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Abstract: Climate changes that occur as a result of global warming caused by increasing amounts of greenhouse gases (GHGs) released into
the atmosphere are an alarming issue. Controlling greenhouse gas emissions is critically important for the current and future status of mining
activities. The mining industry is one of the significant contributors of greenhouse gases. In essence, anthropogenic greenhouse gases are emit-
ted directly during the actual mining and indirectly released by the energy-intensive activities associated with mining equipment, ore transport,
and the processing industry. Therefore, we reviewed both direct and indirect GHG emissions to analyze how mining contributes to climate
change. In addition, we showed how climate change impacts mineral production. This assessment was performed using a GHG inventory mod-
el for the gases released from mines undergoing different product life cycles. We also elucidate the key issues and various research outcomes to
demonstrate how the mining industry and policymakers can mitigate GHG emission from the mining sector. The review concludes with an

overview of GHG release reduction and mitigation strategies.
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1. Introduction

Worldwide population and economic growth demand
more energy and raw resources. However, the extraction and
delivery of these resources often negatively impact the envir-
onment. For example, greenhouse gases (GHGs) emitted
from mining and processing activities currently cannot be
avoided. Anthropogenic GHG emissions contribute to global
climate change [1-2]. A fundamental role of GHGs is to act
as a protective blanket that allows solar heat to reach the
Earth but prevents it from escaping back into the deeper at-
mosphere [3]. According to the Intergovernmental Panel on
Climate Change, the anthropogenic global GHG emission
between 1970 and 2020 has been increasing annually by
78% [4].

Anthropogenic GHGs include CO, (76wt%), CH,
(16wt%), N,O (6wt%), and fluorinated gases (2wt%; see
Fig. 1). The Paris Agreement was initiated to formalize the
cooperation between the largest world countries to fight
against climate changes and to commit themselves to stop
global annual temperature increase at <2°C with the use of a
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pre-industrial level as a basis. To decrease GHG emissions,
countries have adopted strict measures in terms of GHG
emission control and also sponsored fundamental and ap-
plied programs to monitor GHGs and associated climate
change [5].

Quantifying the actual GHG emissions from mining activ-
ities is difficult because they evolve as human activities, in-
cluding their diversity and expansion rate, change. The Inter-
national Energy Agency calculated that ~75wt% of anthro-
pogenic CO, is emitted because of the burning of fossil fuels
[6]. As part of an effort to monitor emissions from the min-
ing sector, gases emitted from Caterpillar 797B haulers were
measured and recalculated to obtain real-world fuel-based
emission factors [7], which were then compared with hauler
activities. For the GHGs, the emission factors for CO, were
the highest and related directly to the quantity of fuel burned,
as indicated by the low standard deviations and consistency
among the different engines [7]. CH, emissions were detect-
able but low, constituting ~0.1wt% of CO, emissions. With
their awareness of the significant emission of GHGs, many
countries responded and took actions by making climate
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Fig. 1. Global GHG emissions (data collected from Ref. [4]).
“F-gases” stands for fluorinated gases.

change-related policies and regulations even though environ-
mental protection measures and regulations, as well as their
execution, negatively affect the profitability and efficiency of
mining projects [8]. Despite these negative impacts, regula-
tions are needed, especially for countries that undertake ex-
tensive mining industries, such as Australia, China, and the
United States. According to the National Bureau of Statistics
of China [9], the production of coal and other energy sources
continued to increase from 2000 to 2013. As shown in Fig. 2,
coal production in 2013 is 2.7 times that in 2000. In recent
years, the coal production of China was basically maintained
at the level of 270 billion tons of standard coal. Undoubtedly,
China is the world’s largest coal miner. In essence, climate
change due to the GHG emissions from mining has been
quantified as one of the most acute environmental challenges
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in these countries [10].

