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Abstract:

This paper analysed and summarised the significant research outputs published on the environmental
impact assessment of mining and mineral processing industries through life cycle assessment. The paper
presents valuable insights in identifying the gaps, where should the focus be in the mining and mineral
processing industries for a sustainable future. Mining and mineral processing industries has been the key
focus of research in many countries due to its increasing sustainability concerns that affects global
warming and climate change. Use of heavy equipment that consumes electrical energy, mechanical
energy, and enormous amount of process heat is a key contributor of the overall impacts in the industry.
Due to the use of heavy equipment and associated energy consumption, these industrial sector contribute
notably to global warming, human health, ecosystems, and resources. Among the various environmental
impact assessment tools which are widely used to identify sustainability indicators, life cycle assessment
(LCA) is a well justified approach among the practitioners and researchers. Though state of the art
technological tools and resources are being used now a days, there is still a research gap in identifying the
key mining processes which need to be the focus of attention. Renewable energy integration in the
mineral processing sector and process heating from green energy sources is becoming the emergent field
of research. The review results reveal, the assessment indicators in human health and ecosystems are key
factors that are mostly missing in the previous studies which are crucial for people or community living
nearby mining area. This review paper identifies the research gaps to the existing literature that can form
the base for future research direction in the field of LCA and sustainable energy integration in mining and
mineral processing industries.

Keywords: Mining, mineral processing, life cycle assessment, environmental impact, energy integration,
renewable energy, sustainability.

1. Introduction

Mining and mineral processing industries contribute a gigantic share in a nation’s economy in addition to
supplying the invaluable resources for modern civilization. Most importantly, this sector plays a crucial
role in sustainable economic development and overall GDP growth. To keep pace with the growing
demand of the sustainable world, World Economic Forum is aiming to make the mining world sustainable
by 2050. There are a few goals which should be achieved, and several industrial mining governing bodies
are working to settle those goals. These are drivers of change, transitional areas, resource scenario in
future, and action plans. The drivers of change can be classified into five types: environmental,
technological, societal, geopolitical, and geographic for the growing need in the environmental effect’s
management in the field of climate change, biodiversity, and water. World economic forum also outlined
the key mining and mineral sectors which are crucial for setting the sustainable development goal by
2050: aluminium, iron, nickel, copper, and zinc mining (Raningen and Lindman, 2017, WORLD
ECONOMIC FORUM, 2015). In line with the economic demand and growth, the environmental effects



O J o U bW

OO DTG UTUITUTUTUTUTOTOUTE BB DD B DDA DNWWWWWWWWWWNNNNNONNNONNNNR R RRR PR PR
O™ WNFRFOWO I D WNRPOW®O-TIAANUTDRWNR,OW®OWJNTIBRWNRFEOWO®OW-TJNUB®WNROWOW-10U D WK R O WO

and its consequences are also increasing exponentially. Sustainable development meant to an accord
between economic activity and environmental concerns. The goal of sustainable development in mining
industries is to increase metal production in such a way that it should ascertain the cost and efficiency,
without significantly reducing the potential for future generation. The first step to achieve this goal is to
assess the environmental impacts caused by the mining industries for current practices and identify the
ways to reduce the environmental effects without compromising the production. According to
International Council on Mining and Metals there are ten principals, of which two are directly related to
climate change, water, and biodiversity — the considerations of environmental side of sustainable
development. According to principle number six, continuous improvement should be pursued in
environmental issues like water, climate change, and energy use (Gorman and Dzombak, 2018; Mudd,
2009; Tost et al., 2018).

On the subject of the environmental impacts of mining and mineral processing, it can be generally
classified as waste management, acid mine drainage, sedimentation, metals deposition, and biodiversity.
The processes produce considerable amount of waste outputs, which depends on the type of mineral to be
mined and type of ore deposit. It is very challenging to dispose of such a large amount of wastes from
mining and mineral processing which is detrimental for aquatic environment and ecosystems. Water
pollution from mining wastes causes acid mine drainage, sedimentation, and deposition of metals.
Erosion through waste rock piles and runoff after rainfall increases the sedimentation. Acid mine drainage
is another type of serious environmental impacts from mining, which occurs from sulfidic minerals.
Contamination of acidic water on surface and groundwater resources threatens the aquatic life and plants.
Metals and reagents used for processing the significant amount of minerals are also gets released into the
environments, gets mixed, and threatens the life of aquatics and plants. Removing the plants and
vegetables from the ore mining area results in deforestation threatens the structure of the species, which is
affecting the biodiversity (Cortez-Lugo et al., 2018; Fugiel et al., 2017; International Institute for
Environment and Development, 2002).

Though the degree of these environmental impacts varies from one mine to another, from one metal to
another metal, and correlates with the volume of production, the need for determining and quantifying the
effects caused by the sector is inevitable to identify the key processes/ materials which are accountable
for major environmental emissions and impacts. For example, the key processes are power plants used for
electricity generation, diesel used for process heat generation, blasting process, or the ore mining (S.H.
Farjana et al., 2018a, 2018b, Shahjadi Hisan Farjana et al., 2018a, 2018b). Among the various factors,
fossil fuel consumption for electricity generation and process heat generation is the greatest contributor to
environmental effects and emissions caused by the mining industries. The form of non-renewable fuels
include coal, natural gas, diesel, heavy fuel oil, bitumen which are producing heat and electrical energy.
After combustion, fossil fuel generates carbon di-oxides, nitrous oxides, sulphur di-oxides and produces
fly ashes which are polluting the environment. Due to the increasing demand for global development,
metal exploration is going into deeper of the surface, which also requires heavy equipment to extract
lower grade ore minerals. These lower grade metal extractions also demand higher consumption of
electricity for more equipment in use. However, increased environmental emission should be diversified
in the fields of the environment- global warming, human health, ecosystems, and resources (Shahjadi
Hisan Farjana et al., 2018b, 2018a; Farjana et al., 2019a).

In the mineral processing industries, in the last 15 years, there are 40 significant research outputs that are
published based on the life cycle assessment of specific metal mining processes or a system of processes.
The life cycle assessment (LCA) results vary from one standardised LCA method to another, from one
simulation software to another, and from one mining metal to another. Despite all the key factors, the
liable processes crucial for environmental emission for each metal is fixed irrespective of the
quantification of results. This statement is validated using the review presented in this paper. The main
aim of this review paper is to quantify and analyse the past research in LCA of minerals and mining
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processes to fill the knowledge gaps in major mining and mineral processes and materials accountable for
environmental impacts from mining, environmental categories to be affected, quantity of emissions, and
suggest alternatives to reduce the environmental impacts from the mining processes. Section 2 describes
the materials and methods utilised in this review work. Section 3 describes the LCA methods used for life
cycle assessment studies in mining and minerals industries. Section 4 comprehensively categorises and
describes the LCA works of minerals and mining industries. Section 5 compares and summarises the
major materials/processes responsible for environmental emissions from the mining industries, describes
the research gaps and future scope till to date in the LCA research area in relation with mining and
mineral processing industries. Finally, the paper finishes in Section 6 by providing some concluding
remarks.

2. Materials and Methods:

As the first step of this systematic review, the relevant and significant research outputs, and the published
articles are sorted and classified as part of the material collection process. In total, forty articles are
exclusively selected which are focused on the LCA on mining industries. Among which most of the
papers were published in Journal of Cleaner Production, International Journal of Life Cycle Assessment,
Science of the Total Environment, Resources Conservation and Recycling, Journal of Environmental
Management, and Journal of Sustainable Mining. These papers are classified based on the type of metal
mining industry under consideration. Overall sixteen mining processes were rigorously studied through
life cycle assessment. Those are aluminium (3 papers), copper (5 papers), coal (4 papers), gold (3 papers),
iron (7 papers), rare earth element (2 papers), uranium (4 papers), zinc (3 papers), nickel (4 papers),
cemented carbide (1 paper), ferroalloy (1 paper), manganese (1 paper), magnesium oxide (1 paper), and
titanium oxides (1 paper).

In the next step, these publications are extensively studied to identify the key criteria’s for conducting the
comprehensive literature review. This step can be termed as a comprehensive analysis of the existing
literature. In this stage, all the publications are studied irrespective of their evaluation methods, goal, and
scope of their research. This stage also investigated the common trends and evaluation criteria followed
by mining LCA specialists. Furthermore, LCA methods that were considered in those studies are also
classified, which is described in Section 3 of this review paper. LCA methods are summarised as their
impact assessment methods in practice, system boundary, impact categories in use, general material
inputs and outputs, databases, and their functional units.

In the following step, the evaluation categories are selected, and the papers, their methods, and results are
sorted based on the evaluation categories. The criteria are selected based on the metals, their general
properties, mining processes, system boundary, geographic location, selected environmental impact
categories to be assessed, most impactful mining process identification, and key emission materials.

In the last step, materials and their evaluated criteria are scientifically evaluated, presented, and identified
the research gaps in these previous research studies. The papers are further studied to find out the research
gap on metals which got comparatively lesser attention from LCA practitioners, mining processes which
lacks attention, key materials used in mining which are harmful to the environment and suggesting
possible solutions to reduce the notable amount of emissions from the mining process or industries.

Figure 1 describes the key steps of the methods utilised to perform this review study.
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Fig. 1. Steps followed in methods to complete this review.

3. LCA in mining industries

This chapter describes the basics of LCA, steps, goal and scope, system boundary, software in use, and
methods used for LCA analysis focused in the mining industries so far.

3.1. Definition and steps in LCA

Life-cycle assessment is a widely used environmental impact analysis tool which is used for many years
in the scientific community to analyse the effects caused by a product, a process, or a system of processes
on the environment (Grande et al., 2017). This impact analysis method aims to analyse and classify the
environmental emissions based on several categorised and standardised impact assessment categories
(Curran, 2012). The major steps in the life cycle assessment comprise of goal and scope definition, LCI
(life cycle inventory) modelling, life cycle assessment, and results interpretation. These steps should be
followed in each LCA study conducted based on the ISO (International Organization for Standardization)
14040 (Fogler and Timmons, 1998).

3.2.System Boundary of LCA

The system boundary followed in a LCA study could be from cradle-to-gate, gate-to-grave, gate-to-gate,
or cradle-to-grave (Stewart and Petrie, 2006). The system boundary followed in mining-based LCA
studies are cradle-to-gate. Due to the lack of enough data source, it is hard to assume the end-of-life state
of the processed metal. Which in turn, restricts the LCA study onto the cradle-to-gate processes (Santero
and Hendry, 2016). A complete LCA study in mining comprises of ore mining, concentration and
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beneficiation, extraction, smelting, transportation and refining operations. However, the structure of the
system boundary is also dependent on the available datasets, as they are proprietary information.

3.3. Functional unit and goal of LCA study

The functional unit in consideration for LCA in mining could be of 1 kg of selected mineral, or 1 tonne of
selected mineral, or mega tonne of that selected mineral. The goal of the LCA works is to analyse the
effects of a product or process based on their system boundary and categorise their emissions (Teh et al.,
2017): the materials, energy (in the form of renewables and non-renewables, resources, organic and
inorganic chemicals are identified as the material inputs in an LCA study. The output product, waste
emissions, by-products, and emissions to soil, water, and environment are considered as material or
process outputs (Althaus and Classen, 2005).

3.4.Life cycle inventory datasets

The life-cycle inventory datasets were collected from several sources like company reports, published
literature, renowned databases like Ecolnvent, USGS, AusLCI. However, very few datasets are focused
on global context. Datasets can be presented as global datasets, regional datasets, or country-specific
datasets. For standardising the datasets, the collected sets of data are quantified and aggregated, validated,
averaged, and finally represented in the form of mine irrespective datasets. The source of these datasets
could be originated from mining company reports, published research works, books, media, and so on
(DEE, 2017; EPA, 2018). A global dataset could be generated after data collection from several mining
companies of different geographic regions, aggregating, averaging, checking, and data validation. Most of
the metal life cycle inventory datasets are regional, which is confusing because technology mix, heat mix,
and grid mix vary from one company to another, one country to another, and from one region to another.
Another major difference is most of the metals could be mined in alternative routes and alternative
techniques. It is hard and not available to get the inventory datasets for each of those mining processes.

In most cases, inventory datasets for subprocesses of the full mining process were available, which made
it harder to compare among the mining processes and the metals. Also, metal mining industry datasets are
dispersed in different databases which also difficult for researchers to get the life cycle inventory datasets
in a go. These differences necessitate the fact that in future it would be highly beneficial to develop global
datasets and database containing global metal mining datasets (Althaus et al., 2007; Althaus and Classen,
2005; Hischier et al., 2010; Long et al., 1998; Marguerite et al., 2015; Weidema et al., 2013).

3.5. Life cycle assessment methods

The methods to conduct the life cycle assessment are based on ISO 14040 standards. The renowned and
widely used LCA methods in mining industries are CML (Centre of Environmental Science of Leiden
University of Sweden) method, TRACI (Tool for the Reduction and Assessment of Chemical and other
Environmental Impacts) method, ILCD (International Reference Life Cycle Data System) method, CED
(Cumulative Energy Demand) method, and IPCC (Intergovernmental Panel on Climate Change) method.
These methods vary from one another regarding characterisation, Normalisation and weighting factors,
impact categories, and geographic location. The analysed impact categories also vary among the methods.
The most common midpoint indicator based (problem-oriented) impact categories are HH (human health,
cancer and non-cancer effects), CC (climate change), eutrophication (terrestrial, marine, aquatic),
acidification potential, resources depletion, land and water use, and ecotoxicity. The end-point indicator
(damage oriented) impact categories are climate change, human health, ecosystems, and resources. These
methods are also geography dependent like CML methods are widely used for manufacturing processes
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held in Europe whereas TRACI method is used for LCA studies based on USA ((JRC), 2012; Acero et al.,
2015; Hischier et al., 2010; JRC European commission, 2011; Wolf et al., 2012).

The most common life cycle assessment methods utilised in mining industries were ReCiPe method, the
IPCC method, and Australian Indicator method. ReCiPe method has 18 midpoints indicator-based
categories and three endpoints indicator-based categories. The ReCiPe is the most updated LCA method
with a minimum number of indicator scores. ReCiPe method is classified on hierarchies, individualist,
and egalitarian method. Most importantly, the ReCiPe method is particularly focused on European
geographic continent (Fugiel et al., 2017; Marguerite et al., 2015). Intergovernmental Panel on Climate
Change (IPCC) method is specialised in greenhouse gas emissions. This method accesses the GHG
effects based on 20 years, 50 years, and 100 years’ time span (Hischier et al., 2010).

On the other hand, Australian Indicator method is specialised in materials and processes located in
Australian geographic region. According to the best practice guide in life cycle assessment, Australian
Indicator method do not contain the toxicity emission factors and the characterisation factors are based on
European context, inherited from CML method. So, it is not properly focused on Australian geographic
context (Lodhia and Martin, 2014; Marguerite et al., 2015). Center for Methodological Development
(CML) method, developed by University of Leiden in Netherland is another well-established LCA
method, where the characterisation factors are focused on the average values of global and European
geographic context, with no weighting applied on it. So, the regional validity of this method could be
considered as global except for the AP and POCF, which are based on European factors. International
Reference Life Cycle Data System (ILCD) method is developed by the Joint Research Commission in
Europe (JRC) where the impact categories are formed using the base of different renowned methods,
IPCC (for climate change in 100 years’ time span), USEtox (human toxicity cancer and non-cancer),
CML 2002 (resource depletion) and several other methods from literature. This method follows best
practice in several impact assessment categories ((JRC), 2012; European Commission -- Joint Research
Centre -- Institute for Environment and Sustainability, 2010; JRC European commission, 2011).

The most discussed impact categories are CC/GHG and PED/ TER. AP, MD, waste was also assessed in
many literature works, but still, there are hugely lacking regarding environmental impact categories. Due
to the lack of complete life cycle inventory datasets, it was also hard to complete full LCA study for metal
industries, which could be a great research focus in future. Also, as environmental impacts could not be
regional, there is still needing to develop a global LCA method, which would apply to processes or
system of processes for any region (Acero et al., 2015; Menoufi, 2011).

Choosing the appropriate LCA method is a crucial step in conducting an LCA. However, this choice is
dependent upon several factors such are geography, characterization and Normalisation factors for
environment, and industrial sector choice. In mining industries, the most commonly practiced method is
the ReCiPe method and ILCD method (discussed in Table 1).

Table 1

Summary of LCA techniques used in previous studies.

Metal Method Impact categories

Aluminium (Farjana et al., 2019a; Nunez | EDIP, UMIP, ReCiPe, | GWP, AP, HT, resources, waste, FFD,

and Jones, 2016; Paraskevas et al., 2016; | ILCD, TRACI EU, ODP, POCP, WF,

Tan and Khoo, 2005)

Cemented carbide (Furberg et al., 2019) TE, OD, FEW (Freshwater
ecotoxicity), CC, POF, WD

Coal (Adiansyah et al., 2017; Burchart- | [IPCC, ReCiPe, | AP, GWP, Resource, waste, dust

Korol et al., 2016; Guimaraes da Silva et al., | Australian Indicator
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2018; Zhang et al., 2018)

Copper (Ekman Nilsson et al., 2017; Haque | ReCiPe, Australian | GWP, AP, TED,

and Norgate, 2014; Memary et al., 2012; | Indicator

Norgate, 2001; Northey et al., 2013)

Ferroalloy (Bartzas and Komnitsas, 2015; GWP, AP, PED

Haque and Norgate, 2013)

Gold (Chen et al., 2018; Haque and | ReCiPe, Australian | Energy, GWP, water use, waste, TA, HT,
Norgate, 2014; Norgate and Haque, 2012) Indicator PMF, ME, FD,

Iron (Ferreira and Leite, 2015; Gan and | IPCC, ReCiPe, | GHG, human health, ecosystem,

Griffin, 2018; Haque and Norgate, 2015;
Norgate and Haque, 2010)

Australian Indicator

resources, GER

Manganese (Westfall et al., 2016) CML 2001 GWP, AP, POCP, water use, waste
Magnesium oxide (Ruan and Unluer, 2016) | Ecolndicator 99 Human health, ecosystem, resources,
Nickel (Khoo et al., 2017; Mistry et al., | IMPACT 2002+, | GWP, PED
2016) ReCiPe, Australian
Indicator, CML 2001
Rare ecarth element (Lima et al, 2018; | IMPACT 2002+, | GER, GWP, ODP, carcinogens
Zaimes et al., 2015) ReCiPe, CED
Silver (Farjana et al., 2019b, 2019d) ILCD, CED GWP, HT.
Steel (Burchart-Korol, 2013; Norgate et al., | [PCC, ReCiPe, CED, | GWP, AP, TED, dust, ODP, PMF
2007; Renzulli et al., 2016) ILCD
Titanium oxides (Shahjadi Hisan Farjana et | ILCD, CED GWP, AP, FAE, MAE, EU, MRD, LU,
al., 2018a) Water, TED
Uranium (Shahjadi Hisan Farjana et al., | ILCD, Australian | GWP, AP, FAE, MAE, EU, MRD, LU,

2018b; Haque and Norgate, 2014; Norgate
et al., 2014; Parker et al., 2016)

Indicator, CED

Water, TED

Zinc (Qi et al., 2017; Van Genderen et al.,
2016)

ReCiPe, CML 2001

GWP, AP, EU, POCP, OD, PED,

The identification of the best practice methods under different impact categories are discussed below in
Table 2. Table 2 also elaborates the quantification techniques for each of the major environmental impact

assessment categories.

