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Abstract Traditional coal mining and utilisation patterns are severely detrimental to natural resources and environments

and significantly impede safe, low-carbon, clean, and sustainable utilisation of coal resources. Based on the idea of in situ

fluidized coal mining that aims to transform solid coal into liquid or gas and transports the fluidized resources to the ground

to ensure safe mining and low-carbon and clean utilisation, in this study, we report on a novel in situ unmanned automatic

mining method. This includes a flexible, earthworm-like unmanned automatic mining machine (UAMM) and a coal mine

layout for in situ fluidized coal mining suitable for the UAMM. The technological and economic advantages and the carbon

emission reduction of the UAMM-based in situ fluidized mining in contrast to traditional mining technologies are eval-

uated as well. The development trends and possible challenges to this design are also discussed. It is estimated that the

proposed method costs approximately 49% of traditional coal mining costs. The UAMM-based in situ fluidized mining and

transformation method will reduce CO2 emissions by at least 94.9% compared to traditional coal mining and utilisation

methods. The proposed approach is expected to achieve safe and environmentally friendly coal mining as well as low-

carbon and clean utilisation of coal.

Keywords In-situ fluidized mining � Unmanned automatic mining machine � Mine layout � Coal resources � Low-carbon �
Environmental protection

1 Introduction

Coal is the principal energy source globally and contributes

to the sustainable development of economies (Wolde-Ru-

fael 2010). The British Petroleum (BP) statistical review of

world energy (2018) reported that electric power currently

holds the single largest share of the energy market and

accounted for over 40% of the primary energy in 2017 (BP

2018b). Coal is the dominant source of electric power and

accounted for 38.1% of global electricity generation in

2017, which was approximately equal to the combined

shares of natural gas (23.2%) and hydroelectricity (15.9%)

(Fig. 1a) (BP 2018b). In addition, as shown in Fig. 1b, oil,

coal, and natural gas are the dominantly consumed fuels

worldwide, with coal accounting for 27.6% of the market

share (BP 2018b). According to BP, the reserves-to-pro-

duction ratio (i.e. ratio of remaining recoverable reserves of

natural resources at the end of a year and production in that
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year) of global coal is 134, which is significantly higher

than those of oil (50.2) and natural gas (52.6) (BP 2018b).

Therefore, coal has greater potential for sustainable mining

and utilisation. The BP energy outlook (2018) reported that

nearly 70% of the increase in primary energy will be uti-

lised for electric power generation by 2040. Figure 2a

indicates that coal will reserve the largest share (approxi-

mately 30%) among energy resources for generation of

electric power in 2040 (BP 2018a). The U.S. Energy

Information Administration (EIA) has projected coal to

remain a key component of the U.S. national electricity

portfolio at least until 2040 and, in the absence of the Clean

Power Plan, coal production in the U.S. is likely to increase

from 740 million short tons (MMst) in 2016 to 861 MMst

by 2040 (EIA 2017; Giam et al. 2018). Recently, a few

countries have attempted to shift from utilising conven-

tional energy sources to adopting renewable resources (IEA

2018a). However, the International Energy Agency (IEA)

forecasts that the share of renewables in the total energy

consumption will only be 18% by 2040 (IEA 2018a).

According to the global energy outlook of the IEA, BP, and

EIA, by 2040, coal consumption will be broadly stable,

Fig. 1 a Global electricity generation by fuel (%) (BP 2018b), and b global primary energy consumption by fuel (%) (BP 2018b)
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with a share of about a quarter in primary energy (Fig. 2b)

(BP 2018a; EIA 2018; IEA 2018b). Therefore, coal is

likely to continue to be the principal global energy source

over the next few decades and achieving sustainable min-

ing and clean utilisation of coal is imperative for further

development of coal science and technology.

Unfortunately, traditional coal mining methods signifi-

cantly contribute to pollution and are detrimental to the

environment. Traditional coal mining and utilisation pat-

terns release substantial quantities of CO2, CH4, CO,

mercury, sulphur and nitrogen oxides, organic compounds,

and particulate pollutants (e.g. coal ashes and dust) (Fugiel

et al. 2017; Gu et al. 2016; Peng et al. 2018; Restrepo et al.

