer, depending on the season. The legislation of
many countries complains discharging of used water from industrial plants to surface
watercourses not only on the composition but also the temperature of the water. For the
Halemba mine, the maximum water temperature discharged as wastewater cannot exceed
35 ◦C [30].

It follows from the above that periodically the temperature of the water pumped to
the surface will exceed 35 ◦C, resulting in the water having to be cooled before discharge to
the sewage.

3.4. Heat Demand of the Surface Infrastructure of the Mine

European underground mines are characterized by a high demand for heat in the
winter. The heat is mainly demanded in heating the surface infrastructure buildings,
producing domestic hot water, and heating the inlet air to the shafts. There are many
ways to use waste heat to cover these needs. Very often in mines, waste heat from various
processes is considered. However, the difficulties lie in correlating waste heat parameters’
quantity and continuity with the plant’s energy needs.

In the analysed example, the possibility of using the heat contained in the mine water
to cool the chiller condenser in URP was considered. The transfer of condensation heat
from the underground chillers to the water pumped to the surface increases its temperature.
Periodically, the water is too hot to be discharged into the sewer and needs to be cooled
down. Thus, water has a certain energy potential that allows it to be used for heating
purposes. This heat can be used directly or through heat pump systems. The article’s next
section presents the concepts of such water use.
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Energy needs on the surface of the mine were analysed to assess the possibility of
assessing the use of waste heat. Analyses have shown that in winter, it is possible to use
heat to power three installations:

• heating of domestic hot water up to the temperature of 65 ◦C—constant heat demand
throughout the year;

• heating the air in the inlet shafts—the required temperature of the heating water is
90 ◦C—variable heat demand;

• heating of buildings at 65 ◦C—variable demand when outdoor temperature drops
below 15 ◦C.

The hot-utility water installation ensures surface facility users’ living and technological
needs. The largest tap water consumption is caused by employee baths, departmental
workshops and the living needs of office buildings. The average daily hot water consump-
tion per employee is 60 dm3. The mine employs 3125 people, which gives a total water
consumption of 187.5 m3/day. The heat load for domestic hot water is 500 KW. About
12.0 MWh of thermal energy is used to prepare domestic hot water during the day. It is as-
sumed that the demand for heat for domestic hot water preparation is constant throughout
the year.

Following the legal requirements in many countries, it is necessary to heat the inlet
air to the mine in winter to avoid freezing the shaft hoist elements. The heat demand for
air heating in the intake shafts depends on the outdoor temperature and the flow rate of
the inlet air into the mine. About 12,000 m3/min of air (240 kg/s) flows through the inlet
shaft, where a pipeline discharges water to the surface. The peak power of the air heaters
in the inlet shaft at a design temperature of −20 ◦C is 5.0 MW. The calculations assume that
the air is always heated to the temperature of 1 ◦C required by law, and the heat demand
depends on the outdoor air temperature.

The peak heat load of buildings at an outdoor air temperature of −20 ◦C is 80 W/m2.
The thermal power demand for heating buildings with an area of 5000 m2 is 4.0 MW. In
calculating the heat demand for the heating system, the heat load depends on the outside
air temperature.

The assumptions presented above indicate that, apart from the domestic hot water
installation, the demand for heat energy varies throughout the year and depends on the
outside air temperature. The peak heat demand for the outdoor air temperature of −20 ◦C
was determined separately for each installation. However, this demand is infrequent. As
the outside air temperature increases, it decreases, as shown in Figure 6.
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However, the graph presented in Figure 6 does not show the heating demand; rather, it
shows only the heat load variability. Therefore, using statistical climatic data for Katowice,
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changes in heat demand and outside air temperature were analysed. Figure 7 presents the
frequency of occurrence of temperatures in the area of the Halemba mine. The presented
graph shows that very low air temperatures are relatively rare, and then the thermal loads
of the systems are the greatest.

Energies 2022, 15, x FOR PEER REVIEW 12 of 15 
 

 

However, the graph presented in Figure 6 does not show the heating demand; rather, 
it shows only the heat load variability. Therefore, using statistical climatic data for Kato-
wice, changes in heat demand and outside air temperature were analysed. Figure 7 pre-
sents the frequency of occurrence of temperatures in the area of the Halemba mine. The 
presented graph shows that very low air temperatures are relatively rare, and then the 
thermal loads of the systems are the greatest. 

 
Figure 7. Air temperature frequency for the geographic location of the mine. 

Based on the heat demand diagram for the analysed mine and the temperature fre-
quency diagram, an ordered diagram of the hourly energy demand in kWh was devel-
oped, shown in Figure 8. The total annual demand for heat in the mine is 17,153 MWh/year 
(61,750 GJ/year). 

 
Figure 8. Ordered graph of the annual requirement for thermal power in the mine facilities. 

3.5. The Concept of Heat Recovery Utilization from the Refrigeration System 
The possibility of using waste heat from the mine dewatering system was analysed 

based on the assumptions. The temperature of the water pumped by the dewatering sys-
tem to the surface is too low and does not allow for its direct use. Therefore, to use the 
waste heat contained in it, the use of water-to-water heat pumps was considered. Due to 

Figure 7. Air temperature frequency for the geographic location of the mine.