Table 2

Quantification and best practice in LCA methods (Marguerite et al., 2015).

Impact categories

Elements used for quantification

Best practice methods

Climate change Quantification

based on the

human

activities on climate based on greenhouse
gas emissions. This is most commonly
accounted for carbon dioxide, methane, and
nitrous oxide emissions.

IPCC method to calculate GHG
based on 100 years’ emissions.

Resources depletion

Quantifies the depletion of natural
resources from the earth, based on
concentration of reserve and

deaccumulation rate/quantity of fuels/ ratio
of annual production to available reserve/
damage to resource based on increased cost
of extraction.

CML method and ILCD method
based on concentration of reserve
and deaccumulation rate.

Eutrophication

Quantification based on the macro nutrients
released on the environment- air, water,

CML and IMPACT 2002+ which
quantifies based on stoichiometric
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soil. It can be aquatic and terrestrial.
Aquatic eutrophication is quantified based
on accelerated algae growth, reduced
sunlight infiltration and oxygen depletion.
Terrestrial ~eutrophication is quantified
based on increase susceptibility of plants to
diseases.

nutrification potential applicable to
both categories.

Acidification

Quantification based on the acidifying
impacts based on when acid precursor
compounds are released onto the
environment and deposited on land
(terrestrial) or water (aquatic).
Quantification is mainly based on nitrous
oxides, sulphur oxides, sulphuric acid and
ammonia.

CML and ILCD method based on
critical load exceedance method of
hazard index (HI) method.

Human toxicity and
eco-toxicity

Quantifies the impact of toxicity substance
released on land, water, and environment.
Quantification is based on using pesticides,
heavy metals, hormones, and organic
chemicals.

USEtox, ILCD, ReCiPe, and
IMPACT 2002+.

Photochemical

Quantifies the impacts based on impacts

CML method, based on simplified

ozone formation from increase on ozone formation in | description of atmospheric
troposphere. The main criteria are the | transport.
emission of nitrous oxides, carbon
monoxide, and those which impacts on
ozone formation.
Particulate ~ matter | Quantification is based on the emissions on | TRACI as TRACI  method
formation air which are harmful for human health. In | distinguishes between different
different LCIA methods, these are | types of emissions.
characterized under different impact
categories.
Land use Quantification is based on the amount of | Currently no best practice methods

land use in LCA and its effects on
biodiversity.

for land use as no single method
quantifies all levels of biodiversity.

Ozone depletion

Quantifies the impact based on the
reduction in concentration of ozone.

Ozone depletion factors published
by the World Meteorological
Organizations (WMO).

Ionizing radiation

Quantifies the impact of radioactive species
(radionuclides) on air and water.

ILCD or ReCiPe method based on
the quantification of radioactive
impact on human health.

3.6. Geographic region under consideration

Regarding geographic region, a number of studies were focused on different regions, but the most
commons were based on two countries - Australia and China. Many research on LCA is being carried out
in Australian geographic context- aluminium, coal, copper, ferroalloy, gold, iron, nickel, titanium oxides,
and Uranium. For mining in China, LCA on aluminium, coal, iron, and zinc. Impact categories were also
different based on metal specific industries, as they were originated from different geographic context and
used different LCA methods (Mutchek et al., 2016; Stewart and Petrie, 2006; Teh et al., 2017).
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3.7. Allocation techniques

Allocation technique was required in many of the LCA studies which produce a significant number of by-
products. The allocation technique could be of mass-based, economy-based, or can be used as a
combination of both mass and economy. The characterisation and normalisation factors for allocation
techniques vary among the LCA software like SimaPro or Gabi. According to the trend followed by the
metal mining industries, it is best practice to avoid coproduct allocation whenever possible. It was
assumed that no products were going outside the system other than the main product. However, in many
processes, it cannot be avoided. In those cases, it is better to use the allocation technique focused on both
mass and economy, as the mass can vary from one mining companyy/site to another, production technique
could also vary. In addition, results between mass and economy could vary in a large amount. Hence, it is
best to calculate using both technique, and then data aggregation and averaging could be done to allocate
proper values (Raugei and Ulgiati, 2009; Santero and Hendry, 2016; Weidema and Norris, 2002).

3.8. Software in use

The software which was most widely used in mining industries were SimaPro and Gabi. AusLCI database
which is integrated with SimaPro software and containing many metal mining LCA datasets focused
particularly for Australia made SimaPro a widely accepted choice. The analysis results generated by both
SimaPro and Gabi should produce reasonably similar outcome considering similar analysis techniques
and databases are used, however, that is also subject to research and validation. There may be some
variation among the datasets generated from different companies, the characterisation and normalisation
factors would also be different (Goedkoop et al., 2014; Li et al., 2018; Nunez and Jones, 2016; PRé,
2018).

4. Impact Analysis based on Metal Mining Industries

This chapter describes the LCA conducted on the key mining and mineral processing industries, their
analysis methods, key findings, results, limitations, and future recommendations. The major industries
involve aluminum, coal, copper, ferroalloy, gold, iron, nickel, rare earth elements, stainless steel, uranium,
and zinc. The last subsection identifies five metals with no or very few research output which are
cemented carbide, manganese, magnesium oxide, and titanium oxides.

4.1. LCA in aluminium mining

Aluminium is a lightweight and corrosion resistant metal, which are used in automobile industries,
aerospace industries, beverage, making alloys, and electronics industries. The top countries which are
mining and producing aluminium are China, Russia, Canada, India, Australia. Aluminium production
consists of four major steps: bauxite ore mining, alumina production from Bayer process, alumina
smelting from Hall Heroult process, and alumina refining. Table 3 describes the major findings and
recommendations from the researches conducted related to LCA of this metal.

There are four major studies conducted in the LCA of aluminium production processes. Tan et al.
analysed LCA of the aluminium supply chain which consists of the refinery, smelter, and a casting plant.
The geographical coverage was Australia, and it was a cradle to gate LCA study. The analysis was done
using SimaPro with EDIP (Environmental Design of Industrial Products). The impact categories which
were assessed, global warming potential (GWP), acidification potential (AP), human toxicity (HT),
resources, built waste. Tan considered four scenarios including the baseline mode of operation, and other
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scenarios were constructed after modifying the scrap metal and red mud. Their results revealed that
electricity use in smelting and refining process is mainly responsible for GWP (Global Warming
Potential) and HT (Human Toxicity). AP (Acidification Potential) is due to sulfur dioxide (SO,)
generation from the power plant and transportation system. Their study revealed that reducing the scrap
metal and red mud could significantly reduce the impacts from aluminium production (Tan and Khoo,
2005).

Paraskevas et al. analysed aluminium production after comparing electricity mix of 29 countries. Their
datasets are originated from Ecolnvent and USGS databases whereas analysed using SimaPro software
and ReCiPe method. Electricity generated from hydropower, coal, gas, nuclear, biofuel, geothermal, solar
are considered there. They assumed that electricity is 100% grid dependent and not traded among the
countries. According to Paraskevas, amount of greenhouse gas emissions from aluminium production is
0.45 Gt CO, eq. Aluminium production requires 66 MJ energy per kg. More than eighty percent (80%) is
for electricity generation in Hall Heroult process. They identified that countries with high coal and oil-
rich mix have higher emission results rather than countries using cleaner technologies. They have also
stated that countries with similar electricity mix show similar GHG (Greenhouse Gas Emission) results
(Paraskevas et al., 2016).

Another study conducted by Nunez et al. where the datasets are collected by the International Aluminium
Institute (IAI) have studied primary aluminium production process and used Gabi software. The
geographic region under consideration was global and global minus China. Nunez considered six
midpoints indicator-based categories: GWP (global warming potential), AP (acidification potential), FFD
(fossil fuel depletion), EU (eutrophication), ODP (ozone depletion potential), POCP (photo-oxidant
creation potential), and WSP (water scarcity potential). Their identification also reveals the fact that
highest contribution of GHG is from alumina refining and electrolysis process. Direct emissions from the
electrolysis process also contribute largely to GHG (Nunez and Jones, 2016). Farjana et al. studied the
cradle-to-gate complete LCA of four major steps from the bauxite mining to alumina refining processes.
They have also conducted the sensitivity analysis among the quantity of fossil fuel used based on process
heat generation. As the study reports, electricity consumption during alumina smelting has the highest
impact on environment. Process heat generation has also considerable impact on the environment. The
climate change effect from bauxite mining is 0.079 kg CO, eq., alumina production is 1.23 kg CO, eq.,
alumina smelting is 10.91 kg CO, eq., and alumina refining is 0.27 kg CO, eq. (Farjana et al., 2019a)

Table 3
Summary of the findings and recommendations for LCA of aluminum mining.

Study reference Key findings Recommendation
LCA focused on | Electricity use in smelting and refining | Reducing the scrap metal and red
Australia (Tan and Khoo, | process is mainly responsible for GWP | mud could significantly reduce
2005) the impacts
LCA  comparing 29 | Identified that countries with high coal | To reduce the environmental
countries (Paraskevas et | and oil-rich mix have higher emission | impacts from aluminium
al., 2016) results and countries with similar | production, it should start by
electricity mix show similar GHG | focussing on China due to their
results energy mix. All the aluminium
producing countries should focus
on using the cleaner resources.
LCA on global aluminum | reveals the fact that highest | Due to increased production of
production (Nunez and | contribution of GHG is from alumina | aluminum in China, more LCI
Jones, 2016) refining and electrolysis process. | datasets are  required for
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Direct emissions from the electrolysis | modelling to  enhance the
process also contribute largely to GHG | reliability = of  the  impact
assessment  about  aluminum
production.

LCA on global aluminum | Electricity and process heat | Alternative energy generation
production (Farjana et al., | consumption in alumina smelting has | source and improvement in
2019a) the highest impact. energy efficiency would be
beneficial for sustainability.

4.2.L.CA in coal mining

Coal is a widely used fossil fuel used for electricity generation or process heat generation. Coal is
extracted on the earth crust based on open cast and underground mining. The major miners of coal are
Ukraine, Kazakhstan, South Africa, China, United States, and Australia. Coal can be produced from open
pit mining or underground mining. There are a few steps involved in coal production while major
processes are mining, transportation, and comminution. In the mining step, surface soil is removed for
drilling and detonation. Then the inert materials are removed, and coal layers are drilled. Then the coal
layers undergo detonation and mined areas are recovered. Then the run of mines undergoes the loading
and transportation. The run of mines is then stocked, crushed, and shifted. Table 4 describes the major
findings and recommendations from the research conducted related to LCA of this metal.

Korol et al. developed and utilised a computational LCA for coal mining in Poland. They assessed the
GHG using the IPCC method (20 years, 100 years, and 500 years). Analysis of damage categories was
done using the ReCiPe method. Their study identified that the largest contributor to GHG is fossil fuel
and methane emissions for electricity use, processing of waste, heat, and steel supports. Among the three
range of years, the highest range of emissions was from 20 years span, that is 85 kg CO, eq per kg. In this
time frame, highest contributor for GHG is methane emissions which could be generated from electricity,
heat and steel support associated with the ventilation process (Burchart-Korol et al., 2016). In another
study, Adiansyah et al. compare coal mining tailings management strategies using LCA. They have used
hybrid LCA method comprised of Australian Indicator and ReCiPe method. The strategies involved belt
press, tailings paste, thickened tailings. They found that electrical energy is the greatest contributor to
environmental emissions from coal mining. The analysis is done using three case scenarios- tailings with
the low amount of water, tailing paste with much solids, and the base case with high amount of water
(Adiansyah et al., 2017). Zhang et al studied opencast coal mining operation in China. The functional unit
was 100 ton of coal. The system boundary includes stripping, mining, transportation, processing, and
reclamation. The impact categories which were considered: resources, acidification, GWP, waste, and
dust. According to Zhang, the most impactful category was dust, followed by GWP and acidification. For
1 ton of coal production, the GWP was 7331.7 kg CO2 eq (Zhang et al., 2018). Silva et al. analysed the
surface coal mine located in Brazil. Their system boundary includes mining, transportation system,
comminution, recovery, production, and final transportation. Their study found that diesel oil is the
significant parameter which emits carbon dioxide, methane, and ammonia. They have also conducted a
sensitivity analysis based on fugitive emission factors for diesel oil, electricity, and transport (Guimardes
da Silva et al., 2018).

Table 4
Summary of the findings and recommendations for LCA of coal mining.

Study reference Key findings Recommendation

LCA for coal mining in | The largest contributor to GHG is | The impacts can be reduced using
Poland (Burchart-Korol | fossil fuel and methane emissions for | alternative  fuels in  steel
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et al., 2016) electricity use, processing of waste, | production. Pollution prevention
heat methods should be applied to
reduce emissions.

LCA in respect of | Electrical energy is the greatest | The thickened tailing in the coal
Australia (Adiansyah et | contributor to environmental emissions | mining tailing management could

al., 2017) from coal mining reduce the environmental burdens.
LCA focused on coal | the most impactful category was dust, | Increase in tire performance,
production in  China | followed by GWP and acidification transportation  efficiency, low-
(Zhang et al., 2018) carbon power development, and

advancement in mining

technology will be beneficial to
reduce the impacts.

LCA based on Brazil | diesel oil is the significant parameter | This work will contribute to the
(Guimardes da Silva et | which emits carbon dioxide, methane, | detailed LCA analysis of coal
al., 2018) and ammonia mining in Brazil to implement the
measures related to diesel oil.

4.3.LCA in copper mining

Copper is a valuable metal used for their conductivity properties and corrosion resistant properties. They
are widely used for electrical wiring, construction, heat exchangers, and electronics. The producers of
copper are United States, Chile, and Australia. Copper is extracted using ore mining, beneficiation. If it
goes through pyrometallurgical extraction, then it passes through smelting, converting, fire refining, and
electrorefining. If the ore goes through hydrometallurgical extraction, then it has leaching, solvent
extraction, and electrowinning. Table 5 describes the major findings and recommendations from the
research conducted related to LCA of this metal.

Norgate conducted LCA based on pyrometallurgical and hydrometallurgical copper production. They
assessed and compared the impacts from process parameters, ore grade, energy consumed for electricity
generation, and electricity generation capacity. The assessed impact categories were GWP, AP. They
showed that solvent extraction and electrowinning processes of hydrometallurgical copper production has
a higher impact over pyrometallurgical copper production (Norgate, 2001). Memary et al. conducted a
time series analysis of copper production. They examined the environmental effects from copper mining
and smelting from 1940 to 2008 through a novel approach. They had conducted a cradle-to-gate LCA
study based on datasets from five Australian copper mine. They showed that carbo footprint from all
mines ranged from 800 kt CO, eq to 1922 kt CO, eq. They showed that copper mining and milling were
the most crucial part to reduce GWP (Memary et al., 2012). Northey et al. conducted LCA of copper
mining and stated that average energy intensity ranges from 10 to 70 GJ/t Cu. GHG ranges from 1 to 9 t
CO; eq/t Cu. This large variation was due to the form of copper produced, ore grade, sources of fuel, and
electrical energy (Northey et al., 2013). Haque et al. conducted a comparative LCA study among in-situ
leaching based production of copper, gold, and uranium. Their study was conducted based on Australian
Impact method using SimaPro software. They showed that for copper mining, solvent extraction and
electrowinning played a significant role in GHG. For good field related activities, electricity was the main
source of GHG and also the sulfuric acid used for leaching (Haque and Norgate, 2014). Nilsson compared
the carbon footprint of copper mining based on LCA while the sources are both primary and secondary.
The value of carbon footprint ranges from 1.1 to 8.5 kg CO, eq/kg Cu. The literature shows that it could
be 2.1 to 8 kg CO, eq/kg Cu for primary copper. From the secondary source, the carbon footprint ranges
from 0.1 to 1.9 kg CO, eq/kg Cu. The reason for this wide range of variation was the material quality, the
metallurgical process, and transportation distance (Ekman Nilsson et al., 2017). Farjana et al. analyzed the
gold-silver-lead-zinc-copper beneficiation process, which summarizes that gold-silver beneficiation has
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greatest impact over the other metal in these joint production which is due to the electricity usage through
fossil fuel consumption (Farjana et al., 2019b).

Table 5

Summary of the findings and recommendations for LCA of copper mining.

Study reference

Key findings

Recommendation

LCA on global copper
production (Norgate,
2001)

solvent extraction and electrowinning
processes of hydrometallurgical copper
production has a higher impact.

They conducted a sensitivity
analysis based on by varying 30%
of process power consumption
and transport mode and distance,
which indicates some
improvement in the
environmental emissions.

LCA on  Australian
copper mining (Memary
etal., 2012)

copper mining and milling were the
most crucial part to reduce GWP.

The mining production impacts
related to regional energy
consideration should be carefully
considered with the geography.

LCA on copper mining
(Northey et al., 2013)

The large variation in GHG was due to
the form of copper produced, ore
grade, sources of fuel, and electrical
energy.

Recommendations made for the
companies for improving mining
datasets  through  indicating
detailed energy consumption
scenario for each stage of the
metal production.

LCA of copper mining in
Australia (Haque and
Norgate, 2014)

For good field related activities,
electricity was the main source of
GHG, and the sulfuric acid used for
leaching.

Electricity generated from the
renewable energy resources such
as solar energy will beneficial for
reducing impacts from in-situ
leaching.

LCA of global copper
mine (Ekman Nilsson et
al., 2017)

The reason for this wide range of
variation in GHG was the material
quality, the metallurgical process, and
transportation distance.

In case of the advancement of the
technology for efficient recovery
of metals, the impact will reduce.

LCA of gold-silver-lead-
zinc-copper beneficiation
(Farjana et al., 2019b)

Gold-silver beneficiation has highest
impact over the other metals

Modification in the electricity grid
mix to enhance the energy
efficiency will be helpful to
reduce environmental burdens.

4.4.LCA in ferroalloy mining

Ferroalloy is iron bearing alloys which also have a higher proportion of metals. They can make alloys
including chromium, manganese, molybdenum, silicon. It is mostly found and produced in China, South
Africa, Ukraine, Kazakhstan. Table 6 describes the major findings and recommendations from the
research conducted related to LCA of this metal.