2015). According to the IEA, carbon emissions from the

production and utilisation of coal accounted for 44% of the

total global carbon emissions in 2011, and this trend is

likely to continue over the next 30 years (Aguirre-Villegas

and Benson 2017; IEA 2016). Additionally, the CH4 dis-

charged from coal combustion contributes to the green-

house effect (Bloom et al. 2016). According to the U.S.

Environmental Protection Agency (EPA) report released in

2016, coal mining produced 8% of the global

anthropogenic CH4 emissions in 2010, and this figure is

expected to increase to 33% by 2030 (EPA 2016; Xu et al.

2017). Meanwhile, solid wastes produced by traditional

coal mining methods are also a significant source of

environmental pollution (Liu and Liu 2010). The various

solid wastes not only occupy significant land resources but

also release toxic substances that contaminate the ambient

soils and groundwater (Bian et al. 2012; Wu et al. 2017).

Moreover, surface subsidence occurs during coal mining

(Australian Government: Department of the Environment

2014) which causes abnormal changes in the surface water

and underground hydrogeological status. Additionally, it

significantly negatively influences the surface railway and

road traffic, building safety, and environmental quality

(Ghabraie et al. 2017; Wright et al. 2015). Moreover, tra-

ditional coal mining methods are highly likely to cause

hazardous mining accidents (Chen et al. 2012; Ranjith et al.

2017). Safety during coal production significantly affects

the health of the society and sustainable development of the

economy (Zhang et al. 2016). Overall, the high carbon

emissions, environmental pollution, surface subsidence,

resource wastage, and frequent mining accidents caused by

Fig. 2 a Total power generation by fuel (%) (BP 2018a), and b global energy consumption by energy source (quadrillion Btu) (EIA 2018)
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traditional coal mining and utilisation patterns seriously

impede sustainable development of the economy and

societies as well as the sustainable utilisation of coal

resources (Chabukdhara and Singh 2016; Energy Reform

Institute NDRC.P.R.C et al. 2019).

Therefore, it is imperative to explore new theories and

technologies that ensure high safety, low environmental

pollution, and low formation damage during coal mining.

Furthermore, it is essential to develop safe and low-carbon

mining technologies for clean utilisation of coal resources

and sustainable economic development. To achieve the

goal, we recently proposed a novel idea for in situ fluidized

mining of underground coal, that is, transforming deep

solid coal into gaseous, liquid, or gas–solid–liquid mixed-

state substances in situ (Xie et al. 2017a, b). This idea

provides a potential solution to various environmental

problems, such as surface subsidence, high carbon emis-

sions, large CH4 outrush, high pollution, high energy

consumption, and severe waste of resources, arising from

traditional mining patterns. To make the idea a reality, in

this study, we designed a new flexible unmanned automatic

mining machine (UAMM), like an earthworm, and specify

a coal mine layout for deep in situ fluidized mining suited

to the UAMM. The UAMM-based mining method inte-

grates excavation and support of the vertical shaft and

roadways, coal mining, coal separation, gangue disposal,

in situ coal conversion, in situ waste purification and

remedy, storage of fluidized energy resource and electrical

energy, highly-efficient transportation, and goaf filling in a

single mining practice. In particular, coal and solid wastes

are not transported to the ground. The raw coal as well as

the CH4 and CO2 released during coal mining are trans-

formed into a clean energy source in situ. This design is

expected to achieve sustainable, safe, and environmentally

friendly coal mining, as well as low-carbon and clean

utilisation of coal to adhere to the ‘no coal on the ground,

and no men in the coal mine’ practise. This study also

compared the proposed technology with traditional coal

mining methods to assess the technological and economic

advantages and the carbon emission reduction of in situ

fluidized mining of deep coal. The development trends and

main limitations of this approach were also reported.