Based on the heat demand diagram for the analysed mine and the temperature fre-
quency diagram, an ordered diagram of the hourly energy demand in kWh was developed,
shown in Figure 8. The total annual demand for heat in the mine is 17,153 MWh/year
(61,750 GJ/year).
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3.5. The Concept of Heat Recovery Utilization from the Refrigeration System

The possibility of using waste heat from the mine dewatering system was analysed
based on the assumptions. The temperature of the water pumped by the dewatering system
to the surface is too low and does not allow for its direct use. Therefore, to use the waste
heat contained in it, the use of water-to-water heat pumps was considered. Due to possible
water contamination, and thus the protection of heat pump evaporators, an intermediate
heat exchanger was used. In the event of a heat demand lack, a cooling tower is also



Energies 2022, 15, 9481 13 of 15

provided to cool the water before it is discharged into the sewage system. Figure 9 shows a
schematic diagram of the solution for obtaining waste heat from mine water pumped on
the surface.
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dewatering system.

It is assumed that the heat from the mine water will be transferred to the district
heating system in the summer to heat the domestic hot water installation. The water will
be cooled by 10 ◦C by a set of heat pumps (cascade system). The temperature difference
of the water on the upper heat source will be 38 ◦C. Therefore, a set of heat pumps with
the coefficient of performance COP = 3.8 was selected. Figure 9 shows the heat exchangers
included in the mine’s heating system.

When it is impossible to transfer heat to the district heating network, the water can
be cooled in a cooling tower. A cooling tower with a cooling capacity of 3000 kW was
selected. This cooling tower is a reserve installation in case of a heat demand lack during
the summer. The water is discharged into the sewage treatment system, which will operate
the same way as before. The cooling system in the mine is under construction.

4. Conclusions

The solution is the first underground refrigeration plant of this type with such high
cooling power in the Polish mining industry, in which virtually all water from the mine
dewatering system is used to receive the condensation heat of refrigerant in an underground
refrigeration plant (URP).

The use of mine water, which is constantly pumped to the surface, allows the design
of URP with a capacity of more than 3000 MW or the extension of existing plants.

The transfer of condensation heat from the chillers in the URP to the water significantly
increases its temperature. Therefore, if the heat demand in the surface infrastructure of the
mine is sufficiently high in the summer, heat recovery from the water heated in URP brings
definite benefits.
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Using such a solution was possible thanks to the specific dewatering system of the
analysed mine. The dewatering system has a constant supply of service and fissure water
with a constant temperature throughout the year.

In the analysed case, the specific enthalpy of water discharged to the surface is
160 kJ/kg. The heat demand for domestic hot water preparation in summer is 500 kW. In
winter, the heat demand in the surface infrastructure is 9700 kW. Depending on the needs,
the heat can be used for various installations in the mine.

However, heat demand in the summer is small, and the mine water can exceed the
temperature of 35.0 ◦C. Therefore, reserve water cooling towers are needed. However, the
cooling towers are predicted to have a short usage period.

The results show that the energy potential of the UCP condensation heat transferred
to the water discharged from the mine allows partial coverage of the heat demand on
the surface of the mine in winter by using water-to-water heat pumps. The results also
indicated that using mine water for heat rejection from URP in electric-powered mines
might be suitable for designing and building underground air cooling systems.

Author Contributions: Conceptualization, D.O., N.S. and M.K.; methodology, D.O., N.S. and M.K.;
software, M.K.; validation, D.O.; formal analysis, M.K.; investigation, D.O. and M.K.; resources, N.S.,
D.O. and M.K.; data curation, D.O.; writing—original draft preparation, D.O.; writing—review and
editing, D.O. and M.K.; visualization, M.K.; supervision, D.O. and M.K.; project administration, D.O.
All authors have read and agreed to the published version of the manuscript.

Funding: The article was prepared as part of the Subsidy for the Maintenance and Development of
Research Potential at Faculty of Civil Engineering and Resource Management AGH University of
Science and Technology No. 16.16.100.215.

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

References
1. Maurya, T.; Kailash, K.; Vardhan, H.; Aruna, M.; Raj, G.M. Potential Sources of Heat in Underground Mines—A Review. Procedia

Earth Planet. Sci. 2015, 11, 463–468. [CrossRef]
2. Li, Z.; Xu, Y.U.; Li, R.; Jia, M.; Wang, Q.; Chen, Y.; Cai, R.; Han, Z. Impact of the water evaporation on the heat and moisture

transfer in a high-temperature underground roadway. Case Stud. Therm. Eng. 2021, 28, 101551. [CrossRef]
3. Xu, Y.U.; Li, Z.; Wang, J.; Chen, Y.; Li, R.; Wang, Q.; Jia, M. Ventilation and heat exchange characteristics in high geotemperature

tunnels considering buoyancy-driven flow and groundwater flow. Int. J. Therm. Sci. 2022, 173, 107400. [CrossRef]
4. Wei, D.; Du, C.; Lin, Y.; Chang, B.; Wang, Y. Thermal environment assessment of deep mine based on analytic hierarchy process

and fuzzy comprehensive evaluation. Case Stud. Therm. Eng. 2020, 19, 100618. [CrossRef]
5. Biffi, M.; Stanton, D.; Rose, H.; Pienaar, D. Ventilation Strategies to Meet Future Needs of the South African Platinum Industry. J.

S. Afr. Inst. Min. Metall. 2007, 107, 59–66.
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