Haque et al. studied the LCA of ferroalloys. These alloys were iron bearing material alloyed in
conjunction with manganese, chromium, silicon, and molybdenum. They studied the environmental
impacts in respect of Australia, using the Tasmanian electricity GHG emissions factors. According to
their results, GHG was 1.8 t CO, eq/t FeMn, 2.8 t CO, eq/t SiMn, 3.4 t CO, eq/t FeSi, 13.9 t CO, eq/t
FeNi, and 3 t CO, eq/t FeCr. This large variation in GHG was due to their electricity use, fossil fuel
consumption, grade of ferroalloys produced (Haque and Norgate, 2013). Bartzas et al. conducted an LCA
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study based on ferronickel production with datasets collected from mines in Greece. They assessed GWP,
AP, and PED based on three different case scenarios. The scenarios were dependent on energy sources
and mode of operation in smelting and refining. They showed that environmental impacts could
significantly be reduced with renewable energy use instead of fossil fuel. In the normal scenario, the GHG
was 12.6 t CO, eq/t FeNi while in renewable energy scenario it could be 8.24 t CO, eq/t FeNi. They also
found that the smelting and refining stage consumes the highest amount of energy, while ore mining and
beneficiation contributed the least (Bartzas and Komnitsas, 2015).

Table 6
Summary of the findings and recommendations for LCA of ferroalloy mining.

Study reference

Key findings

Recommendation

LCA of ferroalloy in
respect of  Australia
(Haque and Norgate,
2013)

The large variation in GHG was due to
their electricity use, fossil fuel
consumption, grade of ferroalloys
produced.

Renewable carbon like biochar
can be blended with fossil fuels
like coke or coal to replace these
fossils.

LCA of ferroalloy in
respect of Greece

(Bartzas and Komnitsas,
2015)

The environmental impacts could
significantly  be  reduced  with
renewable energy use instead of fossil
fuel. The smelting and refining stage

Green energy utilization would be
the best possible solution to get
better environmental results in
each aspect.

consumes the highest amount of
energy, while ore mining and
beneficiation contributed the least.

4.5. LCA in gold mining

Gold is a precious metal which is popular metal of precious jewellery, currency, or in electronic
applications. Australia has the highest amount of gold mine deposit, similar like South Africa, and Russia.
From the gold mine, the gold ores are gone through comminution stage comprises of crushing and
grinding. If it is refractory ore then consequentially undergoes flotation, roasting, pressure oxidation, bio-
oxidation, regrinding, smelting, and refining. If the gold ore is non-refractory or free-milling ore, then it
undergoes extraction, cyanidation (tank or heap), recovery, stripping, electrowinning, smelting, and
refining. Table 7 describes the major findings and recommendations from the research conducted related
to LCA of this metal.

Norgate et al. analysed gold production processes both from refractory and non-refractory ores. The
impact categories under consideration were energy, GHG, water, and waste. They found that refractory
ore has the highest impact on mining and comminution stage due to electricity consumption. 61% of the
total GHG is from refractory ores (Norgate and Haque, 2012). Chen et al. analysed the life cycle impact
of gold mining processes in China where the impact categories were CC, TAP, HT, PMF (Particulate
Matter Formation), FFD (fossil fuel depletion). The analysis was done by midpoint and endpoint-based
ReCiPe method. They found that the largest impact is on the metal depletion category from mining due to
energy consumption and emissions. For climate change, electricity and diesel were the largest
contributors. Climate change impact was 5.55E4 kg CO, eq (Chen et al., 2018). Haque et al. conducted a
comparative LCA study among in-situ leaching based production of copper, gold, and uranium. Their
study was conducted based on Australian Impact method using SimaPro software. They showed that for
gold mining, activities relating well field impacts mostly about 39% of total GHG, where 56% was from
gold extraction and metal production, and 5% were due to chemical use (Haque and Norgate, 2014).
Farjana et al. analyzed the gold-silver-lead-zinc-copper beneficiation process, which summarizes that
gold-silver beneficiation has greatest impact over the other metal in these joint production which is due to
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the electricity usage through fossil fuel consumption (Farjana et al., 2019b). Farjana et al. also analyzed
the comparative life cycle environmental impacts of gold-silver refining operations where the ore is
extracted from co-production of gold-silver and the combined production of gold-silver-lead-zinc-copper.
Results from that study showed that gold refining from the gold-silver production have noteworthy

environmental impact over the combined production of five metals (Farjana et al., 2019d)

Table 7

Summary of the findings and recommendations for LCA of gold mining.

Study reference Key findings Recommendation
LCA on gold mining in | The refractory ore of gold has the | Gold  mining  technological
Australia (Norgate and | highest impact on mining and | improvements would be
Haque, 2012) comminution stage due to electricity | beneficial for high pressure gas
consumption. recovery, leaching, flotation
technologies, gravitational

technologies, etc. to reduce the
environmental impacts.

LCA of gold mining in
China (Chen et al., 2018)

The largest impact is on the metal
depletion category from mining due to
energy consumption and emissions.
For climate change, electricity and
diesel were the largest contributors.

Environmental policy suggestions
like increasing the resources
efficiency, adjusting  energy
structure, gold recycling, and
ecological compensation approach
would be beneficial for reducing
impacts.

LCA of gold mining in
Australia (Haque and
Norgate, 2014)

For gold mining, activities relating
well field impacts mostly about 39%
of total GHG, where 56% was from
gold extraction and metal production,
and 5% were due to chemical use.

Electricity generated from the
renewable energy resources such
as solar energy will beneficial for
reducing impacts from in-situ
leaching.

LCA of gold-silver-lead-

Gold-silver beneficiation has highest

Modification in the electricity grid

zinc-copper beneficiation | impact over the other metals mix to enhance the energy
(Farjana et al., 2019b) efficiency will be helpful to
reduce environmental burdens.

LCA  of  gold-silver | Gold refining from the gold-silver | Altering the material alloying
refining operations | couple production have notable | properties for stainless steel
(Farjana et al., 2019d) environmental impact over the | would be beneficial to reduce
combined production. environmental impacts.

4.6. LCA in iron mining

Iron is one of the most abundant elements found in the earth’s crust and is mostly widely used metal in
modern civilization. The major miners and producers of iron are China, Australia, Brazil, Russia, and
India. Iron can be mined from open pit mining or underground mining. Iron ore is extraction through
drilling, blasting, excavating, loading, haulage, ore dumping, crushing, and screening. After screening
lumped ores are sent through stacking, reclaiming, loading, transport. If the iron ores are fine ore then
after screening it goes through stacking, reclaiming, loading, transport, pelleting and sintering. Table 8
describes the major findings and recommendations from the research conducted related to LCA of this
metal.

Ferreira et al. analysed the iron production for an open pit mine located in Brazil. Dataset was collected
from company reports. The functional unit considered was one tonne of iron ore concentration produced.
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The analysis was done using SimaPro software and [PCC method. They found that use of grinding media
was the largest contributor to environmental emissions with the largest impact on human health and
quality of ecosystems. Emission of inhalable inorganic materials is affecting human health. Greenhouse
gas emissions are from electricity consumption which was 13.32 kg CO, eq for 1 ton of iron produced
(Ferreira and Leite, 2015). Haque et al. analysed LCA of open pit iron ore mining and processing which
comprises of drilling, blasting, loading, haulage, crushing, screening, separation, stacking, and stockpiling.
The functional unit was 1 ton. The impact categories were gross energy requirements and GHG emissions.
The analysis was done by Australian Indicator method. The analysis results showed that loading and
haulage made the highest contribution to GHG (11.9 CO, eq/t) (Haque and Norgate, 2015; Norgate and
Haque, 2010). Gan et al. analysed LCA of mining and processing of iron ore mine in China. The iron
mine considered consists of open pit mine and underground mine. The functional unit was 1 tonne of iron
ore. The analysis was done using the [PCC method. They found that the highest GHG contribution is
from agglomeration, loading, haulage, and ore processing, where mean value is 270 kg CO, eq tonne. The
second largest contributor is vegetation(Gan and Griffin, 2018).

Table 8

Summary of the findings and recommendations for LCA of iron mining.

Recommendation

Study reference

Key findings

LCA of iron mining in
Brazil (Ferreira and Leite,
2015)

The use of grinding media was the
largest contributor to environmental
emissions with the largest impact on

Replacement of fossil fuels with
biodiesel would be beneficial for
reducing climate change effects.

human health and quality of

ecosystems.
LCA of iron mining in | The loading and haulage made the | Emerging technologies should be
Australia (Haque and | highest contribution to GHG. adopted to reduce the

Norgate, 2015) environmental  burdens  from

loading and hauling of iron ore.

LCA of iron mining in | The highest GHG contribution is from | To reduce the environmental
China (Gan and Griffin, | agglomeration, loading, haulage, and | impacts of iron mining in China,
2018) ore processing high grade ore import from
abroad

4.7.LCA in nickel mining

Nickel is an important element for the military, marine, transport, aerospace, and architectural
applications. In the nickel mining, the ore can be extracted from sulfidic ore or oxidic ore. If the ore is
sulfidic, then it goes through beneficiation, pyrometallurgical extraction, refining. If the ore is oxidic, then
it goes through ore preparation, hydrometallurgical extraction, and refining. Table 9 describes the major
findings and recommendations from the research conducted related to LCA of this metal.

Khoo et al. studied three cradle-to-gate based nickel laterite technologies. The geographic region
considered were Western Australia and Indonesia. The analysis was conducted using IMPACT 2002+
method, ReCiPe method, and Australian Indicator method. They were high-pressure acid leaching
(HPAL), ferronickel, and direct nickel (DNi) process. Their study revealed that the highest environmental
impact was from ferronickel, while the most sustainable was HPAL. It was also found that results
obtained from Australian Indicator method were slightly higher than for other methods. Global warming
potential was mostly contributed by fuel consumption in nickel reduction and smelting. Another major
factor for GHG was coal consumption to produce steam (Khoo et al., 2017). Mistry et al. conducted LCA
of nickel and ferronickel production. Their datasets were originated from nine companies, which
comprised of 52% global nickel production and 40% global ferronickel production. The analysis was
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done using Gabi software and CML 2001 method. They showed that extraction and refining steps were
the major contributor for PED and GWP (Mistry et al., 2016).

Table 9
Summary of the findings and recommendations for LCA of nickel mining.

Study reference Key findings Recommendation

LCA of nickel mining for | The highest environmental impact was | Nickel production using the DNi
Australia and Indonesia | from ferronickel, while the most | method would be beneficial over

(Khoo et al., 2017) sustainable was HPAL due to fuel | the HPAL method to enhance
consumption in nickel reduction and | sustainability.
smelting.

LCA of global nickel | The extraction and refining steps were | The nickel institute will update
production (Mistry et al., | the major contributor for PED and | their life cycle inventory datasets
2016) GWP. based on technological
advancements, energy efficiency,
and raw material inputs.

4.8. LCA in rare earth elements mining

These group of metals contains fifteen types of elements, which can exist in the form of oxide minerals.
These rare earth elements are used for making optical and electronics products. Different industrial
sectors are using these rare earth elements metallurgy, oil, and agriculture. They are mined from China,
Brazil, and the United States. Rare earth elements can be mined using open pit mining or underground
mining. After mining, it goes through beneficiation stage, which involves crushing and grinding,
magnetic separation, multi-stage flotation, filtering, washing, and conditioning. At the refining stage, the
concentrated rare earth elements go through leaching, roasting, co-products separation, ion exchange,
calcination, solvent extraction, mixed concentration, mischmetal refining, water leaching, multistage acid
leaching, precipitation, and acid digestion. Table 10 describes the major findings and recommendations
from the research conducted related to LCA of this metal.

Weng et al. conducted LCA of rare earth elements, based on cradle-to-gate 26 mining projects. Their
focus was on GER (Gross Energy Requirements) and GWP. The analysis was done using SimaPro
software, ReCiPe method, and CED method. The allocation method was an economy-based allocation of
SimaPro. They found that the greatest environmental impacts were from ionic clay, monazite, bastnaesite
where the impact is higher than for most common metals like bauxite, copper, and steel (Weng et al.,
2016). Lima et al. analysed LCA of 4 kg of rare earth element with 2 kg of coproducts from a Brazilian
ore. The analysis was done using the IMPACT 2002+ method where the datasets were from CETEM.
Their study showed that largest consumption of hydrochloric acid and ammonium oxides produce
radioactive emissions which impact on ozone depletion potential, and carcinogens thus impact on human
health (Lima et al., 2018).

Table 10
Summary of the findings and recommendations for LCA of rare earth elements mining.

Study reference Key findings Recommendation

LCA of rare earth | The greatest environmental impacts | Rare earth elements refining
elements (Weng et al., | were from ionic clay, monazite, | technologies should adopt cleaner
2016) bastnaesite where the impact is higher | ways based on mineralogy and
than for most common metals like | geological conditions.

bauxite, copper, and steel.
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LCA of rare earth | The largest consumption of | More investment is required in the
elements in Brazil (Lima | hydrochloric acid and ammonium | life cycle assessment sectors to
et al., 2018) oxides produce radioactive emissions | better justify the environmental
which impact on ozone depletion | impact analysis.

potential, and carcinogens thus impact
on human health

4.9. LCA in stainless steel production

Steel industry is like oil and gas. Steel is widely used in construction works, transportation, packaging,
and energy sector. China is one of the leading producers of steel. Steel is produced after processing in
coke ovens, a sintering plant, blast furnace, and converter. Table 11 describes the major findings and
recommendations from the research conducted related to LCA of this metal.

Norgate et al. conducted the LCA study of steel production where the functional unit was 1 kg of refined
stainless steel. They assessed GWP, AP, and TED. The effects of different sources of electricity were also
assessed. They used CSIRO software LCA-PRO for analysis. Their study revealed that when ferronickel
was the nickel source, total energy consumption was higher than the case where nickel metal was used as
a source. They also stated that nickel has the highest impact, then ferronickel, ferrochrome, and iron.
While analysing the source of electricity, natural gas use could reduce the GWP without changing the
total energy consumption, while hydroelectricity could reduce both (Norgate et al., 2007). Korol et al.
assessed the cradle-to-grave LCA of steel production and arc furnace routes of Poland. They used
SimaPro software and Ecolnvent database for their analysis. The analysis method was IPCC, ReCipe, and
CED. They showed that production of pig iron had the highest impact on GHG and fuel consumption due
to electricity. They also showed that the iron ore sintering process was the highest contributor to dust and
on GHG emissions. Direct GHG emissions were related to the combustion sources, while the indirect
emissions were from fossils. The GHG value was 913 kg CO, eq/FU for natural electric arc furnace and
744 CO, eq/FU for crude steel (Burchart-Korol, 2013). Renzulli et al. studied cradle-to-gate LCA of an
integrated steel mill in Italy. The system boundary was raw material extraction, the sintering operations,
the coke production, and iron-steel production. The analysis method was ILCD while both mass and
economy-based allocation were considered. Their results are similar like for Korol et al. that the most
impactful processes were blast furnace and coke oven operations. More than 40% of the climate change,
ozone depletion, and particulate matter were due to raw material transportation in the blast furnace and
coke oven (Renzulli et al., 2016). Ma et al. analysed the crude steel production in China. Their functional
unit was 1 ton of steel billet. The analysis method was IMPACT world+ model, IPCC, and ReCiPe. The
system boundary includes mining, magnesium oxide production, transportation, and electricity generation.
They analysed the water footprint caused by steel production and found that grey water footprint was
higher than blue water footprint, while direct emissions played the key role for grey water footprint. Metal
depletion was higher due to iron ore consumption (Ma et al., 2018).

Table 11
Summary of the findings and recommendations for LCA of steel mining.

Study reference Key findings Recommendation
LCA of steel (Norgate et | Stated that when ferronickel was the | Alternative metal  production
al., 2007) nickel source, total energy | technologies should be developed

consumption was higher than the case | to reduce the environmental
where nickel metal was used as a | burdens.

source. They also stated that nickel has
the highest impact, then ferronickel,
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ferrochrome, and iron.

LCA of steel production
in Poland (Burchart-
Korol, 2013)

The production of pig iron had the
highest impact on GHG and fuel
consumption due to electricity. They
also showed that the iron ore sintering
process was the highest contributor to
dust and on GHG emissions

In future, LCA of alternative steel
production technologies should be
conducted including
thermodynamic  analysis  and
exergy analysis.

LCA of steel mill in Italy
(Renzulli et al., 2016)

The most impactful processes were
blast furnace and coke oven
operations. More than 40% of the
climate change, ozone depletion, and
particulate matter were due to raw
material transportation in the blast
furnace and coke oven

Energy and fuel exchange
between the power plants and
factory can be modelled and
analysed. LCA analysis can also
be extended based on steel
product rolling operations.

LCA of steel production
in China (Ma et al., 2018)

The water footprint caused by steel
production and found that grey water
footprint was higher than blue water
footprint, while direct emissions
played the key role for grey water

Further studies should be carried
out based on dynamic database
and spatial disparity in water
footprint evaluation in different
aspects.

footprint

4.10. LCA in uranium mining

Uranium is the source of nuclear power which is widely produced and naturally found. Nuclear power
accounts for more than 10% of power production in the world. The uranium deposits are mostly found in
Australia, Kazakhstan, and Canada. Uranium can be mined using open pit mining or underground mining.
The mined ores are then going through crushing, grinding, leaching, solid separation, liquor extraction,
uranium precipitation, solid separation, and drying. Table 12 describes the major findings and
recommendations from the research conducted related to LCA of this metal.

Norgate et al. studied the LCA of nuclear power production for uranium while the ore grade was 0.15%
Us Og . The functional unit was 1 MWh of electricity produced from 1 GWe nuclear reactor. The system
boundary includes uranium ore mining to electricity production in a plant. Their study found that fuel
enrichment stage made the highest contribution of GHG while the total GHG was 34 kg CO, eq/MWh.
But if the ore grade falls to 0.01%, then the GHG would be 60 kg CO, eq/MWh (Haque and Norgate,
2014; Norgate et al., 2014). Parker et al. studied the cradle-to-gate uranium mining and milling in Canada.
They found that source of GHG, that is the energy used to produce electricity and process emissions from
non-energy resources was the largest contributor to environmental emissions (Parker et al., 2016). Farjana
et al. analysed and compared among open pit mining, underground mining, and in-situ leaching uranium
mining operations. They found that in-situ leaching has a higher impact on all the environmental impact
categories except ionising radiation. On the other hand, underground mining effects adversely on ionising
radiation (S.H. Farjana et al., 2018a; Shahjadi Hisan Farjana et al., 2018b). Haque et al. conducted a
comparative LCA study among in-situ leaching based production of copper, gold, and uranium. Their
study was conducted based on Australian Impact method using SimaPro software. They showed that for
uranium mining, well field related activities and chemical consumption contributed the most for GHG.
Chemical consumption for leaching and mineral processing contributed about 20% of GHG, while well-
field related electricity consumption emits 74% of GHG (Haque and Norgate, 2014).
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Table 12

Summary of the findings and recommendations for LCA of uranium mining.

Study reference

Key findings

Recommendation

LCA of nuclear power
production (Norgate et
al., 2014)

The fuel enrichment stage made the
highest contribution of GHG

New technologies in different
stages of nuclear fuel cycle would
be beneficial for reducing
environmental burdens.