Currently, the USA and China, which are the leaders in
heavy industrial activities, are investigating how released
CO, can be stored underground to solve the GHG emission
problem [11]. Undoubtedly, climate change is an issue for
mining activities and needs to be addressed from a variety of
aspects. To address this matter, many countries incorporate
regulations that, unfortunately, often negatively affect min-
ing industries, especially those that emit large amounts of
GHGs [12]. Countries such as Finland, Sweden, Denmark,
and the Netherlands introduced an obligatory carbon energy
tax [13], while the United Kingdom created a climate change
tariff even for the production sector [14].

2. GHG emissions caused by mining

The mining industry is both a direct and an indirect GHG
emission because it uses very energy-intensive processes
(e.g., mining itself followed by ore transport and processing)
[12]. This section summarizes both direct and indirect GHG
emissions caused by mining activities.

2.1. Direct emissions of GHGs

Direct GHG emission sources are commonly classified in-
to (1) those that correspond to process emissions and (2)
those that produce emissions from energy consumption
needed to perform mining-related activities.
2.1.1. On-site direct emissions

During mining and ore processing, GHGs are mainly re-
leased as a result of the consumption of energy produced by
fossil fuel combustion during mining activities. More than
65wt% of the energy consumed during these stages is due to
the burning of fossil fuel, emitting mostly CO,. For instance,
surface mining, including overburden removal on a large
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Fig. 2. Changes in energy productions in China from 2000 to 2019.
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scale, is all performed by machinery, which uses diesel,
thereby consuming a large amount of energy [15]. The
primary emission sources during smelting and refining are
both energy and process related. For example, the clinker-
making process in the cement industry uses coal [16]. Thus,
GHG emissions mainly originate from operating equipment
such as diesel, blasting, and conveying motors.

However, some GHGs, such as CH,, originate from the
mineral deposits themselves. Mining, as a result of ore ex-
cavation, clearing, crushing, removal, and loading, also pro-
duces significant amounts of aerosols and particulates, which
are then emitted into the air, thereby worsening its quality.
Operations such as drilling and blasting also release CO.,.
Both operations are very vigorous and energetic processes,
producing toxic gases such as carbon monoxide (CO) and
nitric oxide (NO) aside from stable gases, such as CO, and
N,. In addition, a significant amount of NO, are released as a
result of blasts, judging by its characteristic orange-colored
smoke [17].

The desorption or release of coalbed methane also con-
tributes to GHG emissions. GHGs are also generated by coal
burning by consumers and coal usage to provide centralized
heating and for electricity [18]. Coal fires around coal mines
are frequent, yet coal transport from these mines and their re-
mote storage spread and propagate these fires beyond their
natural occurrence, thus spreading them spatially and to dif-
ferent territories, thereby further worsening the environment-
al pollution problem [19]. Burning coal releases not only CO,
due to the carbon reaction with oxygen but also toxic sulfur-
and nitrogen-containing oxides; rain will worsen this situ-
ation even more by forming acidic precipitation. Coal burn-
ing also releases particulate matter (PM) and flying ash, a
variety of organic chemicals, and hazardous trace elements
such as As, Hg, and Se [20]. However, not all carbon from
the coal converts to CO,. As the fire temperature increases,
other GHGs such as CO, H,, and even hydrocarbons such as
ethylene (C,H,), propylene (C;Hg) and acetylene (C,H,)
form. Sometimes, mining industries have their own power
plants, which also emit GHGs and should be considered as
direct emissions.

2.1.2. Fugitive emissions as a result of coal mining

Fugitive emissions refer to GHGs that escaped from the
ores themselves in their natural environment and during their
mining, storage, and transport. For example, the geological
formation of CH, co-occurs with coal. In essence, methane
forms and becomes absorbed by the surrounding ore during
coalification, which is a process in which plants are con-
sumed by anaerobic microorganisms followed by their long-
term burial under the pressure of the surrounding rock strata
[21]. CH, escapes when coal is exposed and broken [22] as a
result of the following situations associated with mining: (1)
surface mines with seams exposed to the surrounding open
areas; (2) degasification of the underground mines through

vertical or horizontal wells; (3) underground mine ventila-
tion; (4) coal broken and disturbed during storage, transport-
ation, and post-mining processing; (5) leakages from vent
holes or fissures of abandoned or closed mines.