2 Structure and functions of the UAMM

2.1 General design

As indicated in Fig. 3, the UAMM was designed to adopt

an earthworm-like structure that could be disassembled and

re-assembled to accommodate the differences between

roadway tunnelling and coal seam mining. Figure 3a

demonstrates the UAMM-T (tunnelling) which is used in

excavation of vertical shafts and rock roadways, Fig. 3b

indicates the UAMM-M (mining) used in coal seam min-

ing, and Fig. 3c presents the top view of the UAMM-M,

which is characterised by a worm-like free bending struc-

ture. Both UAMM types consist of multiple functional

modules (with polygonal cross-sections of equal or unequal

sides) to meet the needs of independent operations and

tunnelling. The functional modules are connected by

detachable flexible components which allow turning as

well as up-slope and down-slope movements along the

inclined coal seams during excavation. Different functional

modules are linked by these flexible components to create

the UAMM-T (suitable for tunnelling) or the UAMM-M

(suitable for coal seam mining).

Intelligent and unmanned mining of deep coal seams

requires the construction of a wireless remote-control

platform on the ground to manage and monitor the opera-

tion and work state of the UAMM. A motorized drive is

installed in each functional module of the UAMM, which

allows the module to independently move forward or

backward according to the instructions received from the

remote monitoring platform. The flexible components of

the UAMM were manufactured using high-strength and

high-toughness materials to ensure secure connections

between the functional modules. This also allows the

UAMM to adjust its track readily for making turns,

climbing uphill, and going downhill, thus facilitating its

adaptation to complex terrain structures and occurrences of

coal.

2.2 Structure and functions of the UAMM-T

The UAMM-T used for roadway tunnelling primarily

consists of a mining module (equipped with a cutter-head

and a microwave radiation device) and a supporting mod-

ule (Fig. 3a). The mining module is primarily used for rock

breaking and excavating. Additionally, its rear is fitted with

an anchor drilling rig to provide preliminary support during

shaft and roadway tunnelling. As shown in Fig. 3, the

UAMM-T and UAMM-M heads are equipped with

microwave radiation devices to break the rock or coal with

microwave radiation, as well as cutter-heads for mechani-

cal cutting; thus, improving the efficiency of hard rock or

hard coal seam drilling. Hong et al. (2016) reported that

microwave pre-treatment increases the number of micro-

cracks in coal and rock, as well as the degree of cracking to

facilitate fragmentation. Hassani et al. (2016) studied the

influence of microwave radiation on the strength of the

rock and utilised microwave radiation in a tunnel boring

machine (TBM) to aid mechanical rock breaking. Simi-

larly, the UAMM uses microwave radiation to reduce the

strength of coal and the rock located in front of it, and it

simultaneously performs mechanical cutting with the
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cutter-head. Thus, the excavation efficiency through rock

layers or coal seams is significantly improved. The sup-

porting module essentially functions to support the

surrounding rocks in the shaft and the roadway. A fully

digitized and computerized control system is used to ensure

different forms of support (chemical grouting, placing

Fig. 3 Schematic of the UAMM and its components: a UAMM-T, b front view of the UAMM-M, and c top view of the UAMM-M
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segmental linings, etc.) for the surrounding rocks. Gas

extraction equipment is installed in the supporting module

to reduce the risk of coal–gas outburst by extracting gas

from both sides of the coal seam while the roadway

undergoes excavation. Moreover, chemical grouting

equipment (in addition to bolts in the mining module) is

also present in the supporting module for reinforcement

and to ensure stability of the shaft and roadway. A special

chemical slurry can be injected on both sides of the road-

way coal seam to reinforce the wall. Lining fabrication and

installation equipment in the supporting module can be

subsequently used to construct permanent high-strength

lining supports for the excavated vertical shaft and

roadway.

2.3 Structure and functions of the UAMM-M

The UAMM-M used for coal seam mining is made of

symmetrical front and back halves. The front half consists

of, from front to rear, the mining, coal separation, fluidized

conversion, and energy storage modules. The back half is a

mirror image of the front half (Fig. 3b, c). The structure

and functions of the UAMM-M mining module are same as

those of the UAMM-T. Coal and gangue are automatically

fragmented and separated by a crusher and a motorized

jigger sieve in the coal separation module. The gangues are

subsequently removed from the module through the side

pipe and used as aggregate for backfilling of the goaf. A set

of fluidized conversion instruments is built into the flu-

idized conversion module to transform the separated solid

coal into gaseous, liquid, or mixed gas/solid/liquid energy

sources or into electricity through fluidized conversions

such as physical crushing, chemical conversion, biodegra-

dation, and electricity generation by pulverized coal

deflagration (Xie et al. 2017a, b, 2018a, b). Some of this

energy is utilised to power the UAMM-M, while the rest is

stored in the fluidic product and the energy storage unit of

the storage module and is subsequently collectively trans-

ported to the ground surface through pipelines. A set of

waste purification devices, which utilise reactive materials

to treat and convert the wastes of fluidized conversion, are

also provided in the fluidized conversion module. The

fluidized conversion devices emit significantly lower

quantities of CO2 and CH4 during liquefaction or gasifi-

cation of solid coal, thus alleviating high pollution, high

energy consumption, and significant resource wastage.