LCA of uranium mining
in Canada (Parker et al.,
2016)

The energy used to produce electricity
and process emissions from non-
energy resources was the largest
contributor to environmental emissions

In future, detailed LCA study
covering all the environmental
impact categories should be
conducted to  reduce the
environmental burdens and to
trade off among the competing
energy products.

LCA of global uranium
mining (S.H. Farjana et
al., 2018a;  Shahjadi
Hisan Farjana et al.,
2018b)

The in-situ leaching has a higher
impact on all the environmental impact
categories except ionising radiation

In future, further studies should be
conducted using the natural gas-
based scenario for process and
mine specific datasets.

LCA of uranium mining
in Australia (Haque and
Norgate, 2014)

The well field related activities and
chemical consumption contributed the
most for GHG

Electricity generated from the
renewable energy resources such
as solar energy will beneficial for

reducing impacts from in-situ
leaching.

4.11. LCA in zinc mining

Zinc is used for the galvanising process, to protect steel in the construction, transportation, and products.
It is also used as an alloying element with copper. Zinc is produced from ore mining, mineral processing,
concentration, roasting, leaching, purification, and electrolysis. Table 13 describes the major findings and
recommendations from the research conducted related to LCA of this metal.

Genderen et al. analysed the cradle-to-gate LCA of zinc concentrate and special high-grade zinc. The
geographical coverage considered in that study was global. The system boundary consists of zinc ore
mining, concentration, transportation, and smelting. Datasets were collected from 24 mines and 18
smelters and analysed using Gabi software. The selected impact categories were GWP, AP, EU
(Eutrophication), POCP, ODP, and PED. The analysis was done using the CML method, and the
functional unit was 1 MT (Mega tonne) of zinc. Their study found that the impacts of zinc production
were primarily due to energy consumption in the mining and concentration process. Electricity
consumption was huge, which the country and grid mix played a significant role (Van Genderen et al.,
2016). Qi et al. conducted LCA of hydrometallurgical zinc production in China which was based on
National inventory datasets. The analysis was done by ReCiPe method, and the functional unit was 1
tonne of hydrometallurgical zinc production. Their study reveals that overall environmental emissions
were due to zinc ore mining and energy consumption in the form of electricity and natural gas. They also
stated that pollutants like copper, zinc, lead, which were emitted to the environment were responsible for
human toxicity, marine aquatic ecotoxicity. Carbon-di-oxide emission from coal-based electricity
generation was dominant for climate change and fossil depletion. Also, the heavy metals from iron ore
mining and refining contributed to impacts on human health and water (Qi et al., 2017). Farjana et al.
analyzed the gold-silver-lead-zinc-copper beneficiation process, which summarizes that gold-silver
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beneficiation has greatest impact over the other metal in these joint production which is due to the
electricity usage through fossil fuel consumption (Farjana et al., 2019b).

Table 13

Summary of the findings and recommendations for LCA of zinc mining.

Study reference

Key findings

Recommendation

LCA of global zinc
production (Van
Genderen et al., 2016)

The impacts of zinc production were
primarily due to energy consumption
in the mining and concentration
process.

In future, including the unit
process details for LCA analysis
for concentration and smelting
would be  beneficial  for
sustainability.

LCA of zinc production
in China (Qi et al., 2017)

The overall environmental emissions
were due to zinc ore mining and
energy consumption in the form of
electricity and natural gas.

In future, their study would be
beneficial to build national LCI
database for zinc production in
China.

LCA of gold-silver-lead-
zinc-copper beneficiation
(Farjana et al., 2019b)

Gold-silver beneficiation has highest
impact over the other metals

Modification in the electricity grid
mix to enhance the energy
efficiency will be helpful to

reduce environmental burdens.

4.12. Other metals and their LCA studies

Table 14 describes the major findings and recommendations from the research conducted related to LCA
of these metals.

Cobalt is a valuable metal found in the earth’s crust which is widely used in the industrial applications.
Cobalt mining has notable impact on human health due to cancer-causing elements which may cause
heart disease, vision problem, etc. Farjana et al. conducted the life cycle assessment of cobalt extraction
process. According to their study, cobalt extraction is harmful for eutrophication and global warming.
Cobalt extraction requires large amount of electricity which is detrimental for global warming, and also is
the blasting.

Cemented carbide has higher hardness and higher corrosion resistance, mostly used for drilling tools and
cutting tools. China is the leading producer of cemented carbide. The cemented carbide ore is mined from
extraction, crushing, milling, gravity method grinding, sulphide flotation, and roasting. In the hydro-
metallurgy stage, the cemented carbide ore is digested, filtrated, precipitated, extracted using solvent, and
finally crystalised. In the pyrometallurgy stage, the ore goes through calcination, hydrogen reduction, and
carburization. In the powder metallurgy stage, the ore goes through powder milling, granulation, and
sintering. Furberg et al. conducted a cradle to gate LCA of cemented carbide production with cobalt,
while the geographic location was non-Chinese (Canada and USA). Their study stated that impacts were
due to elements like kerosene, tailings, water, and electricity. The highest impacts were on the category of
TAP (terrestrial acidification), ODP (ozone depletion), FEU (freshwater eutrophication). And the lowest
impact was on CC (climate change), PCOF (photochemical oxidant formation), and WD (water depletion)
(Furberg et al., 2019).

Manganese is an essential element for batteries, fertilisers, and chemicals. Manganese is a widely used
alloying element comes in conjunction to make ferroalloys. The manganese alloy is produced using
mineral extraction, hauling, ore preparation and beneficiation, sintering and transportation, smelting,
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crushing, screening, and refining. Westfall et al. conducted an LCA study based on manganese alloys,
where datasets were collected from 16 ore and alloy producers. The authors have conducted a cradle-to-
gate LCA of silicomanganese, ferromanganese, and refined ferromanganese. The impact categories
considered were GWP, AP, POCP, water, and waste. The analysis was done using CML 2001 method.
According to their analysis, electricity demand, fuel consumption during smelting were the primary
contributors for impact (Westfall et al., 2016).

Magnesium oxide cement are widely produced in China, North Korea, Turkey, Russia, and Australia. The
magnesium oxide is produced from the raw material acquisition, crushing, vertical shaft kiln, precipitation
tank, screening, crushing, grinding, and packaging. Ruan et al. analysed the LCA of magnesium oxide
where the functional unit was 1 tonne. They showed that MgO has a lower impact on ecosystem and
resources but larger impact on human health. The analysis was done using Ecolndicator 99 method. They
considered five different case scenarios based on fossil fuel and raw material consumption (Ruan and
Unluer, 2016).

Silver metal is most widely used for industrial purposes or for making jewelries. There are very few
studies which addressed the environmental impact of silver mining processes. Farjana et al. analysed the
environmental burdens associated with gold-silver-lead-zinc-copper beneficiation process (Farjana et al.,
2019b). In another study, they analysed the environmental impacts of gold-silver refining operations
(Farjana et al., 2019d). They found that silver beneficiation and refining have least environmental impacts
than gold mining processes as they consume least amount of electricity, however, there are some impacts
in the eutrophication, global warming, and ecotoxicity (Farjana et al., 2019b, 2019d).

Titanium oxides are widely used for making high-performance metal parts, artificial body parts, and
engine elements. Ilmenite and rutile are the generally found form of titanium oxides. Ilmenite and rutile
are extracted from mine site using heavy mineral concentration, rare earth drum separation, electrostatic
separation circuit, and gravity separation circuit. Farjana et al. conducted a comparative LCA analysis of
cradle-to-gate titanium oxides production. Ilmenite and rutile were considered where the geographic
region considered was for Australia. The datasets were collected from AusLCI database and SimaPro
software. The study revealed that rutile had a significant environmental impact than for ilmenite due to
higher energy consumption and electricity use. The GHG was 0.295 kg CO, eq/kg of ilmenite production
and 1.535 kg CO, eq/kg of rutile production (Shahjadi Hisan Farjana et al., 2018a).Table 14

Summary of the findings and recommendations for LCA of different metals

Study reference

Key findings

Recommendation

LCA of cobalt extraction
process (Farjana et al.,
2019c¢)

Eutrophication and global warming
impacts are higher due to electricity
consumption

Altering the electricity generation
resources within the same grid
mix network will be beneficial for
sustainability.

LCA of non-Chinese
cemented carbide
production (Furberg et
al., 2019)

The impacts were due to elements like
kerosene,  tailings, water, and
electricity.

In future, improvement in LCI
datasets is required to get rid of
uncertainty in  environmental
sustainability.

LCA of global
manganese  production
(Westfall et al., 2016)

The  electricity  demand,  fuel
consumption during smelting were the
primary contributors for impact.

In future, the LCI datasets and
LCA results can be integrated to

LCA of magnesium oxide
production (Ruan and
Unluer, 2016)

MgO has a lower impact on ecosystem
and resources but larger impact on
human health

An extensive database with
detailed LCI should be built to
conduct detailed LCA analysis.
Moreover, reduction of carbon
dioxide emissions should be
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achieved.

LCA of titanium oxides | Rutile had a significant environmental | Electricity = grid mix  have
in Australia (Shahjadi | impact than for ilmenite due to higher | significant impact on the
Hisan Farjana et al., | energy consumption and electricity | environmental impact analysis
2018a) use. results which would be analysed
extensively in future.

LCA of gold-silver-lead- | Gold-silver beneficiation has highest | Modification in the electricity grid
zinc-copper beneficiation | impact over the other metals mix to enhance the energy
(Farjana et al., 2019b) efficiency will be helpful to
reduce environmental burdens.

LCA  of gold-silver | Gold-silver refining from the couple | Altering the stainless steel

refining operations | production of gold-silver have more | alloying properties would be
(Farjana et al., 2019d) environmental burdens associated with | beneficial for sustainability.
gold-silver-lead-zinc-copper ~ couple
production.

5. Discussion

This chapter discusses the key aspects of the research articles on life cycle assessment of metal and
mining industries. Analysis results can be discussed based on a combination of three different
perspectives - mining technologies, environmental impacts, and energy consumption and integration.
According to the discussion on the LCA results presented in table 15, which describes the key findings of
these research papers on LCA based on metal type, it is quite evident that the common reason for largest
environmental impact from mining is due to energy generation, fossil fuel consumption for energy and
process heat generation. For aluminium, smelting and refining stage made the greatest contribution due to
energy consumption and direct emissions to the environment. From the cemented carbide production, the
mining, hydrometallurgy, and powder metallurgy stages made the greatest contribution due to kerosene
use, sulfidic tailing, water, and electricity. In the case of coal mining, still electricity use, fossil fuel use
for heat generation creates greater environmental impacts generated from the mining stage. Among the
copper mining steps, solvent extraction and electrowinning in hydrometallurgy causes greater
environmental impact rather than for pyrometallurgy, due to electricity, fossil fuel use for heat generation,
and steel use. Gold mining is impactful in mining and comminution stage, due to well field related
activities. Agglomeration, loading, haulage, and ore processing in iron mining is harmful to the
environment due to the emission of inorganic chemical materials, use of electricity, and use of grinding
media. From magnesium oxide production, calcination stage is highly impactful towards environment due
to fossil fuel usage in the form of coal. For nickel production, primary extraction, nickel reduction, and
smelting are impactful due to electricity usage and coal consumption to produce steam. The oxide
separation stage in rare earth mining step, consume a huge amount of hydrochloric acid and ammonium
oxides which is harmful. Pig iron in a blast furnace and iron ore sintering process in steel and stainless-
steel production causes greater impact due to electricity and fossil fuel usage. The fuel enrichment stage,
well-field related stages, and the mining stage cause the greatest environmental impact of uranium mining
due to electricity usage, use of chemicals and indirect emissions. In summary, mining and extraction
stages made the greatest contribution in cemented carbide, coal, gold, titanium oxides, and zinc
production. Smelting and refining steps cause a higher impact for aluminium, ferroalloy, nickel, and
manganese mining which are due to significant amount of electricity consumed in smelting operation.

From the discussion presented above and in table 15, it is quite evident that most of the environmental
emissions from mining industries are due to electricity consumption and fossil fuel usage, whatever the
process is. Fossil fuel can be of the form of diesel oil, natural gas, heavy fuel oil, and residual fuel oi.
These fossil fuels can be used for electricity production, process heat generation, and mechanical energy
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generation. Among these, fossil fuel use can be reduced or replaced by integrating renewable energy
resources. Renewable energy can be used as an alternative fuel to generate electricity or to produce
process heat. Several LCA studies assessed the environmental impact scenario with the integration of
renewable energy resources in mining industries. There could be replacement by different types of
renewables either partially or completely. Another major reason is the electricity grid mix, which varies
from one country to another. The grid mix is a combination of fuel sources used to generate electricity.
Among the three major components in LCA, electricity mix, technology mix, and heat mix- electricity
mix and heat mix both are related to fossil fuel. Between them, a most adverse effect is from electricity
use which impacts on GWP and AP. It also affects PED and GER. Replacing coal with natural gas may
also be a solution to reduce GWP with same GER, but natural gas has more ionising radiation impact on
human health. However, it is possible but dependent on the availability of the renewables at the mining
site to integrate with the power generation system. This replacement is time-consuming and involves huge
capital cost. Another important point is electricity generation efficiencies which could be improved after
involving modern technologies.

Another major part is the integration of renewable resources to generate process heat in mining.
Regarding solar energy, temperatures below 150° Celsius could easily be achieved by non-CST (non-
concentrated solar thermal) technologies. Temperatures ranging between 150° to 400° Celsius is possible
to generate with primary CST (concentrated solar thermal) technologies. There are few industries in the
world where already process heat integration is operating with solar technologies. Few mines in Chile are
utilising solar process heat for electrowinning operations. South Africa is using solar process heat for
mining and cleaning operations. Cyprus, Austria, India, and Germany are also using solar process heat for
different low-temperature mining operations which all operate below 100° Celsius. The availability of
solar energy also varies depending on the latitude and longitude, irradiation, and many other factors. Not
all miner countries could have this renewable source of energy.

Other than energy integration, there are some technological factors which affect the environmental
impacts of mining processes — the most important factor, which was discussed in almost every paper that
ore grade effects largely on environmental burdens associated with mining. The deeper would the mining
goes; the greater machinery requirements and the energy consumption would be. The more we are
approaching towards development, more mining of the metals is required. Another important factor is the
use of inorganic chemicals for chemical extraction, acid leaching, and electrowinning processes; which is
more troublesome for environmental sustainability. Mining tailing management is another critical issue,
which causes significant load on environment impacting human health, ecosystems, and resources.

Table 15

Key factors of environmental impacts from metal mining industries.

Metal Highest Impactful process

Impactful

Category
Aluminium (Nunez | GWP  due to | Smelting and refining, electricity consumption and direct
and Jones, 2016; | smelting and | emissions.

Paraskevas et al., | refining
2016; Tan and Khoo,

2005)

Cobalt (Farjana et | GWP, EU Extraction due to electricity consumption and blasting.

al., 2019¢)

Cemented  carbide | TE, OD, FWE Mining, hydrometallurgy, and power metallurgy phases.
(Furberg et al., 2019) Due to kerosene, sulfidic tailing, water use, and electricity
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use.
Coal (Adiansyah et | Dust, GWP, AP Mining due to electricity usage, diesel oil consumption,
al., 2017; Burchart- fossil fuel, use of steel and heat.

Korol et al., 2016;

Guimardes da Silva

et al., 2018; Zhang et

al., 2018)

Copper (Ekman | GWP Solvent extraction and electrowinning, leaching due to
Nilsson et al., 2017; electricity usage, fossil fuel, sulfuric acid.

Haque and Norgate,

2014; Memary et al.,

2012; Norgate, 2001;

Northey et al., 2013)

Ferroalloy (Bartzas | GWP Smelting and refining due to electricity usage, fossil fuel.
and Komnitsas,

2015; Haque and

Norgate, 2013)

Gold (Chen et al., | GWP, MD Mining and comminution, well field related activities due
2018; Farjana et al., to electricity usage, diesel oil consumption, and direct
2019b, 2019d; Haque emissions.

and Norgate, 2014;

Norgate and Haque,

2012)

Iron (Ferreira and | GHG, human | Agglomeration, loading and haulage, ore processing,
Leite, 2015; Gan and | health vegetation and soil removal due to electricity usage,
Griffin, 2018; Haque emission of inorganic materials, use of grinding media.
and Norgate, 2015;

Norgate and Haque,

2010)

Manganese (Westfall | GHG Smelting due to electricity usage, fossil fuel (coal and
et al., 2016) coke).

Magnesium  oxide | Human health Calcination due to coal usage.

(Ruan and Unluer,

2016)

Nickel (Khoo et al., | GHG Primary extraction, nickel reduction and smelting due to

2017; Mistry et al.,
2016)

electricity usage, coal consumption to produce steam.

Rare earth element
(Lima et al., 2018;
Zaimes et al., 2015)

ODP, carcinogens

Oxide separation step due to consumption of hydrochloric
acid and ammonium oxides.

Silver (Farjana et al., | GWP, EU Stainless steel and electricity used in beneficiation and
2019b, 2019d) refining processes.

Steel (Burchart- | GHG, dust Pig iron in the blast furnace and coke oven operations, the
Korol, 2013; Norgate iron ore sintering process due to electricity usage, fossil
et al., 2007; Renzulli fuel.

etal., 2016)

Titanium oxides | GHG Mining due to electricity usage.

(Shahjadi Hisan

Farjana et al., 2018a)

Uranium (Shahjadi | GHG Fuel enrichment, well field related activities, leaching due

Hisan Farjana et al.,

to electricity usage, use of chemicals, and direct
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2018b; Haque and emissions.
Norgate, 2014;
Norgate et al., 2014;
Parker et al., 2016)

Zinc (Qi et al., 2017; | GWP Mining and concentration due to electricity consumption
Van Genderen et al., and fossil fuel usage.
2016)

6. Conclusion

In conclusion, this review paper presents a comprehensive scenario of all the existing studies reported in
the literature on the life cycle environmental impact analysis of metal mining industries. Sixteen metal
mining industries are identified which have the significant research output that quantified the
environmental effects based on LCA methods. A comprehensive compilation of the published work is
being carried out, analysed, compared the impactful mining materials, processes which are energy
intensive, thus harmful for global environmental sustainability. According to the findings presented in this
paper, mining and extraction stages made the notable contribution in cemented carbide, coal, gold,
titanium oxides, and zinc production. In addition, smelting and refining steps cause a considerable amount
of impact for aluminium, ferroalloy, nickel, and manganese mining which are due to significant amount
of electricity consumed in smelting operation. This paper also summarises the key methods of life cycle
assessment which were utilised for mining industries. Limitations of these studies and future
recommendation to improve the environmental sustainability are also presented. The most important
challenge is the replacement of energy generation resources by renewables, which could significantly
reduce the gross energy requirements and global warming potential, to achieve the sustainability goals for
2050.