The amount of released CH, strongly depends on its con-
tent in the coal seam and the coal buried depth. Coals with
higher carbon ranks typically contain more CH,. Deep-lying
coals, when undisturbed, do not release a large amount of
methane because CH, simply cannot escape thick strata
above the coal layers. However, although natural CH, migra-
tion from these deep layers is hindered, nothing stops these
vast amounts of CH, from escaping when coal is mined and
brought to the surface [23]. Surface coal mining does not re-
lease a large amount of CH, (compared with its deeper coun-
terparts) because of its lower rank and deposition depth.
Ventilation emissions from shallow and deep coal mines are
the most significant contributors to the total global CH, re-
lease related to coal mines. The total CH, released from
abandoned mines is also significant, but it varies from mine
to mine and strongly depends on (1) when the mine was
abandoned, (2) whether it was flooded prior to the closure,
(3) overall CH, content in the coal, and (4) network of es-
cape passages (e.g., mine seals and vents).

Approximately 28 billion cubic meters of CH, (or 420
million tons if the corresponding carbon content is recalcu-
lated to the CO,) enter the atmosphere annually as a result of
coal mining [24]. Thus, we not only pollute our planet with
this GHG, but our wastefulness and lack of utilization of this
useful energy resource also contribute to global temperature
increase [25].

2.2. Indirect emissions of GHGs

The indirect emissions of GHGs include those that result
from fuel consumption during mining operations, production
of electricity, and detonation of explosives. Evidently, more
GHGs are emitted as more fuel is consumed [26]. Mining, in-
cluding open-cast mining, requires a large-scale excavation
to recover ore from the subsurface, which is typically accom-
panied by deforestation activity and, as a result, significant
depletion of CO, fixation source. A typical example of pro-
cess-related emissions is the Al processing industry, which
releases CO, and perfluorocarbons because of the way alu-
minum is recovered from Al,O;. Another example is cast iron
and steelmaking, which generates significant CO, and CH,4
amounts during ore sintering.

Surprisingly, loading and hauling are the most significant
contributors to the total GHGs emitted during mining and
processing of iron and bauxite ores, totaling more than
50wt% (see Figs. 3(a) and 3(b), respectively). For copper ore
processing, the steps of crushing and grinding contributed the
most GHGs (see Fig. 3(c)) [27]. Usage of explosives during
mining added only small amounts (1wt%—8wt%) of GHGs to
the atmosphere, contributing 0.4, 0.7, and 0.6 kg CO, equi-
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Fig. 3. CO, release during different stages of (a) iron ore, (b)
bauxite, and (c) Cu concentrate processing. (mco, is the mass of
released CO; in Kg; miron, Mpauxites and mcy, are the weights of
iron ore, bauxite, and Cu concentrate in t, respectively) (data
collected from [27]).

valent per ton (e/t) out of the total GHGs for activities related
to bauxite, iron ore, and Cu concentrate mining, respectively
[27]. After analyzing aluminum production in 29 countries,
Paraskevas et al. [28] concluded that it released 0.45 Gt CO,
equivalent (eq.) in 2012.

3. Mining contribution to climate change

Without a doubt, mining affects the climate and health of
our planet. However, this influence is much more diverse
than many might realize. One example is the expansion of
mining in forested areas, which leads to an overall increase in
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GHGs because of the loss of CO,-absorbing forests [15,29].
To slow down the negative impact of mining on the environ-
ment, many governments introduce measures and incentives
to make sustainable mining attractive to industries. Yet, some
industrial areas, such as ones in Australia, still face chal-
lenges. More prime ore deposits in Australia become gradu-
ally depleted, and the remaining ore has a significantly lower
grade than those in as-yet undeveloped deeper deposits.
However, the development of deeper mines might face sus-
tainability and environmental issues. On the other side, the
processing of poor-quality ore will require more water and
energy. That might also increase GHG emissions even more
and present an additional burden on already scarce Australi-
an water resources [30].