Additionally, solid wastes generated from mining, such as

gangue and residues, are not hoisted to the ground (in

contrast to traditional mining) but are re-used as aggregates

during in situ backfilling of the underground goaf. This

practice can reduce transportation and hoisting costs and

alleviate contamination of the ground surface environment

by toxic solid wastes, thus accomplishing safe in situ

processing of wastes such as gangue and slag.

3 In-situ fluidized mining based on the UAMM

3.1 Layout and construction

The production line in traditional mining includes coal

hauling, ventilation, material and gangue transportation,

and drainage systems. Significant work is necessary for the

excavation of roadways, and the costs of constructing and

maintaining roadways and shafts are high. Numerous coal

pillars need to be placed in the mine, and the coal recovery

rate is inefficient. The extracted coal is subsequently

transported to the ground surface for washing before util-

isation and involves high transportation and hoisting costs

as well as pollution of the environment. Therefore, in this

study, a coal mine layout was planned for in situ fluidized

mining based on the UAMM to maximise the potential of

the UAMM, reduce the work load for excavation of road-

ways, reduce resource wastage, lower the coal transporta-

tion and hoisting costs, and eliminate environmental

pollution.

Figure 4 shows a 3-D schematic of the coal mine layout

for in situ fluidized mining based on the UAMM. The

entire mining field was regarded as an approximately

quadrilateral mining area in this layout. The bottom parts

of the main shaft and air shaft are located diagonally in the

mining field, in the shallow and deep coal seams,

respectively.

The underground chambers near the main shaft and air

shaft (excavated using the UAMM-T) are excavated and

constructed by a rock-drilling robot (Fig. 4) (Babjak et al.

2016). The mining and supporting modules are first con-

nected and assembled into the UAMM-T on the ground

using the flexible components (Fig. 3a). The UAMM-T is

lifted and pulled into a vertical position for excavating the

main shaft and air shaft by utilising the hoisting and trac-

tion equipment. Once excavation reaches the coal seam, the

UAMM-T is placed into a horizontal position by the

assembly robots (Pan et al. 2018). Subsequently, the

UAMM-T tunnels four main roadways along the boundary

of the mining field and several crossheadings which run

across the interior of the mining field in accordance with

the inclination of the coal seam (Fig. 4). The UAMM-T

also provides comprehensive, high-strength support for

vertical shafts and roadways during excavation.

Additionally, the gas extraction equipment in the sup-

porting module can extract gas from the coal seam (on both

sides of the roadway) during excavation to prevent poten-

tial gas explosions or coal–gas outbursts. The extracted gas

is then transported to the underground gas power station
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(Fig. 4) via the energy transmission pipelines embedded in

the roadways for power generation. The electricity is

subsequently transmitted to the ground through energy

transmission pipelines in the main shaft. The coal and

gangue broken by the cutter-head during excavation are

sent to the rear of the supporting module through a con-

veyor belt and are discharged and transported to the flu-

idized conversion chamber via underground intelligent

shuttle cars (Fig. 4). The sorted coal is transformed into

fluidized energy sources and electricity in the fluidized

conversion chamber. These products are also transported to

the ground through energy transmission pipelines in the

main shaft. The sorted gangues are raised to the ground via

the main shaft for subsequent backfilling of the goaf. The

anchor drilling rigs in the supporting module are used to

support the interior of the vertical shafts and roadways

during excavation. Additionally, the chemical grouting

equipment in the supporting module injects a special

chemical slurry into coal seams on both sides of the

roadway to reinforce the walls. Furthermore, the lining

installation equipment installs all-around, high-strength

lining supports for the excavated vertical shafts and road-

ways to ensure long-term stability at these locations.