In summary, there are some limitations, and future recommendations focused on LCA techniques and
methods as follows:

a. Development of global LCA method which would be applicable irrespective of the geographic
region of the mining company.

b. Development of aggregated allocation technique for coproduction of metals, which would be free
from technological and economic differences of metals.

c. Analysis of complete LCA for each metal industries, as most of them, lack full LCA study, due to the
research focus and availability of dataset.

d. Development of specific database focused on mining industries life cycle inventory datasets, which
should contain inventory datasets for every type of mining technology per metal.

According to the analysis results presented in this study, it is evident that the mining industry is
considerably affecting global warming potential and human health (carcinogenic and non-carcinogenic).
The following measures could be adopted for significant reduction in the emission during the mining
processes:

a. Replacement of electricity generation sources by renewables is of paramount importance. The
choice of renewable energy resource would be dependent on the geographic location of the mine,
availability of energy resources, and the capital cost of replacement.

b. Process heat generation sources could be altered by renewables. Mining processes should be
classified as in terms of heating needs as low-temperature, medium temperature, and high-
temperature process heat applications. Following that, the feasibility of process heat integration
should be assessed approaching towards the practical integration.



c. Sourcing high grade mining ore would be beneficial for the environment, which will consume
less energy in the form of electricity and heat and less equipment to extract mined ore.

d. Decreasing the use of inorganic chemicals for leaching or increasing the efficiency of leaching
processes would be beneficial to reduce the human health impacts, both carcinogenic and non-
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carcinogenic.
Nomenclature
Term Description
AP Acidification
CcC Climate change
CED Cumulative energy demand
CETEM Center for mineral technology database
CSIRO Commonwealth Scientific and Industrial Research Organization
CML Center for methodological development
CST Concentrated solar thermal technology
DNi Direct Nickel method
EDIP Environmental Design of Industrial Products
EU Eutrophication
FEU Freshwater eutrophication
FFD Fossil fuel depletion
FWE Freshwater ecotoxicity
GER Gross energy requirements
GWP Global warming potential
HH Human health
HPAL High pressure acid leaching
HT Human toxicity
1Al International Aluminum Institute
IPCC Intergovernmental Panel on Climate Change
ILCD International Reference Life Cycle Data System
ISO International Organization for Standardization
LCA Life cycle assessment
LCA-Pro Life cycle assessment software name
LCI Life cycle inventory
ME Marine eutrophication
MT Mega tonne
Non-CST Non- concentrated solar thermal technology
ODP Ozone depletion potential
POCP photo-oxidant creation potential
PMF Particulate matter formation
TAP Terrestrial acidification
USGS U.S. Geological Survey database
WD Water resource depletion
WMO World Meteorological Organization
WSP Water scarcity potential
kg CO, eq Carbon dioxide equivalent
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Abstract:

| This review—paper analysed and summarised the significant research outputs published on the
environmental impact assessment of mining and mineral processing industries through life cycle
assessment. The paper presents valuable insights in identifying the gaps, Fhis-paper-will-also-tdentify-the
gaps;-where should the focus be in the mining and mineral processing industries for a sustainable future.
Mining and mineral_processing industries has been the key focus of research in many countries are-in-the
foeus-of seientifie soeiety-due to its increasing sustainability concerns that affects abeut-global warming
and climate change. Mining—processes—uUse of heavy equipment that consumes electrical energy,
mechanical energy, and enormous amount of process heat is a key contributor of the overall impacts in
the industry. Due to the use of heavy equipment and eerrespending-associated energy consumption, these
industrial sector contrlbute notably f}eses—a—sevelﬁ%thfe&t—to global warmlng, human health ecosysterns
and resources. H v 3

years—Among the various env1r0nmental 1rnpact assessrnent tools which are w1dely used to 1dent1fy
sustainability indicators, life cycle assessment (LCA) is a well justified setentifie-teetapproach among the

practitioners and researchers. Though state of the art technological tools and resources are being used now
a days, there is still a research gap in identifying the key mining processes which need to be the focus of
attention. Renewable energy integration in the mineral processing sector and process heating from green
energy sources is becoming the emergent field of research. The review results reveal, the assessment
indicators in human health and ecosystems are key factors that are mostly missing in the previous studies
which are crucial for people or community living nearby mining area. This review paper wiH-identifies ¥
the research gaps to the existing literature that can_form the base for future -previde-research direction in
the future—research—field of LCA-researeh and sustainable energy integration in mining_and mineral
processing industries.

| Keywords: Mining, mineral processing, -industries;-life cycle assessment, environmental impact, energy
integration, renewable energy, sustainability.

1. Introduction

Mining and mineral processing metal-industries_contribute a gigantic share in a nation’s economy in
addition to supplying the invaluable resources for modern civilization. —are—mpertant—net—enly—for
mdas&t&ke%&u%&bt%m—%%ge&%%m%&%—sﬁkel&eld%s—Most importantly, this sector plays a crucial

role in sustainable economic development and overall GDP growth. —To keep pace with the growing
demand of the sustainable world, World Economic Forum is wetking-aiming to make the mining world
sustainable by 2050. There are a few goals which should be achieved, and several industrial mining
governing bodies are working to settle those goals. These are drivers of change, transitional areas,
resource scenario in future, and action plans. The drivers of change can be classified into five types:




environmental, technological, societal, geopolitical, and geographic for the growing need in the
environmental effect’s management in the field of climate change, biodiversity, and water. World
economic forum also outlined the key mining and mineral sectors which are crucial for setting the
sustainable development goal by 2050: aluminium, iron, nickel, copper, and zinc mining (Ranéngen and
Lindman, 2017; WORLD ECONOMIC FORUM, 2015). In line with the economic demand and growth,
the environmental effects and its consequences are also increasing exponentially. Sustainable
development meant to an accord between economic activity and environmental concerns. The goal of
sustainable development in mining industries is to increase metal production in such a way that it should
ascertain the cost and efficiency, without significantly reducing the potential for future generation. The
first step to Fe-achieve this goal itis—the-dutyoftheseientifie soetety—is to assess the environmental
impacts caused by the mining industries for current practices in-present-seenarie-and identify the ways to
reduce the environmental effects without compromising the thuas—maximistnetheproduction. According
to International Council on Mining and Metals there are ten principals, of which two are directly related
to climate change, water, and biodiversity — the —considerations of environmental side of sustainable
development. According to principle number six, continuous improvement should be pursued in
environmental issues like water, climate change, and energy use (Gorman and Dzombak, 2018; Mudd,
2009; Tost et al., 2018).

RegardineOn the subject of the environmental impacts of mining_and mineral processing, it can be
generally classified as waste management, acid mine drainage, sedimentation, metals deposition, and
biodiversity. The Mining—processes produce tee—mueh—considerable amount of waste outputs, which
depends on the is—determined-by—the-type of mineral to be mined and type of ore deposit. It is very
challenging to dispose of such a large huage-amount of wastes from mining and mineral processing which
is detrimental for aquatic environment and ecosystems. Water pollution from mining wastes causes acid
mine drainage, sedimentation, and deposition of metals. Erosion through waste rock piles and runoff after
rainfall increases the sedimentation. Acid mine drainage is another type of serious environmental impacts
from mining, which occurs from sulfidic minerals. Contamination of acidic water on surface and
groundwater resources threatens the aquatic life and plants. Metals and reagents used for processing the
significant amount of minerals are also gets released into the environments, gets mixed, and threatens the
life of aquatics and plants. Removing the plants and vegetables from the ore mining area results in
deforestation threatens the structure of the species, which is affecting the biodiversity (Cortez-Lugo et al.,
2018; Fugiel et al., 2017; International Institute for Environment and Development, 2002).

Though the degree of these environmental impacts varies from one mine to another, from one metal to
another metal, and correlates with the volume of production, the need for #is-ebvieus—te-determining e
and quantifying the effects caused by_the sector —mining—industries is inevitable to identify the key
processes/ materials which are respensibleaccountable for major environmental emissions and impacts.
For example, the key processes are power plants used for electricity generation, diesel heat-used for
process heat generation, blasting process, or the ore mining (S.H. Farjana et al., 2018a, 2018b, Shahjadi
Hisan Farjana et al., 2018a, 2018b). Among the various factors, fossil fuel consumption for electricity
generation and process heat generation is the greatest contributor to environmental effects and emissions
caused by the mining industries. The form of non-renewable fuels include coal, natural gas, diesel, heavy
fuel oil, bitumen which are producing heat and electrical energy. After combustion, fossil fuel generates
ten—carbon di-oxides, nitrous oxides, sulphur di-oxides and produces fly ashes which are polluting the
environment. Due to the increasing demand for global development, metal exploration is going into
deeper of the surface, which also requires heavy equipment to extract lower grade ore minerals. These
lower grade metal extractions also demand higher consumption of electricity for more equipment in use.
However, increased environmental emission should be diversified in the fields of the environment- global
warming, human health, ecosystems, and resources (Shahjadi Hisan Farjana et al., 2018b, 2018a; Farjana
et al., 2019a).



In the mineral processing industries, frem-in the last 15 years, there are areund-40 significant research
outputs that are published based on the life cycle assessment of specific metal mining processes or a
system of processes. The life cycle assessment (LCA) results vary from one standardised LCA method to
another, from one simulation software to another, and from one mining metal to another. Despite all the
key factors, the respensibleliable processes crucial for environmental emission for each metal is fixed
irrespective of the quantification of results. This statement is validated using the review presented in this
paper. The main aim majer—purpese—of this review paper is to quantify and analyse the past research
works-in LCA of minerals and mining processes to fill the knowledge gaps in major mining_and mineral
processes and materials accountable for environmental impacts from mining, environmental categories to
be affected, quantity of emissions, and suggest alternatives to reduce the environmental impacts from the
mining processes. Section 2 describes the materials and methods utilised in this review work. Section 3
describes the LCA methods used for life cycle assessment studies in mining and minerals industries.
Section 4 comprehensively categorises and describes the LCA works of minerals and mining industries.
Section 5 compares and summarises the major materials/processes responsible for environmental
emissions from the mining industries, describes the research gaps and future scope till to date in the LCA
research area in relation with mining and mineral processing industries. Finally, the paper finishes in
Section 6 by providing some gives-the-concluding remarks.

2. Materials and Methods:

As the first step of this systematic review, few-steps-are-followed-to-accomplish-thisreview—Atfirst-the
relevant and significant research outputs, and their published articles are sorted and classified as part of
the material collection process. In total, Fetal-forty jeurnal-and-conferencepapersarticles are exclusively
selected which are focused on the LCA on mining industries. Among which most of the papers were
published in Journal of Cleaner Production, International Journal of Life Cycle Assessment, Science of
the Total Environment, Resources Conservation and Recycling, Journal of Environmental Management,
and Journal of Sustainable Mining. These papers are classified based on the type of metal mining industry
under consideration. Overall sixteen metals-and-theirmining processes were exelastvebyrigorously studied
through life cycle assessment. Those are aluminium (3 papers), copper (5 papers), coal (4 papers), gold (3
papers) iron (37 papers), rare earth element (2 papers), —stainless—steel{4-papersy—uranium (4 papers),

zinc (3 papers), nickel (4 papers), cemented carbide (1 paper), ferroalloy (1 paper), manganese (1 paper),
magnesium oxide (1 paper), and titanium oxides (1 paper).

In the next step, these publications are extensively studied to identify the key criteria’s for conducting the
extenstve-comprehensive literature review. This step can be termed as a comprehensive analysis_of the
existing literature. In this stage, all the se-publications are studied irrespective of their evaluation methods,
goal, and scope of their research. This stage also investigated the common trends and evaluation criteria
followed by mining LCA specialists. Furthermore, LCA methods that were considered in those studies
followed-intheseresearch—works—is-are also classified, which is—further-is described in Section 3 of this
review paper. LCA methods are summarised as their impact assessment methods in practice, system
boundary, impact categories in use, general material inputs and outputs, databases, and their functional
units.

In the following step, the evaluation categories are selected, and the papers, their methods, and results are
sorted based on the evaluation categories. The evaluation—criteria_are -which—were-selected are-based on
the metals, their general properties, mining processes, system boundary, geographic location, selected
environmental impact categories to be assessed, most impactful mining process identification, and key
emission materials.

In the last step, materials and their evaluated criteria are scientifically evaluated, presented, and identified
the research gaps in these previous research studieswerks. The papers are further studied to find out the



research gap on metals which got comparatively lesser attention were-neverunder-thefoeus-of from LCA
practitionersspeetatists, mining processes which lacks attention, key materials used in mining which are
harmful to the environment and suggesting possible solutions to reduce the notable amount of emissions
from the mining process or industries.

Figure 1 describes the key steps of the methods utilised to perform this review study.
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Fig. 1. Steps followed in methods to complete this review.
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3. LCA in mining industries

This chapter describes the basics of LCA, steps, goal and scope, system boundary, software in use, and
methods used for LCA analysis focused in the mining industries so far.

3.1. Definition and steps in LCA

Life-cycle assessment is a widely used environmental impact analysis tool which is used for many years
in the scientific community to analyse the effects caused by a product, a process, or a system of processes
on the environment (Grande et al., 2017). This impact analysis method aims to analyse and classify the
environmental emissions based on several categorised and standardised impact assessment categories
(Curran, 2012). The major steps in the life cycle assessment comprise of goal and scope definition, LCI
(life cycle inventory) modelling, life cycle assessment, and results interpretation. These steps should be
followed in each LCA study conducted based on the ISO (International Organization for Standardization)
14040 (Fogler and Timmons, 1998).



3.2.System Boundary of LCA

The system boundary followed in a LCA study could be from cradle-to-gate, gate-to-grave, gate-to-gate,
or cradle-to-grave (Stewart and Petrie, 2006). The system boundary followed in mining-based LCA
studies are cradle-to-gate. Due to the lack of enough data source, it is hard to assume the end-of-life state
of the processed metal. Which in turn, restricts the LCA study onto the cradle-to-gate processes (Santero
and Hendry, 2016). A complete LCA study in mining comprises of ore mining, concentration and
beneficiation, extraction, smelting, transportation and refining operations. However, the structure of the
system boundary is also dependent on the available datasets, as they are proprietary information.

3.3.Functional unit and goal of LCA study

The functional unit in consideration for LCA in mining could be of 1 kg of selected mineral, or 1 tonne of
selected mineral, or mega tonne of that selected mineral. The goal of the LCA works is to analyse the
effects of a product or process based on their system boundary and categorise their emissions (Teh et al.,
2017): the materials, energy (in the form of renewables and non-renewables, resources, organic and
inorganic chemicals are identified as the material inputs in an LCA study. The output product, waste
emissions, by-products, and emissions to soil, water, and environment are considered as material or
process outputs (Althaus and Classen, 2005).

3.4. Life cycle inventory datasets

The life-cycle inventory datasets were collected from several sources like company reports, published
literature-werks, renowned databases like Ecolnvent, USGS, AusLCI. However, very few datasets are
focused on global context. Datasets can be presented as global datasets, regional datasets, or country-
specific datasets. For standardising the datasets, the collected sets of data are quantified and aggregated,
validated, averaged, and finally represented in the form of mine irrespective datasets. The source of these
datasets could be originated from mining company reports, published research works, books, media, and
so on (DEE, 2017; EPA, 2018). A global dataset could be generated after data collection from several
mining companies of different geographic regions, aggregating, averaging, checking, and data validation.
Most of the metal life cycle inventory datasets are regional, which is confusing because technology mix,
heat mix, and grid mix vary from one company to another, one country to another, and from one region to
another. Another major difference is most of the metals could be mined in alternative routes and
alternative techniques. It is hard and not available to get the inventory datasets for each of those mining
processes.

In most cases, inventory datasets for subprocesses of the full mining process were available, which made
it harder to compare among the mining processes and the metals. Also, metal mining industry datasets are
dispersed in different databases which also difficult for researchers to get the life cycle inventory datasets
in a go. These differences necessitate the fact that in future it would be highly beneficial to develop global
datasets and database containing global metal mining datasets (Althaus et al., 2007; Althaus and Classen,
2005; Hischier et al., 2010; Long et al., 1998; Marguerite et al., 2015; Weidema et al., 2013).

3.5. Life cycle assessment methods

The methods to conduct the life cycle assessment analyse—are based on ISO 14040 standards. The
renowned and widely used LCA methods in mining industries are CML (Centre of Environmental
Science of Leiden University of Sweden) method, TRACI (Tool for the Reduction and Assessment of
Chemical and other Environmental Impacts) method, ILCD (International Reference Life Cycle Data
System) method, CED (Cumulative Energy Demand) method, and IPCC (Intergovernmental Panel on




Climate Change) method. These methods vary from one another regarding characterisation,
Normalisation and weighting factors, impact categories, and geographic location. The analysed impact
categories also vary among the methods. The most common midpoint indicator based (problem-oriented)
impact categories are HH (human health, cancer and non-cancer effects), CC (climate change),
eutrophication (terrestrial, marine, aquatic), acidification potential, resources depletion, land and water
use, and ecotoxicity. The end-point indicator (damage oriented) impact categories are climate change,
human health, ecosystems, and resources. These methods are also geography dependent like CML
methods are widely used for manufacturing processes held in Europe whereas TRACI method is used for
LCA studies based on USA ((JRC), 2012; Acero et al., 2015; Hischier et al., 2010; JRC European
commission, 2011; Wolf et al., 2012).

The most common life cycle assessment methods utilised in mining industries were ReCiPe method, the
IPCC method, and Australian Indicator method. ReCiPe method has 18 midpoints indicator-based
categories and three endpoints indicator-based categories. The ReCiPe is the most updated LCA method
with a minimum number of indicator scores. ReCiPe method is classified on hierarchies, individualist,
and egalitarian method. Most importantly, the ReCiPe method is particularly focused on European
geographic continent (Fugiel et al., 2017; Marguerite et al., 2015). Intergovernmental Panel on Climate
Change (IPCC) method is specialised in greenhouse gas emissions. This method accesses the GHG
effects based on 20 years, 50 years, and 100 years’ time span (Hischier et al., 2010).

On the other hand, Australian Indicator method is specialised in materials and processes located in
Australian geographic region. According to the best practice guide in life cycle assessment, Australian
Indicator method do not contain the toxicity emission factors and the characterisation factors are based on
European context, inherited from CML method. So, it is not properly focused on Australian geographic
context (Lodhia and Martin, 2014; Marguerite et al., 2015). Center for Methodological Development
(CML) method, developed by University of Leiden in Netherland is another well-established LCA
method, where the characterisation factors are focused on the average values of global and European
geographic context, with no weighting applied on it. So, the regional validity of this method could be
considered as global except for the AP and POCF, which are based on European factors. International
Reference Life Cycle Data System (ILCD) method is developed by the Joint Research Commission in
Europe (JRC) where the impact categories are formed using the base of different renowned methods,
IPCC (for climate change in 100 years’ time span), USEtox (human toxicity cancer and non-cancer),
CML 2002 (resource depletion) and several other methods from literature. This method follows best
practice in several impact assessment categories ((JRC), 2012; European Commission -- Joint Research
Centre -- Institute for Environment and Sustainability, 2010; JRC European commission, 2011).