Complex and multistage cast iron and steel production re-
quires a tremendous amount of resources. Out of the total en-
ergy consumed by the cast iron and steel making, coal-based
energy accounts for 69.9wt%, while electricity and oil ac-
count for 26.4wt% and 3.2wt%, respectively [31]. The en-
ergy and coal consumption by China’s cast iron and steel in-
dustry during the recent decade has been increasing substan-
tially (Fig. 4). Cast iron and steel metallurgy is believed to re-
main one of the largest CO, emitters, not quite surpassing the
chemical and construction industries [31]. Thus, an analysis
and understanding of how CO, release into the atmosphere
from the heavy metallurgy can be decreased are extremely
important. This scientific data could then be efficiently used
as a basis for relevant government policies.
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Fig. 4. Energy and coal consumption by China’s cast iron and
steel industry (data collected from [31]).

Among various mining activities, coal excavation is con-
sidered the main contributor to GHG release and buildup.
CO, emitted from coal-operated power plants was predicted
to rise by 75% between 1970 and 2010 [32]. According to the
2015 data, 93wt% of the GHGs in the United States were
emitted from electricity generated by burning coal [33]. CH,
emissions from coal mines correspond to 3wt% [33]. Spon-
taneous coal combustion, which is severely aggravated by
human activities around coal deposits (also known as coal
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fires), also releases a variety of GHGs [34] and toxic gasses.
Products of incomplete combustion (PICs) released from
burning coals contain both solid particles and gases, thereby
making separation and capture of GHGs complicated. Some
of these PICs are so toxic and dangerous (e.g., SO,, NO,, CO,
PM, and As-, Hg-, and F-based compounds) that their re-
lease and contents are heavily regulated [35].

Coal mining extracts ore from the strata to the Earth’s sur-
face. A coal life cycle assessment (LCA), which was per-
formed using underground coal mining in southern Brazil as
a subject [36], showed that 0.0856 kg CO, equivalent per
kilogram of coal was emitted during mining. A similar mod-
el, which was performed for China’s iron ore mining and
processing industries to estimate GHG emissions, showed
that 270 kg CO, e/t of iron ore was released and that the two
most significant contributors to overall GHG emissions were
the agglomeration (60wt%) and ore processing (23wt%)
steps [37].

The strong correlation between the climate change and
mining industry raises a question about the total CO, or other
GHGs released at the global level. The International Council
on Mining & Metals (ICMM) was founded in 2001 to en-
hance performance with respect to sustainable development
within the mining industry. ICMM calculations suggest that
the mining and metal industries contribute ~2wt% of global
anthropogenic GHG emissions [30]. The mining, mineral
processing, and metal production sector, like other industrial
sectors, is coming under increased pressure to reduce GHG
emissions.

4. Strategies in mitigating GHG emissions from
mining activities

Many aspects need to be considered and adjusted, includ-
ing mining activity, to slow down climate changes caused by
anthropogenic activities. To address this matter, various
countries requested other nations to collaborate on con-
trolling and limiting GHG emissions and initiated programs
and policies to monitor the progress [5]. Such major initiat-
ives require well-thought-out coordination of climate policy-
makers and for investors to agree on what merit the energy
technology innovations can bring to reduce GHG emissions.
A deep understanding of the potential impact of policies and
investment strategies in relationship to GHGs will guide gov-
ernments to establish anthropogenic GHG reduction targets
and human-caused climate change goals. For example, an
analysis of the truck energy consumption and associated
GHG emissions showed that regular truck engine mainten-
ance could significantly reduce their fuel consumption and,
as a consequence, CO, and other gas emissions [2]. Thus, one
of the implemented regulatory policies needs to be an equip-
ment and machinery maintenance policy. Another sustain-
able way to reduce fossil fuel energy use and GHG release is

to incorporate renewable energy sources in mining sites
[38-39]. The next four sections in this chapter provide more
details on significant strategies to mitigate GHG emissions
caused by mining.