3.2 In-situ fluidized mining

The UAMM-T is dissembled underground by the assembly

robots after the mine is constructed. Subsequently, the

mining and supporting modules are separated. The latter is

lifted above ground, whereas the former is left underground

for use as the front and rear mining modules of the

UAMM-M. The coal separation, fluidized conversion, and

energy storage modules, as well as the necessary flexible

components of the UAMM-M, are transferred

Fig. 4 Schematic of the coal mine layout for UAMM-based in situ fluidized mining
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underground. The functional modules are connected and

assembled by the assembly robots using the flexible com-

ponents according to the UAMM-M structure shown in

Fig. 3b. The completed machine is subsequently used for

two-direction (both forward and backward directions) coal

mining (Fig. 4). Mining is initiated at the corner of the

mining field in the deep coal seam, adjacent to the corner

with the main shaft bottom. One mining cycle includes two

strip-shaped routes along the strike of the coal seam for

forward and backward coal mining. Since the UAMM-M is

of considerable length with a large turning radius, a special

route-changing scheme was developed to allow switching

between the forward and backward mining modes (Fig. 5).

The UAMM-M first performs forward mining in a straight

line and retreats a certain distance along the original lane

after reaching the mine boundary (Fig. 5a–c). Subse-

quently, it switches lanes and moves forward again

(Fig. 5d), with its forward mining module reaching the

mine boundary as it finishes switching lanes (Fig. 5e).

Once the lane switching is complete, the machine travels to

the next mine boundary in a straight line in the reverse

direction while continuing to mine (Fig. 5f) and move

forward using the same lane-switching technique.

The coal and gangue mined by the mining module are

transported to the coal separation module by a conveyor

belt for subsequent crushing and sorting. The sorted

gangues are discharged through the side pipe and stored in

the goaf as aggregates for backfilling, whereas the sorted

coal is transported to the fluidized conversion module. The

sorted solid coal is converted to gaseous, liquid, or mixed

gas/solid/liquid fluidized energy sources or electricity by

the fluidization transformation technique. Additionally,

waste purification devices are used to ensure generation of

hazard-free waste. The treated solid wastes are discharged

and stored in the goaf as aggregates for subsequent back-

filling. A small portion of the fluidized energy sources or

the electricity generated from the fluidized conversion

module is utilised to power the UAMM-M, whereas the

remainder is temporarily stored in the energy storage

module. The UAMM-M passes several inclined main

roadways and crossheadings perpendicular to the ‘strip’

routes during mining to connect with the embedded energy

transmission pipelines. The fluidized energy and electricity

resources are transmitted to the ground, whereas resources

essential for the operation of the UAMM-M (such as water)

are transported back.

Anchor drilling rigs in the mining module of the

UAMM-M, which support the coal seam roof, as well as

backfilling of the strip-shaped goaf are utilised to prevent

collapse of the strata above the goaf and reduce surface

subsidence. As shown in Fig. 6, a filling wall is constructed

behind the UAMM-M after coal mining has been per-

formed for a certain distance. This filling wall separates the

UAMM-M from the strip-shaped goaf at its rear as well as

the filling slurry. The filling walls are also placed at the

entrances of crossheadings along the mining route to pre-

vent the filling slurry from flowing into the crossheadings.

Once the filling walls are constructed, the filling slurry is

transported from the surface to underground via the vertical

filling borehole (Fig. 4) and to the goaf via the filling

pipelines. The slurry is mixed with gangue (removed dur-

ing coal washing) and the residue from the fluidized con-

version module to refill the goaf, thus forming the filling

area.