The most discussed impact categories are CC/GHG and PED/ TER. AP, MD, waste was also assessed in
many literature works, but still, there are hugely lacking regarding environmental impact categories. Due
to the lack of complete life cycle inventory datasets, it was also hard to complete full LCA study for metal
industries, which could be a great research focus in future. Also, as environmental impacts could not be
regional, there is still needing to develop a global LCA method, which would apply to processes or
system of processes for any region (Acero et al., 2015; Menoufi, 2011).

Choosing the appropriate LCA method is a crucial step in conducting an LCA. However, this choice is
dependent upon several factors such are geography, characterization and Normalisation factors for
environment, and industrial sector choice. In mining industries, the most commonly practiced method is
the ReCiPe method and ILCD method (discussed in Table 1).

Table 1

Summary of LCA techniques used in previous studies.



Metal Method Impact categories

Aluminium (Farjana et al., 2019a; Nunez | EDIP, UMIP, ReCiPe, | GWP, AP, HT, resources, waste, FFD,

and Jones, 2016; Paraskevas et al., 2016; | ILCD, TRACI EUEw, ODP, POCP, WF,

Tan and Khoo, 2005)

Cemented carbide (Furberg et al., 2019) TE, oD, FEW (Freshwater
ecotoxicity), CC, POF, WD

Coal (Adiansyah et al., 2017; Burchart- | IPCC, ReCiPe, | AP, GWP, Resource, waste, dust

Korol et al., 2016; Guimaraes da Silva et al.,
2018; Zhang et al., 2018)

Australian Indicator

Copper (Ekman Nilsson et al., 2017; Haque | ReCiPe, Australian | GWP, AP, TED,

and Norgate, 2014; Memary et al., 2012; | Indicator

Norgate, 2001; Northey et al., 2013)

Ferroalloy (Bartzas and Komnitsas, 2015; GWP, AP, PED

Haque and Norgate, 2013)

Gold (Chen et al., 2018; Haque and | ReCiPe, Australian | Energy, GWP, water use, waste, TA, HT,
Norgate, 2014; Norgate and Haque, 2012) Indicator PMF, ME, FD,

Iron (Ferreira and Leite, 2015; Gan and | IPCC, ReCiPe, | GHG, human health, ecosystem,

Griffin, 2018; Haque and Norgate, 2015;
Norgate and Haque, 2010)

Australian Indicator

resources, GER

Manganese (Westfall et al., 2016) CML 2001 GWP, AP, POCP, water use, waste
Magnesium oxide (Ruan and Unluer, 2016) | Ecolndicator 99 Human health, ecosystem, resources,
Nickel (Khoo et al., 2017; Mistry et al., | IMPACT 2002+, | GWP, PED
2016) ReCiPe, Australian
Indicator, CML 2001
Rare earth element (Lima et al., 2018; | IMPACT 2002+, | GER, GWP, ODP, carcinogens
Zaimes et al., 2015) ReCiPe, CED
Silver (Farjana et al., 2019b, 2019d) ILCD, CED GWP, HT.
Steel (Burchart-Korol, 2013; Norgate et al., | IPCC, ReCiPe, CED, | GWP, AP, TED, dust, ODP, PMF
2007; Renzulli et al., 2016) ILCD
Titanium oxides (Shahjadi Hisan Farjana et | ILCD, CED GWP, AP, FAE, MAE, EU, MRD, LU,
al., 2018a) Water, TED
Uranium (Shahjadi Hisan Farjana et al., | ILCD, Australian | GWP, AP, FAE, MAE, EU, MRD, LU,

2018b; Haque and Norgate, 2014; Norgate
et al., 2014; Parker et al., 2016)

Indicator, CED

Water, TED

Zinc (Qi et al., 2017; Van Genderen et al.,
2016)

ReCiPe, CML 2001

GWP, AP, EU, POCP, OD, PED,

The identification of the best practice methods under different impact categories are discussed below in
Table 2. Table 2 also elaborates the quantification techniques for each of the major environmental impact

assessment categories.

Table 2

Quantification and best practice in LCA methods (Marguerite et al., 2015).

Impact categories

Elements used for quantification

Best practice methods

Climate change

Quantification es—based on the human
activities on climate based on greenhouse
gas emissions. This is most commonly
accounted for carbon dioxide, methane, and
nitrous oxide emissions.

IPCC method to calculate GHG

based on 100  yearsyears’
emissions.

Resources depletion

natural

Quantifies the depletion of

CML method and ILCD method




resources from the ecarth, based on
concentration of reserve and
deaccumulation rate/quantity of fuels/ ratio
of annual production to available reserve/
damage to resource based on increased cost
of extraction.

based on concentration of reserve
and deaccumulation rate.

Eutrophication Quantification es—based on the macro | CML and IMPACT 2002+ which
nutrients released on the environment- air, | quantifies based on stoichiometric
water, soil. It can be aquatic and terrestrial. | nutrification potential applicable to
Aquatic eutrophication is quantified based | both categories.
on accelerated algae growth, reduced
sunlight infiltration and oxygen depletion.

Terrestrial eutrophication is quantified
based on increase susceptibility of plants to
diseases.
Acidification Quantification es—based on the acidifying | CML and ILCD method based on

impacts based on when acid precursor

compounds are released onto the
environment and deposited on land
(terrestrial) or water (aquatic).

Quantification is mainly based on nitrous
oxides, sulphur oxides, sulphuric acid and
ammonia.

critical load exceedance method of
hazard index (HI) method.

Human toxicity and
eco-toxicity

Quantifies the impact of toxicity substance
released on land, water, and environment.
Quantification is based on using pesticides,
heavy metals, hormones, and organic
chemicals.

USEtox, ILCD, ReCiPe, and

IMPACT 2002+.

Photochemical

Quantifies the impacts based on impacts

CML method, based on simplified

ozone formation from increase on ozone formation in | description of atmospheric
troposphere. The main criteria are the | transport.
emission of nitrous oxides, carbon
monoxide, and those which impacts on
ozone formation.

Particulate  matter | Quantification is based on the emissions on | TRACI as TRACI  method

formation air which are harmful for human health. In | distinguishes between different
different LCIA methods, these are | types of emissions.
characterized under different impact
categories.

Land use Quantification is es-based on the amount of | Currently no best practice methods
land use in LCA and its effects on | for land use as no single method
biodiversity. quantifies all levels of biodiversity.

Ozone depletion Quantifies the impact based on the | Ozone depletion factors published

reduction in concentration of ozone.

by the World Meteorological
Organizations (WMO).

lonizing radiation

Quantifies the impact of radioactive species
(radionuclides) on air and water.

ILCD or ReCiPe method based on
the quantification of radioactive
impact on human health.




3.6. Geographic region under consideration

Regarding geographic region, a number of studies differentresearch—werks—were focused on different
regions, but the most commons were based on two countries - Australia and China. Many research on
LCA is being carried out in Australian geographic context- aluminium, coal, copper, ferroalloy, gold, iron,
nickel, titanium oxides, and Uranium. For mining in China, LCA werked-on aluminium, coal, iron, and
zinc. Impact categories were also different based on metal specific industries, as they were originated
from different geographic context and used different LCA methods (Mutchek et al., 2016; Stewart and
Petrie, 2006; Teh et al., 2017).

3.7. Allocation techniques

Allocation technique was alse-required in many of the LCA studies which produce a significant number
of by-products. The allocation technique could be of mass-based, economy-based, or can be used as a
combination of both mass and economy. The characterisation and normalisation factors for allocation
techniques vary among the LCA software like SimaPro or Gabi. According to the trend followed by the
metal mining industries, it is best practice to avoid coproduct allocation whenever possible. It was
assumed that no products were going outside the system other than the main product. However, in many
processes, it cannot be avoided. In those cases, it is better to use the allocation technique focused on both
mass and economy, as —Beeause;the mass can vary from ameng-one mining company/site to another,
production technique could also vary. In addition, Alses-results between mass and economy could vary in
a large huge-amount. Hence, Seit is best to calculate using both technique, and then data aggregation and
averaging could be done to allocate proper values (Raugei and Ulgiati, 2009; Santero and Hendry, 2016;
Weidema and Norris, 2002).

3.8. Software in use

The software Wthh was most w1dely used pepﬂlra{—m mlnlng 1ndustr1es were SlmaPro and Gabl Between

database Wthh is 1ntegrated with SlmaPro software and contaln ng s-many rnetal mining LCA datasets
focused particularly for Australia made SimaPro a widely accepted choice. The analysis results generated
by both SimaPro and Gabi should produce reasonably similar outcome considering similar analysis

techniques and databases are used however that is also sublect to research and Valldatlon JEhﬂ—ean—shew

- —There may be
weuld—some Varlatlon beeaﬁse—betweeﬁ—among the datasets generated from dlfferent companies, the
characterisation and normalisation factors would also be different (Goedkoop et al., 2014; Li et al., 2018;
Nunez and Jones, 2016; PRé, 2018).

4. Impact Analysis based on Metal Mining Industries

This chapter describes the LCA researeh—conducted on the key mining and metalmineral processing
industries, their analysis methods, key findings, results, limitations, and future recommendations. The
major industries involve aluminum, coal, copper, ferroalloy, gold, iron, nickel, rare earth elements,
stainless steel uranium, and zinc. The last subsection 1dent1ﬁes deser-l-bes—I:GA—Peseafeh—ef—ﬁve metals
; : : : : with no or very few research
output Wthh are cemented carblde manganese, magnes1um 0x1de and titanium oxides.




4.1. LCA in aluminium mining

Aluminium is a lightweight and corrosion resistant metal, which are used in automobile industries,
aerospace industries, beverage, making alloys, and electronics industries. The top countries which are
mining and producing aluminium es—a—massive—seale—are China, Russia, Canada, India, Australia.
Aluminium production consists of four major steps: bauxite ore mining, alumina production from Bayer
process, alumina smelting from Hall Heroult process, and alumina refining. Table 3 describes the major
findings and recommendations from the researches conducted related to LCA of this metal.

There were-threeare four major studies conducted in the LCA of aluminium production processes. Tan et
al. analysed LCA of the aluminium supply chain which consists of the refinery, smelter, and a casting
plant. The geographical coverage was Australia, and it was a cradle to gate LCA study. The analysis was
done using SimaPro with EDIP (Environmental Design of Industrial Products). The impact categories
which were assessed, global warming potential (GWP), acidification potential (AP), human toxicity (HT),
resources, built waste. Tan considered four scenarios including the baseline mode of operation, and other
scenarios were constructed after modifying the scrap metal and red mud. Their results revealed that
electricity use in smelting and refining process is mainly responsible for GWP (Global Warming
Potential) and HT (Human Toxicity). AP (Acidification Potential) is due to sulfur dioxide (SO,)
generation from the power plant and transportation system. Their study revealed that reducing the scrap
metal and red mud could significantly reduce the impacts from aluminium production (Tan and Khoo,
2005).

Paraskevas et al. analysed aluminium production after comparing electricity mix of 29 countries. Their
datasets are originated from Ecolnvent and USGS databases whereas analysed using SimaPro software
and ReCiPe method. Electricity generated from hydropower, coal, gas, nuclear, biofuel, geothermal, solar
are considered there. They assumed that electricity is 100% grid dependent and not traded among the
countries. According to Paraskevas, amount of greenhouse gas emissions from aluminium production is
0.45 Gt CO; eq. Aluminium production requires 66 MJ energy per kg. More than eighty percent (80%) is
for electricity generation in Hall Heroult process. They identified that countries with high coal and oil-
rich mix have higher emission results rather than countries using cleaner technologies. They have also
stated that countries with similar electricity mix show similar GHG (Greenhouse Gas Emission) results
(Paraskevas et al., 2016).

Another study conducted by Nunez et al. where the datasets are collected by the International Aluminium
Institute (IAI) have studied primary aluminium production process and used Gabi software. The
geographic region under consideration was global and global minus China. Nunez considered six
midpoints indicator-based categories: GWP (global warming potential), AP (acidification potential), FFD
(fossil fuel depletion), EU (eutrophication), ODP (ozone depletion potential), POCP (photo-oxidant
creation potential), and WSP (water scarcity potential). Their identification also reveals the fact that
highest contribution of GHG is from alumina refining and electrolysis process. Direct emissions from the
electrolysis process also contribute largely to GHG (Nunez and Jones, 2016). Farjana et al. studied the
cradle-to-gate complete LCA of four major steps eeneerning-from the bauxite mining to alumina refining
processes. They have also conducted the sensitivity analysis among the quantity of fossil fuel used based
on process heat generation. As eeerding—to-the study reports, electricity consumption during alumina
smelting has the highest impact on environment. Process heat generation has also signifieantconsiderable
impact on the environment. The climate change effect from bauxite mining is 0.079 kg CO, eq., alumina
production is 1.23 kg CO, eq., alumina smelting is 10.91 kg CO, eq., and alumina refining is 0.27 kg CO,
eq. (Farjana et al., 2019a)




Table 3

Summary of the findings and recommendations for LCA of aluminum mining,.

Study reference Key findings Recommendation

LCA focused on | Electricity use in smelting and refining | Reducing the scrap metal and red
Australia (Tan and Khoo, | process is mainly responsible for GWP | mud could significantly reduce
2005) the impacts

LCA  comparing 29 | Identified that countries with high coal | To reduce the environmental
countries (Paraskevas et | and oil-rich mix have higher emission | impacts from aluminium

al., 2016)

results and countries with similar
electricity mix show similar GHG
results

production, it should start by
focussing on China due to their
energy mix. All the aluminium

producing countries should focus
on using the cleaner resources.

LCA on global aluminum | reveals the fact that highest | Due to increased production of
production (Nunez and | contribution of GHG is from alumina | aluminum in China, more LCI
Jones, 2016) refining and electrolysis process. | datasets are  required  for
Direct emissions from the electrolysis | modelling to  enhance the
process also contribute largely to GHG | reliability = of  the  impact
assessment  about  aluminum

production.
LCA on global aluminum | Electricity and process heat | Alternative energy generation
production (Farjana et al., | consumption in alumina smelting has | source and improvement in
2019a) the highest impact. energy efficiency would be

beneficial for sustainability.

4.2.LCA in coal mining

Coal is a widely used fossil fuel used for electricity generation or process heat generation. Coal is
extracted on the earth crust based on open cast and underground mining. The major miners of coal are
Ukraine, Kazakhstan, South Africa, China, United States, and Australia. Coal can be produced from open
pit mining or underground mining. There are a few steps involved in coal production while major
processes are mining, transportation, and comminution. In the mining step, surface soil is removed for
drilling and detonation. Then the inert materials are removed, and coal layers are drilled. Then the coal
layers undergo detonation and mined areas are recovered. Then the run of mines undergoes the loading
and transportation. The run of mines is then stocked, crushed, and shifted. Table 4 describes the major
findings and recommendations from the research conducted related to LCA of this metal.

Korol et al. developed and utilised a computational LCA for coal mining in Poland. They assessed the
GHG using the IPCC method (20 years, 100 years, and 500 years). Analysis of damage categories was
done using the ReCiPe method. Their study identified that the largest contributor to GHG is fossil fuel
and methane emissions for electricity use, processing of waste, heat, and steel supports. Among the three
range of years, the highest range of emissions was from 20 years span, that is 85 kg CO, eq per kg. In this
time frame, highest contributor for GHG is methane emissions which could be generated from electricity,
heat and steel support associated with the ventilation process (Burchart-Korol et al., 2016). In another
study, Adiansyah et al. compare coal mining tailings management strategies using LCA. They have used
hybrid LCA method comprised of Australian Indicator and ReCiPe method. The strategies involved belt
press, tailings paste, thickened tailings. They found that electrical energy is the greatest contributor to
environmental emissions from coal mining. The analysis is done using three case scenarios- tailings with



the low amount of water, tailing paste with much solids, and the base case with high amount of water
(Adiansyah et al., 2017). Zhang et al studied opencast coal mining operation in China. The functional unit
was 100 ton of coal. The system boundary includes stripping, mining, transportation, processing, and
reclamation. The impact categories which were considered: resources, acidification, GWP, waste, and
dust. According to Zhang, the most impactful category was dust, followed by GWP and acidification. For
1 ton of coal production, the GWP was 7331.7 kg CO2 eq (Zhang et al., 2018). Silva et al. analysed the
surface coal mine located in Brazil. Their system boundary includes mining, transportation system,
comminution, recovery, production, and final transportation. Their study found that diesel oil is the
significant parameter which emits carbon dioxide, methane, and ammonia. They have also conducted a
sensitivity analysis based on fugitive emission factors for diesel oil, electricity, and transport (Guimaraes
da Silva et al., 2018).

Table 4
Summary of the findings and recommendations for LCA of coal mining.

Study reference Key findings Recommendation
LCA for coal mining in | tThe largest contributor to GHG is | The impacts can be reduced using
Poland (Burchart-Korol | fossil fuel and methane emissions for | alternative  fuels in  steel
et al., 2016) electricity use, processing of waste, | production. Pollution prevention
heat methods should be applied to

reduce emissions.
LCA in respect of | Electrical energy is the greatest | The thickened tailing in the coal

Australia (Adiansyah et
al., 2017)

contributor to environmental emissions
from coal mining

mining tailing management could
reduce the environmental burdens.

LCA focused on coal

the most impactful category was dust,

Increase in tire performance,

production in  China | followed by GWP and acidification transportation  efficiency, low-
(Zhang et al., 2018) carbon power development, and
advancement in mining

technology will be beneficial to
reduce the impacts.

LCA based on Brazil
(Guimardes da Silva et
al., 2018)

This work will contribute to the
detailed LCA analysis of coal
mining in Brazil to implement the
measures related to diesel oil.

diesel oil is the significant parameter
which emits carbon dioxide, methane,
and ammonia

4.3.LCA in copper mining

Copper is a_valuable a—impertant—metal used for their conductivity properties and corrosion resistant
properties. They are widely used for electrical wiring, construction, heat exchangers, and electronics. The
producers of copper are United States, Chile, and Australia. Copper is extracted using ore mining,
beneficiation. If it goes through pyrometallurgical extraction, then it passes through smelting, converting,
fire refining, and electrorefining. If the ore goes through hydrometallurgical extraction, then it has
leaching, solvent extraction, and electrowinning. Table 5 describes the major findings and
recommendations from the research conducted related to LCA of this metal.