4.1. Mitigation and utilization of methane emitted from
coal mines

Targeted drainage of coal bed methane (CBM) is a very
efficient strategy to reduce CH, release in the atmosphere. As
illustrated in Fig. 5, sequestration of CO, in unminable coal
seams is an option to combat climate change and an oppor-
tunity to enhance CBM production [40-43]. Gaseous CO,
enters a supercritical state when temperature and pressure are
above the critical point (31.1°C and 7.38 MPa), which is a
typical state for CO, storage for carbon sequestration and
CO, injection in enhanced CBM recovery [44—45]. CBM
drainage also improves mine safety and provides a raw
source of clean energy and carbohydrate materials in this
case where CH, is captured [46—49].

However, capture and further commercial use of CBM are
currently impractical from both technical and economic
points of view. Therefore, drained CBM is removed from the
mine and then simply discarded into the atmosphere through
blowers or vents. One option is to burn this CH, ina con-
trolled manner. In fact, CBM flaring is widely used in Europe
and Australia but has not found widespread application in the
United States. Mining conditions often change frequently;
thus, gas supply parameters (produced amounts or its purity)
can change, which might result in failure or planned shut-
down of the corresponding equipment. If the released meth-
ane is not trapped because of these issues, then it can still be
flared to minimize its emission into the atmosphere. Another
option (especially if dilution or flaring cannot be achieved) is
to dilute CH, in the air to oxidize it using ventilation air
methane (VAM) technology.

Released coal bed methane may be collected and sold to
existing natural gas companies. Current pipelines require
methane to be 90wt%-95wt% concentrated. Gas drained
from vertical frac wells, horizontal wells, and in-seam bore-
holes contains >90wt% of methane; thus, a satisfactory ap-
proach is to inject it into existing pipelines with limited addi-
tional processing [50]. If methane quality is unsatisfactory,
one way to improve it is to redesign wells and boreholes for
efficient gas recovery by mixing low- and high-quality CBM
together and/or by spiking the CBM with hydrocarbon gases
with a higher molecular weight. Another way is to remove
gas impurities in a special central facility, in which CBM will
be sent through several treatment stages to remove hydrogen
sulfides gradually (if present), then excess water, O,, CO,,
and nitrogen. According to the United States Environmental
Protection Agency, other technologies include the usage of
volatile organic compound concentrators, lean gas fuel tur-
bines, and VAM as ancillary fuels.
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4.2. CO, capture and storage

Capturing CO, and then storing it underground is a novel
approach that can relieve the ever-increasing anthropogenic
CO, emissions. Geological CO, sequestration is based on a
strategy used during oil and natural gas production, as well as
underground CBM and natural gas storage. These ap-
proaches are reasonable in terms of short-term CO, sequest-
ration. In addition, CO, storage in geological formations of-
fers reduced costs, increased capacity, and enhanced safety,
among other benefits [51]. The process of injecting and stor-
ing CO, in unmineable coal seams to enhance methane re-
covery is called enhanced coalbed methane recovery. En-
hanced coalbed methane recovery parallels enhanced oil re-
covery (EOR) because it provides an economic benefit from
the recovery and sale of the methane gas, helping to offset the
cost of CO, storage. Novel CO, storage technologies include
but are not limited to (1) mineral trapping assisted by cata-
lysts or additives, (2) CO, sequestration into composites con-
taining multilayered geological formations of rocks capable
of dispersing CO, plume [52], (3) usage of empty or depleted
oil reservoirs or coal seams through EOR and enhanced coal-
bed methane (ECBM) programs, and (4) injection of CO, in-
to methane hydrate formations, which not only provides CO,
storage but also generates new methane hydrate clusters
[53-56].

Geological sequestration involves the injection of cap-
tured CO, into the geological subsurface. The geosequestra-

tion technique was established by EOR and enhanced gas re-
covery initiatives. For example, the Southwest Regional Part-
nership on Carbon Sequestration (SWP) is one of seven re-
gional partnerships funded by the United States Department
of Energy. SWP aims at examining the long-term CO, stor-
age potential in partially depleted oil and gas reservoirs and
extracting a prolific volume of hydrocarbon fluids [57]. The
global capacity of underground sequestration was assessed to
be equal to 1000-1800 Gt CO, [58]. However, the biocom-
plexity of the underground environment makes underground
CO, storage less reliable and more dangerous than ocean CO,
sequestration [59].