4 Estimation of costs of UAMM-based in situ
fluidized mining

The cost of mining is an important consideration for

application of the UAMM-based deep in situ fluidized

mining technique. Estimation of costs includes the various

expenses incurred by enterprises during the production of

coal products. Currently, the cost of raw coal is assigned as

the production cost; therefore, the total cost of a coal

product comprises the production cost and other costs

incurred during that period. This total cost is divided by the

output of raw coal to yield the unit cost of raw coal, i.e.

cost of coal per ton (Zhang and Xu 2007). The unit cost of

raw coal obtained by this method is known as the ‘con-

ventional coal cost per ton’. However, this cost computa-

tion is not all-inclusive because costs related to other

Fig. 5 Lane-switching procedure during two-direction coal mining

by the UAMM
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aspects, such as wastage of coal resources in traditional

mining (attributed to the protective coal pillars remaining,

top coal caving, etc.) and environmental pollution caused

by post-mining transportation and utilisation, which

directly impact the transparency and accuracy of coal cost

calculation, are not reflected. The average recovery rate of

coal resources through traditional mining methods is less

than 40% in China (Wang 2007). The cost of coal per ton

for a coal mine adopting traditional mining methods and

located at a depth of * 600–800 m in eastern Henan

Province, China was reported to be at least 2.8 times the

conventional coal cost per ton estimated by the current

method. This could be attributed to economic losses due to

wastage of coal in the traditional mining methods.

The environmental costs of coal utilisation must be

estimated considering the goal of sustainable development

of natural resources, the economy, and the environment.

Coal-fired power generation has been shown to cause sig-

nificant environmental pollution in China, which translates

to high environmental costs of coal utilisation. The envi-

ronmental cost of power generation by coal indicates the

environmental damage not reflected in the market price.

The environmental costs of electricity generation can be

estimated by the external costs of energy (ExternE) method

of the EU which is based on the value of social damage

caused by pollutants (Krewitt and Nitsch 2003). The pol-

lutants considered in the calculation of environmental costs

are PM10, SO2, and NOx haze particles as well as the CO2

produced during power generation (El-Kordy et al. 2002;

Vrhovcak et al. 2005). Presently, the sulphur content of

coal used for power generation in China is 1%, while the

ash content of raw coal is 28%. The efficiency of electro-

static precipitation has been reported as 99%, and the

desulphurization efficiency for environmental protection is

95% (Ding et al. 2007). The annual consumption of coal in

a coal-fired power plant with an installed capacity of

500 MW and an annual utilisation time of 6000 h is 1.341

million tons. The environmental cost of this power plant, as

estimated by the ExternE method, is 386.8 Renminbi

(RMB) per ton of coal. The cost of coal per ton for the

same coal mine located at a depth of * 600–800 m is

likely to be twice the estimated environmental cost.

Thus, the cost of coal per ton for traditional mining

(after considering wastage of coal resources and environ-

mental costs) is 3.8 times higher than that computed for the

present method. However, if the ‘comprehensive cost of

coal per ton’ is defined as the coal cost per ton including

wastage of coal resources and the environmental costs, then

the value is at least 4.8 times the conventional coal cost per

ton. Therefore, the UAMM-based in situ fluidized mining

of deep coal significantly enhances the exploitation effi-

ciency of resources, reduces waste generation, and

achieves a near-zero loss of coal resources. It also dis-

charges almost no pollutants during coal mining, trans-

portation, and utilisation. Therefore, the UAMM-based

mining technology provides cost savings equivalent to

nearly four times the conventional coal cost per ton.

UAMM-based mining is currently not practised in rock

and coal seam exploitation; therefore, excavation costs of

UAMM-based mining were estimated using the TBM costs

as reference. The latter has been used in several coal mines

in China to tunnel inclined shafts, adits, and roadways and

has several structural and functional similarities with the

UAMM. The excavation of an inclined shaft by the TBM in

a coal mine in western China utilised a cutter-head with a

diameter of 7620 mm and produced 63.85 tons of coal per

meter advanced (for a coal density of 1.4 g/cm3). The

estimated comprehensive mining cost per ton of coal was

892.7 RMB, which was 2.38 times the conventional coal

cost per ton. These costs were significantly less than the

comprehensive coal cost per ton for traditional mining.

Therefore, these results indicate that the comprehensive

coal cost per ton for traditional mining is 4.8 times the

conventional coal cost per ton. In contrast, the

Fig. 6 Top view of the filling wall project for UAMM-based in situ fluidized mining
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comprehensive coal cost per ton for UAMM-based in situ

fluidized mining is only 2.38 times the conventional coal

cost per ton and approximately 49% lower than the com-

prehensive coal cost per ton for traditional mining. Thus,

UAMM-based in situ fluidized mining reduces the

exploitation and utilisation costs of deep coal mining and

realizes near-zero loss of coal resources, clean utilisation of

coal, near-zero emission of pollutants, and sustainable

development. Thus, this technique is likely to offer sub-

stantial socio-economic benefits.