Norgate conducted LCA based on pyrometallurgical and hydrometallurgical copper production. They
assessed and compared the impacts from process parameters, ore grade, energy consumed for electricity
generation, and electricity generation capacity. The assessed impact categories were GWP, AP. They



showed that solvent extraction and electrowinning processes of hydrometallurgical copper production has
a higher impact over pyrometallurgical copper production (Norgate, 2001). Memary et al. conducted a
time series analysis of copper production. They examined the environmental effects from copper mining
and smelting from 1940 to 2008 through a novel approach. They had conducted a cradle-to-gate LCA
study based on datasets from five Australian copper mine. They showed that carbo footprint from all
mines ranged from 800 kt CO, eq to 1922 kt CO, eq. They showed that copper mining and milling were
the most crucial part to reduce GWP (Memary et al., 2012). Northey et al. conducted LCA of copper
mining and stated that average energy intensity ranges from 10 to 70 GJ/t Cu. GHG ranges from 1 to 9 t
CO; eq/t Cu. This large variation was due to the form of copper produced, ore grade, sources of fuel, and
electrical energy (Northey et al., 2013). Haque et al. conducted a comparative LCA study among in-situ
leaching based production of copper, gold, and uranium. Their study was conducted based on Australian
Impact method using SimaPro software. They showed that for copper mining, solvent extraction and
electrowinning played a significant role in GHG. For good field related activities, electricity was the main
source of GHG and also the sulfuric acid used for leaching (Haque and Norgate, 2014). Nilsson compared
the carbon footprint of copper mining based on LCA while the sources are both primary and secondary.
The value of carbon footprint ranges from 1.1 to 8.5 kg CO, eq/kg Cu. The literature shows that it could
be 2.1 to 8 kg CO, eq/kg Cu for primary copper. From the secondary source, the carbon footprint ranges
from 0.1 to 1.9 kg CO, eq/kg Cu. The reason for this wide range of variation was the material quality, the
metallurgical process, and transportation distance (Ekman Nilsson et al., 2017). Farjana et al. analyzed the
gold-silver-lead-zinc-copper beneficiation process, which summarizes that gold-silver beneficiation has
greatest impact over the other metal in these joint production which is due to the electricity usage through
fossil fuel consumption (Farjana et al., 2019b).

Table 5
Summary of the findings and recommendations for LCA of copper mining.

Study reference Key findings Recommendation

LCA on global copper | solvent extraction and electrowinning | They conducted a sensitivity

production (Norgate, | processes of hydrometallurgical copper | analysis based on by varying 30%

2001) production has a higher impact. of process power consumption
and transport mode and distance,
which indicates some
improvement in the
environmental emissions.

LCA on  Australian | copper mining and milling were the | The mining production impacts

copper mining (Memary | most crucial part to reduce GWP. related to regional energy

etal., 2012) consideration should be carefully

considered with the geography.

Recommendations made for the
companies for improving mining

The large variation in GHG was due to
the form of copper produced, ore

LCA on copper mining
(Northey et al., 2013)

grade, sources of fuel, and electrical | datasets  through  indicating
energy. detailed energy consumption
scenario for each stage of the
metal production.
LCA of copper mining in | For good field related activities, | Electricity generated from the

and

Australia  (Haque
Norgate, 2014)

electricity was the main source of
GHG, and the sulfuric acid used for
leaching.

renewable energy resources such
as solar energy will beneficial for
reducing impacts from in-situ
leaching.

LCA of global copper
mine (Ekman Nilsson et

The reason for this wide range of
variation in GHG was the material

In case of the advancement of the
technology for efficient recovery




al., 2017) quality, the metallurgical process, and

transportation distance.

of metals, the impact will reduce.

LCA of gold-silver-lead-
zinc-copper beneficiation
(Farjana et al., 2019b)

Gold-silver beneficiation has highest
impact over the other metals

Modification in the electricity grid
mix to enhance the energy
efficiency will be helpful to
reduce environmental burdens.

4.4.LCA in ferroalloy mining

Ferroalloy is iron bearing alloys which also have a higher proportion of metals. They can make alloys
including chromium, manganese, molybdenum, silicon. It is mostly Fhey—are-found and produced in
China, South Africa, Ukraine, Kazakhstan. Table 6 describes the major findings and recommendations
from the research conducted related to LCA of this metal.

Haque et al. studied the LCA of ferroalloys. These alloys were iron bearing material alloyed in
conjunction with manganese, chromium, silicon, and molybdenum. They studied the environmental
impacts in respect of Australia, using the Tasmanian electricity GHG emissions factors. According to
their results, GHG was 1.8 t CO; eq/t FeMn, 2.8 t CO; eq/t SiMn, 3.4 t CO; eq/t FeSi, 13.9 t CO, eq/t
FeNi, and 3 t CO, eq/t FeCr. This large variation in GHG was due to their electricity use, fossil fuel
consumption, grade of ferroalloys produced (Haque and Norgate, 2013). Bartzas et al. conducted an LCA
study based on ferronickel production with datasets collected from mines in Greece. They assessed GWP,
AP, and PED based on three different case scenarios. The scenarios were dependent on energy sources
and mode of operation in smelting and refining. They showed that environmental impacts could
significantly be reduced with renewable energy use instead of fossil fuel. In the normal scenario, the GHG
was 12.6 t CO, eq/t FeNi while in renewable energy scenario it could be 8.24 t CO, eq/t FeNi. They also
found that the smelting and refining stage consumes the highest amount of energy, while ore mining and
beneficiation contributed the least (Bartzas and Komnitsas, 2015).

Table 6
Summary of the findings and recommendations for LCA of ferroalloy mining.

Study reference

Key findings

Recommendation

LCA of ferroalloy in | The large variation in GHG was due to | Renewable carbon like biochar
respect of  Australia | their electricity wuse, fossil fuel | can be blended with fossil fuels
(Haque and Norgate, | consumption, grade of ferroalloys | like coke or coal to replace these
2013) produced. fossils.

LCA of ferroalloy in | The environmental impacts could | Green energy utilization would be
respect of Greece | significantly be  reduced  with | the best possible solution to get

(Bartzas and Komnitsas,
2015)

renewable energy use instead of fossil
fuel. The smelting and refining stage
consumes the highest amount of
energy, while ore mining and
beneficiation contributed the least.

better environmental results in
each aspect.

4.5. LCA in gold mining

Gold has-a-brig ! : 3 cold-is a precious metal which is
popular metal of precious Jewellery, currency, or in electronlc apphcatlons Australia has the highest
amount of gold mine deposit, similar like South Africa, and Russia. From the gold mine, the gold ores are
gone through comminution stage comprises of crushing and grinding. If it is refractory ore then




consequentially undergoes flotation, roasting, pressure oxidation, bio-oxidation, regrinding, smelting, and
refining. If the gold ore is non-refractory or free-milling ore, then it undergoes extraction, cyanidation
(tank or heap), recovery, stripping, electrowinning, smelting, and refining. Table 7 describes the major
findings and recommendations from the research conducted related to LCA of this metal.

Norgate et al. analysed gold production processes both from refractory and non-refractory ores. The
impact categories under consideration were energy, GHG, water, and waste. They found that refractory
ore has the highest impact on mining and comminution stage due to electricity consumption. 61% of the
total GHG is from refractory ores (Norgate and Haque, 2012). Chen et al. analysed the life cycle impact
of gold mining processes in China where the impact categories were CC, TAP, HT, PMF (Particulate
Matter Formation), FFD (fossil fuel depletion). The analysis was done by midpoint and endpoint-based
ReCiPe method. They found that the largest impact is on the metal depletion category from mining due to
energy consumption and emissions. For climate change, electricity and diesel were the largest
contributors. Climate change impact was 5.55E4 kg CO, eq (Chen et al., 2018). Haque et al. conducted a
comparative LCA study among in-situ leaching based production of copper, gold, and uranium. Their
study was conducted based on Australian Impact method using SimaPro software. They showed that for
gold mining, activities relating well field impacts mostly about 39% of total GHG, where 56% was from
gold extraction and metal production, and 5% were due to chemical use (Haque and Norgate, 2014).
Farjana et al. analyzed the gold-silver-lead-zinc-copper beneficiation process, which summarizes that
gold-silver beneficiation has greatest impact over the other metal in these joint production which is due to
the electricity usage through fossil fuel consumption (Farjana et al., 2019b). Farjana et al. also analyzed
the comparative life cycle environmental impacts of gold-silver refining operations whiewhere the ore is
extracted from co-production of gold-silver and er-the combined production of gold-silver-lead-zinc-
copper. Results from that study showed that Erem-thisstudy-itis-evidentthat-gold refining from the gold-
silver production have signifieantnoteworthy environmental impact over the combined production of five
metals (Farjana et al., 2019d)

Table 7
Summary of the findings and recommendations for LCA of gold mining.

Study reference Key findings Recommendation
LCA on gold mining in | The refractory ore of gold has the | Gold  mining  technological
Australia (Norgate and | highest impact on mining and | improvements would be
Haque, 2012) comminution stage due to electricity | beneficial for high pressure gas
consumption. recovery, leaching, flotation
technologies, gravitational

technologies, etc. to reduce the
environmental impacts.

LCA of gold mining in | The largest impact is on the metal | Environmental policy suggestions

China (Chen et al., 2018) | depletion category from mining due to | like increasing the resources
energy consumption and emissions. | efficiency, adjusting  energy
For climate change, electricity and | structure, gold recycling, and

diesel were the largest contributors. ecological compensation approach
would be beneficial for reducing

impacts.

LCA of gold mining in
Australia (Haque and
Norgate, 2014)

For gold mining, activities relating
well field impacts mostly about 39%
of total GHG, where 56% was from
gold extraction and metal production,

Electricity generated from the
renewable energy resources such
as solar energy will beneficial for
reducing impacts from in-situ




and 5% were due to chemical use.

leaching.

LCA of gold-silver-lead-
zinc-copper beneficiation
(Farjana et al., 2019b)

Gold-silver beneficiation has highest
impact over the other metals

Modification in the electricity grid
mix to enhance the energy
efficiency will be helpful to
reduce environmental burdens.

LCA of  gold-silver | Gold refining from the gold-silver | Altering the material alloying
refining operations | couple production have | properties for stainless steel
(Farjana et al., 2019d) stgntfieantnotable environmental | would be beneficial to reduce

impact over the combined production.

environmental impacts.

4.6. LCA in iron mining

Iron is one of the most abundant elements found in the earth’s crust and is mostly widely used metal in
modern civilization. —trenisusedformakingweapons-and-toels—The major miners and producers of iron
are China, Australia, Brazil, Russia, and India. Iron can be mined from open pit mining or underground
mining. Iron ore is extraction through drilling, blasting, excavating, loading, haulage, ore dumping,
crushing, and screening. After screening lumped ores are sent through stacking, reclaiming, loading,
transport. If the iron ores are fine ore then after screening it goes through stacking, reclaiming, loading,
transport, pelleting and sintering. Table 8 describes the major findings and recommendations from the
research conducted related to LCA of this metal.

Ferreira et al. analysed the iron production for an open pit mine located in Brazil. Dataset was collected
from company reports. The functional unit considered was one tonne of iron ore concentration produced.
The analysis was done using SimaPro software and [IPCC method. They found that use of grinding media
was the largest contributor to environmental emissions with the largest impact on human health and
quality of ecosystems. Emission of inhalable inorganic materials is affecting human health. Greenhouse
gas emissions are from electricity consumption which was 13.32 kg CO, eq for 1 ton of iron produced
(Ferreira and Leite, 2015). Haque et al. analysed LCA of open pit iron ore mining and processing which
comprises of drilling, blasting, loading, haulage, crushing, screening, separation, stacking, and stockpiling.
The functional unit was 1 ton. The impact categories were gross energy requirements and GHG emissions.
The analysis was done by Australian Indicator method. The analysis results showed that loading and
haulage made the highest contribution to GHG (11.9 CO, eq/t) (Haque and Norgate, 2015; Norgate and
Haque, 2010). Gan et al. analysed LCA of mining and processing of iron ore mine in China. The iron
mine considered consists of open pit mine and underground mine. The functional unit was 1 tonne of iron
ore. The analysis was done using the IPCC method. They found that the highest GHG contribution is
from agglomeration, loading, haulage, and ore processing, where mean value is 270 kg CO, eq tonne. The
second largest contributor is vegetation(Gan and Griffin, 2018).

Table 8
Summary of the findings and recommendations for LCA of iron mining.

Study reference

Key findings

Recommendation

LCA of iron mining in
Brazil (Ferreira and Leite,
2015)

The use of grinding media was the
largest contributor to environmental
emissions with the largest impact on
human health and quality of
ecosystems.

Replacement of fossil fuels with
biodiesel would be beneficial for
reducing climate change effects.

LCA of iron mining in
Australia (Haque and
Norgate, 2015)

The loading and haulage made the
highest contribution to GHG.

Emerging technologies should be
adopted to reduce the
environmental  burdens  from
loading and hauling of iron ore.




To reduce the environmental
impacts of iron mining in China,
high grade ore import from
abroad

LCA of iron mining in
China (Gan and Griffin,
2018)

The highest GHG contribution is from
agglomeration, loading, haulage, and
ore processing

4.7.LCA in nickel mining

Nickel is an important element for the military, marine, transport, aerospace, and architectural
applications. In the nickel mining, the ore can be extracted from sulfidic ore or oxidic ore. If the ore is
sulfidic, then it goes through beneficiation, pyrometallurgical extraction, refining. If the ore is oxidic, then
it goes through ore preparation, hydrometallurgical extraction, and refining. Table 9 describes the major
findings and recommendations from the research conducted related to LCA of this metal.

Khoo et al. studied three cradle-to-gate based nickel laterite technologies. The geographic region
considered were Western Australia and Indonesia. The analysis was conducted using IMPACT 2002+
method, ReCiPe method, and Australian Indicator method. They were high-pressure acid leaching
(HPAL), ferronickel, and direct nickel (DNi) process. Their study revealed that the highest environmental
impact was from ferronickel, while the most sustainable was HPAL. It was also found that results
obtained from Australian Indicator method were slightly higher than for other methods. Global warming
potential was mostly contributed by fuel consumption in nickel reduction and smelting. Another major
factor for GHG was coal consumption to produce steam (Khoo et al., 2017). Mistry et al. conducted LCA
of nickel and ferronickel production. Their datasets were originated from nine companies, which
comprised of 52% global nickel production and 40% global ferronickel production. The analysis was
done using Gabi software and CML 2001 method. They showed that extraction and refining steps were
the major contributor for PED and GWP (Mistry et al., 2016).

Table 9
Summary of the findings and recommendations for LCA of nickel mining.

Study reference Key findings Recommendation

LCA of nickel mining for
Australia and Indonesia
(Khoo et al., 2017)

The highest environmental impact was
from ferronickel, while the most
sustainable was HPAL due to fuel
consumption in nickel reduction and
smelting.

Nickel production using the DNi
method would be beneficial over
the HPAL method to enhance
sustainability.

LCA of global nickel
production (Mistry et al.,
2016)

The extraction and refining steps were
the major contributor for PED and
GWP.

The nickel institute will update
their life cycle inventory datasets
based on technological

advancements, energy efficiency,
and raw material inputs.

4.8. LCA in rare earth elements mining

These group of metals contains fifteen types of elements, which can exist in the form of oxide minerals.
These rare earth elements are used for making optical and electronics products. Different industrial
sectors are using these rare earth elements metallurgy, oil, and agriculture. They are mined from China,
Brazil, and the United States. Rare earth elements can be mined using open pit mining or underground
mining. After mining, it goes through beneficiation stage, which involves crushing and grinding,
magnetic separation, multi-stage flotation, filtering, washing, and conditioning. At the refining stage, the
concentrated rare earth elements go through leaching, roasting, co-products separation, ion exchange,



calcination, solvent extraction, mixed concentration, mischmetal refining, water leaching, multistage acid
leaching, precipitation, and acid digestion. Table 10 describes the major findings and recommendations
from the research conducted related to LCA of this metal.

Weng et al. conducted LCA of rare earth elements, based on cradle-to-gate 26 mining projects. Their
focus was on GER (Gross Energy Requirements) and GWP. The analysis was done using SimaPro
software, ReCiPe method, and CED method. The allocation method was an economy-based allocation of
SimaPro. They found that the greatest environmental impacts were from ionic clay, monazite, bastnaesite
where the impact is higher than for most common metals like bauxite, copper, and steel (Weng et al.,
2016). Lima et al. analysed LCA of 4 kg of rare earth element with 2 kg of coproducts from a Brazilian
ore. The analysis was done using the IMPACT 2002+ method where the datasets were from CETEM.
Their study showed that largest consumption of hydrochloric acid and ammonium oxides produce
radioactive emissions which impact on ozone depletion potential, and carcinogens thus impact on human
health (Lima et al., 2018).

Table 10
Summary of the findings and recommendations for LCA of rare earth elements mining.

Study reference Key findings Recommendation

LCA of rare earth | The greatest environmental impacts | Rare earth elements refining
elements (Weng et al., | were from ionic clay, monazite, | technologies should adopt cleaner
2016) bastnaesite where the impact is higher | ways based on mineralogy and
than for most common metals like | geological conditions.

bauxite, copper, and steel.

LCA of rare earth | The largest consumption of | More investment is required in the
elements in Brazil (Lima | hydrochloric acid and ammonium | life cycle assessment sectors to
et al., 2018) oxides produce radioactive emissions | better justify the environmental
which impact on ozone depletion | impact analysis.

potential, and carcinogens thus impact
on human health

4.9. LCA in stainless steel miningproduction

Steel industry is like oil and gas. Steel is widely used in construction works, transportation, packaging,
and energy sector. China is one of the leading producers of steel. Steel is produced after processing in
coke ovens, a sintering plant, blast furnace, and converter. Table 11 describes the major findings and
recommendations from the research conducted related to LCA of this metal.

Norgate et al. conducted the LCA study of steel production where the functional unit was 1 kg of refined
stainless steel. They assessed GWP, AP, and TED. The effects of different sources of electricity were also
assessed. They used CSIRO software LCA-PRO for analysis. Their study revealed that when ferronickel
was the nickel source, total energy consumption was higher than the case where nickel metal was used as
a source. They also stated that nickel has the highest impact, then ferronickel, ferrochrome, and iron.
While analysing the source of electricity, natural gas use could reduce the GWP without changing the
total energy consumption, while hydroelectricity could reduce both (Norgate et al., 2007). Korol et al.
assessed the cradle-to-grave LCA of steel production and arc furnace routes of Poland. They used
SimaPro software and Ecolnvent database for their analysis. The analysis method was I[PCC, ReCipe, and
CED. They showed that production of pig iron had the highest impact on GHG and fuel consumption due
to electricity. They also showed that the iron ore sintering process was the highest contributor to dust and
on GHG emissions. Direct GHG emissions were related to the combustion sources, while the indirect



emissions were from fossils. The GHG value was 913 kg CO, eq/FU for natural electric arc furnace and
744 CO, eq/FU for crude steel (Burchart-Korol, 2013). Renzulli et al. studied cradle-to-gate LCA of an
integrated steel mill in Italy. The system boundary was raw material extraction, the sintering operations,
the coke production, and iron-steel production. The analysis method was ILCD while both mass and
economy-based allocation were considered. Their results are similar like for Korol et al. that the most
impactful processes were blast furnace and coke oven operations. More than 40% of the climate change,
ozone depletion, and particulate matter were due to raw material transportation in the blast furnace and
coke oven (Renzulli et al., 2016). Ma et al. analysed the crude steel production in China. Their functional
unit was 1 ton of steel billet. The analysis method was IMPACT world+ model, IPCC, and ReCiPe. The
system boundary includes mining, magnesium oxide production, transportation, and electricity generation.
They analysed the water footprint caused by steel production and found that grey water footprint was
higher than blue water footprint, while direct emissions played the key role for grey water footprint. Metal
depletion was higher due to iron ore consumption (Ma et al., 2018).