CO, capture and storage (CCS) could reduce the lifecycle
of CO, emissions from power plants that use fossil fuel for
their operations. CCS power plants could thrive, but signific-
ant incentives would be needed before this technology be-
comes competitive. For instance, additional investments and
operational costs caused in part by efficiency improvements
would be compensated by high carbon prices (or direct finan-
cial support) [60]. CCS can be implemented with gas produc-
tion from biomass to enhance the CO, mitigation potential
further [61].

4.3. Life cycle assessment of mining and further pro-
cessing

A relatively newly developed LCA of the environmental
impact of various activities and products uses interconnected
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stages of various processes, starting from the purchase of raw
materials or excavation and ending with their final disposal.

Yellishetty et al. [62] reviewed the LCA methods used for
mining and metal sectors. Suppen et al. [63] summarized the
Mexican mining industry and its strategies of sustainable
principle incorporation, including the creation of a national
base metals life cycle inventory. Adachi and Mogi [64] fo-
cused on GHG emissions while developing a mining life
cycle inventory database for Cu and Zn production. LCA re-
ported by Mangena and Brent [65] used a “cradle-to-gate”
study to analyze coal produced at mine sites in South Africa.
Liang et al. [66] developed life cycle models for four electri-
city-generating and coal-using technologies in China: integ-
rated gasification combined cycle and subcritical, supercrit-
ical, and ultra-supercritical steam generation. LCA of
Awuah-Offei ef al. [67] showed that GHG emissions from
belt conveyors were significantly higher than those produced
from truck haulage considering the same functional unit
(hauling 4000 t/h of ore). However, their assessment of the
acid rain gas emissions obtained the opposite result. Some of
these data were obtained from the LCA cases on the basis of
experimental data. However, none of them analyzed the ex-
act contributions of different mining and mineral processing
steps with regard to GHG release.

4.4. Carbon trading

According to the Kyoto Protocol Clean Development
Mechanism (CDM), GHGs released from mining can be de-
creased by carbon trading, which is an economic activity that
involves buying and selling environmental services and com-
modities, including GHGs from the atmosphere. These com-
modities are then identified and purchased by eco-consulting
firms, after which they are sold to individuals or corporations
to offset their harmful emissions [68]. Some regions, most
notably the EU, have already initiated cooperation on mitiga-
tion performed using a carbon trading scheme and binding
regulations on GHG emissions. Similar to the established EU
carbon trading system, other countries and territories (e.g.,
New Zealand, Australia, South Korea, California, northeast-
ern United States, Quebec province in Canada, Japan, and
several areas in China) adopted and followed this practice to
control GHG emissions.

Initial CDM sponsorship by governments or large indus-
tries could make them more economically feasible and even-
tually create a technology market worldwide, including
China. CDM statistical analysis shows that CH, is expected
to be reduced by ~74.6 million tons of CO, eq. per year
through recovery and utilization, accounting for 10.6wt% of
the total number of approved CDM projects in China [69].

5. Summary and conclusions

This paper reviewed how mining activities affect climate

change and summarized strategies reported in the literature
on how to mitigate GHG emissions released by the mining
industry. GHGs can be released as a result of direct or indir-
ect mining activities. Without a doubt, mining affects climate
change severely. Thus, this review provided an overview of
the specific factors that contribute to global warming. A
GHG inventory assessment of mines covered all relevant
product life cycle stages. The review also discussed the key
issues and outcomes that need to be navigated by the mining
industry to continue to satisfy policymakers and produce
needed raw resources in a sustainable and environmentally
friendly way. This review concluded with a description of
possible mitigation strategies to reduce GHG emissions into
the atmosphere.

Climate change is indeed real. Thus, internationally col-
laborative efforts are needed to assess how the mining in-
dustry, which is one of the significant contributing players,
can be guided to slow down or even eliminate irreversible
damage done to our climate. Definitively, the urgent need for
a further elaborated research field that couples mining activ-
ities and climate change is evident.
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