5 Carbon emissions of UAMM-based in situ
fluidized mining

As an important source of anthropogenic CO2 emissions,

power plants account for more than 40% of global

anthropogenic CO2 emissions (Yu et al. 2014). According

to the China Electricity Council (CEC), more than 99% of

China’s thermal power is derived from the coal-fired

thermal power group (CEC 2012). Thus, coal-fired power

generation is the largest source of carbon emissions in

China (Yu et al. 2014). Moreover, the improvement in

residents’ living standards and the growth of the population

are expected to lead to an increase in global demand for

electricity consumption. Therefore, in the context of global

warming, determining how to reduce carbon emissions

from the coal power industry will become the focus of

global attention, especially for the Chinese government

(Yu et al. 2014).

Life cycle assessment (LCA) is a valuable tool for

providing a comprehensive ‘cradle-to-grave’ view of the

environmental burdens of a technology. LCA is often used

to analyse renewable energy alternatives to conventional

energy systems, especially for estimating greenhouse gas

(GHG) emissions (Hsu et al. 2012). Over the past two

decades, energy analyses of electricity generation systems

using LCA have been extensively conducted worldwide

(Nishimura et al. 2010; Jing et al. 2012; Gonzalez-Garcia

et al. 2012).

For coal-fired power generation, the carbon emissions of

coal resources based on LCA include the total carbon

emissions generated during the mining, washing, trans-

portation, and combustion of coal resources. Yu et al.

(2014) utilised LCA to assess the effect of carbon emis-

sions and to calculate the coefficient of carbon emissions in

coal-to-energy chains. According to the measurement

model of carbon emissions in a coal-energy chain, the main

GHG emissions of different processes can be calculated by

using the normalized CO2 equivalent, thereby obtaining the

total carbon factor. Results shown that the carbon emis-

sions from 1 kW/h of coal-fired electricity generation

caused in the process of coal mining, selecting and wash-

ing, transportation, and electricity generation were 43.79 g,

0.32 g, 9.92 g, and 821.13 g, respectively. The CO2

emission coefficient of the coal-to-energy chain in China is

875.16 g/kW h-1. As shown in Fig. 7, the emissions of the

power generation process account for 93.8% of the total

emissions in the whole chain, thus being the largest

contributor.

The UAMM-based mining method converted coal

resources into fluidized energy and electricity resources

in situ. GHG generated in the process of coal conversion

into electricity is directly captured and stored in the deep

goaf and will not be discharged into the atmosphere.

Therefore, the carbon emissions of 1 kW/h of coal-fired

electricity generation caused in the process of coal trans-

portation and the processes of coal-fired power plants is

zero. Moreover, external power sources are needed during

coal mine construction, while the energy required by

UAMM in the process of coal mining and washing comes

from the electricity generated by its own coal-fired power

generation. GHG generated by UAMM’s own power gen-

eration is also not discharged into the atmosphere. Thus,

the GHG generated by the UAMM-based mining method in

the process of coal mining and washing is much smaller

Fig. 7 Proportion of CO2 emissions of various processes in the coal-to-power energy chain (Yu et al. 2014)
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than that produced by traditional mining methods. There-

fore, compared with traditional coal mining methods,

UAMM-based in situ fluidized mining can reduce CO2

emissions by at least 94.9%.

In 2010, the coal-fired power generating capacity of

China was 3.4166 trillion kW/h, and the estimated total

CO2 emissions from the coal-to-energy chain was roughly

2.99 billion tonnes. The CO2 emission from coal mining

was 149.60 million tonnes. The CO2 emission from coal

transportation was 33.90 million tonnes, whereas that from

coal combustion in plants was 2.81 billion tonnes (Yu et al.

2014). Therefore, taking the coal-fired power generation in

China in 2010 as an example, UAMM-based in situ flu-

idized mining can reduce CO2 emissions by at least 2.84

billion tonnes.

Therefore, UAMM-based in situ fluidized mining is

conducive to the development of a clean, low-carbon, safe,

environmentally friendly, and efficient energy system in

China and the realization of decarbonisation of the econ-

omy in the EU.

6 Conclusions

This study introduced the UAMM and proposed a coal

mine layout and coal mining method for in situ fluidized

mining based on the UAMM. These designs provide a

novel solution for issues that impede the ‘zero environ-

mental pollution mining’ of deep coal resources. The

UAMM-based method proposed in this study integrates

excavation and support of vertical shafts and roadways,

mining and separation of coal, treatment of gangues, in situ

conversion of coal, in situ purification and processing of

waste, storage of fluidized energy and electricity resources,

high-efficiency transportation, and goaf filling in a single

mining practise. In contrast to traditional mining methods,

the UAMM-based mining method employs a simple

roadway layout that avoids the construction of large

roadways, uphill and downhill roadways, adits, and cross-

cuts. Moreover, this method helps reduce the costs asso-

ciated with roadway excavation and maintenance as well as

transportation and hoisting of coal. The proposed method

also improves the mining, transportation, conversion, and

utilisation efficiency of coal, reduces resource wastage, and

cuts production costs. The adoption of this method miti-

gates or prevents high-risk underground accidents associ-

ated with traditional coal mining such as roof falling, gas

outburst, gas explosion, coal-dust explosion, floods, and

fire. This method also helps address environmental and

energy issues related to surface subsidence, high CO2 and

CH4 emissions, high pollution and energy consumption,

and significant resource wastage. In particular, this mining

technique allows excavation of roadways and coal mining

at high-temperature underground conditions. This could

potentially save manpower and even reduce casualties.

It is estimated that the total cost of UAMM-based flu-

idized coal mining is approximately 49% of the traditional

coal mining costs. This is attributed to cost reductions due

to minimal resource losses, reductions in emissions and

energy consumption, disaster prevention, and environ-

mental protection. Moreover, compared with traditional

coal mining methods, UAMM-based in situ fluidized

mining can reduce CO2 emissions by at least 94.9%.

In summary, the UAMM-based deep in situ fluidized

mining method has significant advantages in terms of

economizing resources, reducing carbon emissions, alle-

viating disasters, preventing casualties, protecting the

environment, and ensuring sustainable development.

Notably, this preliminary study outlines the principles

and potential applications of the UAMM-based in situ

fluidized mining. Several fundamental theoretical and

technical issues need to be further studied and resolved

before implementation of this method in the industry.

Future research in this regard should focus on: (1) estab-

lishing theories for deep in situ multi-physics coupling and

multi-field rock mechanics, as well as developing a theo-

retical model and evaluation system for assessing the

efficiency and disaster-causing possibility of UAMM-

based mining; (2) developing a wireless remote-control

platform for monitoring and manipulation of the operation

state of the UAMM; (3) constructing a three-dimensional

dynamic mine model, including a high-precision geological

model, for ‘transparent’ in situ fluidized mining; (4)

developing in-advance detection and automated risk-

avoidance systems for comprehensive, a priori detection of

geological information, such as geological composition,

distribution and composition of water and coal resources,

and automated avoidance of detected geological disasters;

(5) developing intelligent robots for rock excavation,

construction of underground chambers, transportation of

materials, and the assembly, maintenance, replacement,

emergency repair, and rescue of the UAMM; (6) devel-

oping high-efficiency microwave-assisted rock-crushing

technology as well as cutter-head and cutting tool materi-

als; (7) researching and developing bolt, segment, and

lining materials with high supporting strength and low

cutting difficulty; (8) developing novel, efficient, and

intelligent coal separation equipment; (9) developing effi-

cient fluidized conversion technologies such as physical

crushing, chemical conversion, biodegradation, and elec-

tricity generation through deflagration of pulverized coal;

(10) developing treatment and conversion technologies for

gaseous, liquid, and solid wastes; (11) developing high-

capacity storage devices for fluidized products and ener-

gies; (12) developing technologies for continuous trans-

portation of fluidized resources over long distances and
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significant depths; (13) establishing an environmental

assessment and evaluation system for UAMM-based deep

in situ mining. In summary, the industrial application of

UAMM-based deep in situ fluidized mining is possible

only after solutions to the above-mentioned theoretical and

technical problems are determined.
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