Table 11
Summary of the findings and recommendations for LCA of steel mining.

Study reference Key findings Recommendation

LCA of steel (Norgate et | Stated that when ferronickel was the | Alternative metal  production

al., 2007) nickel source, total energy | technologies should be developed
consumption was higher than the case | to reduce the environmental
where nickel metal was used as a | burdens.

source. They also stated that nickel has
the highest impact, then ferronickel,
ferrochrome, and iron.

LCA of steel production
in Poland (Burchart-

The production of pig iron had the
highest impact on GHG and fuel

In future, LCA of alternative steel
production technologies should be

Korol, 2013) consumption due to electricity. They | conducted including
also showed that the iron ore sintering | thermodynamic  analysis  and
process was the highest contributor to | exergy analysis.
dust and on GHG emissions

LCA of steel mill in Italy | The most impactful processes were | Energy and fuel exchange

(Renzulli et al., 2016)

blast furmace and coke oven
operations. More than 40% of the
climate change, ozone depletion, and
particulate matter were due to raw
material transportation in the blast
furnace and coke oven

between the power plants and
factory can be modelled and
analysed. LCA analysis can also
be extended based on steel
product rolling operations.

LCA of steel production
in China (Ma et al., 2018)

The water footprint caused by steel
production and found that grey water
footprint was higher than blue water
footprint, while direct emissions
played the key role for grey water
footprint

Further studies should be carried
out based on dynamic database
and spatial disparity in water
footprint evaluation in different
aspects.

4.10.

LCA in uranium mining

Uranium is the source of nuclear power which is widely produced and naturally found. Nuclear power
accounts for more than 10% of power production in the world. The uranium deposits are mostly found in
Australia, Kazakhstan, and Canada. Uranium can be mined using open pit mining or underground mining.



The mined ores are then going through crushing, grinding, leaching, solid separation, liquor extraction,
uranium precipitation, solid separation, and drying. Table 12 describes the major findings and
recommendations from the research conducted related to LCA of this metal.

Norgate et al. studied the LCA of nuclear power production for uranium while the ore grade was 0.15%
Us Og . The functional unit was 1 MWh of electricity produced from 1 GWe nuclear reactor. The system
boundary includes uranium ore mining to electricity production in a plant. Their study found that fuel
enrichment stage made the highest contribution of GHG while the total GHG was 34 kg CO, eq/MWh.
But if the ore grade falls to 0.01%, then the GHG would be 60 kg CO, eq/MWh (Haque and Norgate,
2014; Norgate et al., 2014). Parker et al. studied the cradle-to-gate uranium mining and milling in Canada.
They found that source of GHG, that is the energy used to produce electricity and process emissions from
non-energy resources was the largest contributor to environmental emissions (Parker et al., 2016). Farjana
et al. analysed and compared among open pit mining, underground mining, and in-situ leaching uranium
mining operations. They found that in-situ leaching has a higher impact on all the environmental impact
categories except ionising radiation. On the other hand, underground mining effects adversely on ionising
radiation (S.H. Farjana et al., 2018a; Shahjadi Hisan Farjana et al., 2018b). Haque et al. conducted a
comparative LCA study among in-situ leaching based production of copper, gold, and uranium. Their
study was conducted based on Australian Impact method using SimaPro software. They showed that for
uranium mining, well field related activities and chemical consumption contributed the most for GHG.
Chemical consumption for leaching and mineral processing contributed about 20% of GHG, while well-
field related electricity consumption emits 74% of GHG (Haque and Norgate, 2014).

Table 12
Summary of the findings and recommendations for LCA of uranium mining,.

Study reference

Key findings

Recommendation

LCA of nuclear power
production (Norgate et
al., 2014)

The fuel enrichment stage made the
highest contribution of GHG

New technologies in different
stages of nuclear fuel cycle would
be beneficial for reducing
environmental burdens.

LCA of uranium mining
in Canada (Parker et al.,
2016)

The energy used to produce electricity
and process emissions from non-
energy resources was the largest
contributor to environmental emissions

In future, detailed LCA study
covering all the environmental

impact categories should be
conducted to reduce the
environmental burdens and to

trade off among the competing
energy products.

LCA of global uranium
mining (S.H. Farjana et
al., 2018a;  Shahjadi
Hisan Farjana et al.,
2018b)

The in-situ leaching has a higher
impact on all the environmental impact
categories except ionising radiation

In future, further studies should be
conducted using the natural gas-
based scenario for process and
mine specific datasets.

LCA of uranium mining
in Australia (Haque and
Norgate, 2014)

The well field related activities and
chemical consumption contributed the
most for GHG

Electricity generated from the
renewable energy resources such
as solar energy will beneficial for
reducing impacts from in-situ
leaching.

4.11.

LCA in zinc mining




Zinc is used for the galvanising process, to protect steel in the construction, transportation, and products.
Zinelt is also used as an alloying element with copper. But-they-are-mainbyrused-with-ireon-and-steel—Zinc
is produced from ore mining, mineral processing, concentration, roasting, leaching, purification, and
electrolysis. Table 13 describes the major findings and recommendations from the research conducted
related to LCA of this metal.

Genderen et al. analysed the cradle-to-gate LCA of zinc concentrate and special high-grade zinc. Their
geographical coverage considered in that study was global. The system boundary consists of zinc ore
mining, concentration, transportation, and smelting. Datasets were collected from 24 mines and 18
smelters and analysed using Gabi software. The selected impact categories were GWP, AP, EU
(Eutrophication), POCP, ODP, and PED. The analysis was done using the CML method, and the
functional unit was 1 MT (Mega tonne) of zinc. Their study found that the impacts of zinc production
were primarily due to energy consumption in the mining and concentration process. Electricity
consumption was huge, which the country and grid mix played a significant role (Van Genderen et al.,
2016). Qi et al. conducted LCA of hydrometallurgical zinc production in China which was based on
National inventory datasets. The analysis was done by ReCiPe method, and the functional unit was 1
tonne of hydrometallurgical zinc production. Their study reveals that overall environmental emissions
were due to zinc ore mining and energy consumption in the form of electricity and natural gas. They also
stated that pollutants like copper, zinc, lead, which were emitted to the environment were responsible for
human toxicity, marine aquatic ecotoxicity. Carbon-di-oxide emission from coal-based electricity
generation was dominant for climate change and fossil depletion. Also, the heavy metals from iron ore
mining and refining contributed to impacts on human health and water (Qi et al., 2017). Farjana et al.
analyzed the gold-silver-lead-zinc-copper beneficiation process, which summarizes that gold-silver
beneficiation has greatest impact over the other metal in these joint production which is due to the
electricity usage through fossil fuel consumption (Farjana et al., 2019b).

Table 13
Summary of the findings and recommendations for LCA of zinc mining.

Study reference Key findings Recommendation
LCA of global zinc | The impacts of zinc production were | In future, including the unit
production (Van | primarily due to energy consumption | process details for LCA analysis

Genderen et al., 2016)

in the mining and concentration

process.

for concentration and smelting
would  be  beneficial  for
sustainability.

LCA of zinc production
in China (Qi et al., 2017)

The overall environmental emissions
were due to zinc ore mining and
energy consumption in the form of
electricity and natural gas.

In future, their study would be
beneficial to build national LCI
database for zinc production in
China.

LCA of gold-silver-lead-
zinc-copper beneficiation
(Farjana et al., 2019b)

Gold-silver beneficiation has highest
impact over the other metals

Modification in the electricity grid
mix to enhance the energy
efficiency will be helpful to
reduce environmental burdens.

4.12.

Other metals and their LCA studies

Table 14 describes the major findings and recommendations from the research conducted related to LCA

of these metals.




Cobalt is a valuable metal found in the earth’s crust which is widely used in the industrial applications.
Cobalt mining has notable impact on human health due to cancer-causing elements which may cause
heart disease, vision problem, etc. Farjana et al. conducted the cemplete-life cycle assessment of cobalt
extraction process. According to their study, cobalt extraction is harmful for eutrophication and global
warming. Cobalt extraction requires hueelarge amount of electricity which is detrimental for global
warming, and also is the blasting.

| Cemented carbide has higher hardness and higher corrosion resistance, mostly —Fhey-are-used for drilling
tools and cutting tools. China is the leading producer of cemented carbide. The cemented carbide ore is
mined from extraction, crushing, milling, gravity method grinding, sulphide flotation, and roasting. In the
hydro-metallurgy stage, the cemented carbide ore is digested, filtrated, precipitated, extracted using
solvent, and finally crystalised. In the pyrometallurgy stage, the ore goes through calcination, hydrogen
reduction, and carburization. In the powder metallurgy stage, the ore goes through powder milling,
granulation, and sintering. Furberg et al. conducted a cradle to gate LCA of cemented carbide production
with cobalt, while the geographic location was non-Chinese (Canada and USA). Their study stated that
impacts were due to elements like kerosene, tailings, water, and electricity. The highest impacts were on
the category of TAP (terrestrial acidification), ODP (ozone depletion), FEU (freshwater eutrophication).
And the lowest impact was on CC (climate change), PCOF (photochemical oxidant formation), and WD
(water depletion) (Furberg et al., 2019).

Manganese is an essential element for batteries, fertilisers, and chemicals. Manganese is a widely used
alloying element comes in conjunction to make ferroalloys. The manganese alloy is produced using
mineral extraction, hauling, ore preparation and beneficiation, sintering and transportation, smelting,
crushing, screening, and refining. Westfall et al. conducted an LCA study based on manganese alloys,

| where datasets were collected from 16 ore and alloy producers. The_ authors y-have conducted a cradle-to-
gate LCA of silicomanganese, ferromanganese, and refined ferromanganese. The impact categories
considered were GWP, AP, POCP, water, and waste. The analysis was done using CML 2001 method.
According to their analysis, electricity demand, fuel consumption during smelting were the primary
contributors for impact (Westfall et al., 2016).

Magnesium oxide cement are widely produced in China, North Korea, Turkey, Russia, and Australia. The
magnesium oxide is produced from the raw material acquisition, crushing, vertical shaft kiln, precipitation
tank, screenlng, crushlng, grlndlng, and packaglng—IPH—rs—Pefﬂaﬂd—eement—then—aﬁer—emshmg—H—gees

? e sinrg: Ruan et al. analysed the
LCA of magnes1um 0x1de Where the functlonal unit was 1 tonne They showed that MgO has a lower
impact on ecosystem and resources but larger impact on human health. The analysis was done using
Ecolndicator 99 method. They considered five different case scenarios based on fossil fuel and raw
material consumption (Ruan and Unluer, 2016).

Silver metal is most widely used for industrial purposes or for making jewelries. There are very few
studies which addressed the environmental impact of silver mining processes. Farjana et al. analysed the
environmental burdens associated with gold-silver-lead-zinc-copper beneficiation process (Farjana et al.,
2019b). In another study, they analysed the environmental impacts of gold-silver refining operations
(Farjana et al., 2019d). They found that silver beneficiation and refining have least environmental impacts
than gold mining processes as they consume least amount of electricity, —Hhowever, there are some
impacts in the catecories—where theyhaveimpactare—eutrophication, global warming, and ecotoxicity
(Farjana et al., 2019b, 2019d).

Titanium oxides are widely used for making high-performance metal parts, artificial body parts, and
engine elements. Ilmenite and rutile are the generally found form of titanium oxides. Ilmenite and rutile
are extracted from mine site using heavy mineral concentration, rare earth drum separation, electrostatic



separation circuit, and gravity separation circuit. Farjana et al. conducted a comparative LCA analysis of
cradle-to-gate titanium oxides production. Ilmenite and rutile were considered where the geographic
region considered was for Australia. The datasets were collected from AusLCI database and SimaPro
software. The study revealed that rutile had a significant environmental impact than for ilmenite due to
higher energy consumption and electricity use. The GHG was 0.295 kg CO, eq/kg of ilmenite production

and 1.535 kg CO, eq/kg of rutile production (Shahjadi Hisan Farjana et al., 2018a).

Table 14

Summary of the findings and recommendations for LCA of different metals-minine

Study reference

Key findings

Recommendation

LCA of cobalt extraction

Eutrophication and global warming

Altering the electricity generation

process (Farjana et al.,

impacts are higher due to electricity

resources within the same grid

2019¢)

consumption

mix network will be beneficial for
sustainability.

LCA of non-Chinese | The impacts were due to elements like | In future, improvement in LCI
cemented carbide | kerosene,  tailings,  water, and | datasets is required to get rid of
production (Furberg et | electricity. uncertainty in  environmental
al., 2019) sustainability.

LCA of global | The  electricity = demand,  fuel | In future, the LCI datasets and
manganese  production | consumption during smelting were the | LCA results can be integrated to

(Westfall et al., 2016)

primary contributors for impact.

LCA of magnesium oxide
production (Ruan and
Unluer, 2016)

MgO has a lower impact on ecosystem
and resources but larger impact on
human health

An extensive database with
detailed LCI should be built to
conduct detailed LCA analysis.
Moreover, reduction of carbon

dioxide emissions should be
achieved.
LCA of titanium oxides | Rutile had a significant environmental | Electricity — grid mix  have
in Australia (Shahjadi | impact than for ilmenite due to higher | significant  impact on the
Hisan Farjana et al., | energy consumption and electricity | environmental impact analysis

2018a)

use.

results which would be analysed
extensively in future.

LCA of gold-silver-lead-
zinc-copper beneficiation
(Farjana et al., 2019b)

Gold-silver beneficiation has highest
impact over the other metals

Modification in the electricity grid
mix to enhance the energy
efficiency will be helpful to
reduce environmental burdens.

LCA of  oold-silver

Gold-silver refining from the couple

Altering  the  stainless  steel

refining operations

production of gold-silver have more

alloying properties _would be

(Farjana et al., 2019d)

environmental burdens associated with

beneficial for sustainability.

gold-silver-lead-zinc-copper couple
production.

5. Discussion




This chapter discusses the key aspects of the research articles on life cycle assessment of metal and
mining industries. Analysis results eflife-eyele-assessmentinminingindustries-can be discussed based on
a combination of three different perspectives_- —Fhe-perspeetive-based-en-mining technologies, based-en
environmental impacts, and based-en-energy consumption and integration. According to the discussion on
the LCA results presented in table 15, which describes the key findings of these research papers on LCA
based on metal type, it is quite evident that the common reason for largest environmental impact from
mining is due to energy generation, fossil fuel consumption for energy and process heat generation. For
aluminium, smelting and refining stage made the greatest contribution due to energy consumption and
direct emissions to the environment. From the cemented carbide production, the mining, hydrometallurgy,
and powder metallurgy stages made the greatest contribution due to kerosene use, sulfidic tailing, water,
and electricity. In the case of coal mining, still electricity use, fossil fuel use for heat generation creates
greater environmental impacts generated from the mining stage. Among the copper mining steps, solvent
extraction and electrowinning in hydrometallurgy causes greater environmental impact rather than for
pyrometallurgy, due to electricity, fossil fuel use for heat generation, and steel use. Gold mining is
impactful in mining and comminution stage, due to well field related activities. Agglomeration, loading,
haulage, and ore processing in iron mining is harmful to the environment due to the emission of inorganic
chemical materials, use of electricity, and use of grinding media. From magnesium oxide production,
calcination stage is highly impactful towards environment due to fossil fuel usage in the form of coal. For
nickel production, primary extraction, nickel reduction, and smelting are impactful due to electricity
usage and coal consumption to produce steam. The oxide separation stage in rare earth mining step,
consume a huge amount of hydrochloric acid and ammonium oxides which is harmful. Pig iron in a blast
furnace and iron ore sintering process in steel and stainless-steel production causes greater impact due to
electricity and fossil fuel usage. The fuel enrichment stage, well-field related stages, and the mining stage
cause the greatest environmental impact of uranium mining due to electricity usage, use of chemicals and
indirect emissions. In summary, mining and extraction stages made the greatest contribution in cemented
carbide, coal, gold, titanium oxides, and zinc production. Smelting and refining steps cause a higher
impact for aluminium, ferroalloy, nickel, and manganese mining which are due to significant amount of
electricity consumed in smelting operation.

From the discussion presented above and in table 15, it is quite evident that most of the environmental
emissions from mining industries are due to electricity consumption and fossil fuel usage, whatever the
process is. Fossil fuel can be of the form of diesel oil, natural gas, heavy fuel oil, and residual fuel oi.
These fossil fuels can be used for electricity production, process heat generation, and mechanical energy
generation. Among these, fossil fuel use can be reduced or replaced by integrating renewable energy
resources. Renewable energy can be used as an alternative fuel to generate electricity or to produce
process heat. Several LCA studies assessed the environmental impact scenario with the integration of
renewable energy resources in mining industries. There could be replacement by different types of
renewables either partially or completely. Another major reason is the electricity grid mix, which varies
from one country to another. The grid mix is a combination of fuel sources used to generate electricity.
Among the three major components in LCA, electricity mix, technology mix, and heat mix- electricity
mix and heat mix both are related to fossil fuel. Between them, a most adverse effect is from electricity
use which impacts on GWP and AP. It also affects PED and GER. Replacing coal with natural gas may
also be a solution to reduce GWP with same GER, but natural gas has more ionising radiation impact on
human health. However, it is possible but dependent on the availability of the renewables at the mining
site to integrate with the power generation system. This replacement is time-consuming and involves huge
capital cost. Another important point is electricity generation efficiencies which could be improved after
involving modern technologies.

Another major part is the integration of renewable resources to generate process heat in mining.
Regarding solar energy, temperatures below 150° degree-Celsius could easily be achieved by non-CST
(non-concentrated solar thermal) technologies. Temperatures ranging between 150° degree-to 400° degree



Celsius is possible to generate with primary CST (concentrated solar thermal) technologies. There are few
industries in the world where already process heat integration is operating with solar technologies. Few
mines in Chile are utilising solar process heat for electrowinning operations. South Africa is using solar
process heat for mining and cleaning operations. Cyprus, Austria, India, and Germany are also using solar
process heat for different low-temperature mining operations which all operate below 100° degree-Celsius.
The availability of solar energy also varies depending on the latitude and longitude, irradiation, and many
other factors. Not all miner countries could have this renewable source of energy.

Other than energy integration, there are some technological factors which affect the environmental
impacts of mining processes — the most important factor, which was discussed in almost every paper that
ore grade effects largely on environmental burdens associated with mining. The deeper would the mining
goes; the greater machinery requirements and the energy consumption would be. The more we are
approaching towards development, more mining of the metals is required. Another important factor is the
use of inorganic chemicals for chemical extraction, acid leaching, and electrowinning processes; which is
more troublesome for environmental sustainability. Mining tailing management is another critical issue,
which causes significant load on environment impacting human health, ecosystems, and resources.

Table 15

Key factors of environmental impacts from metal mining industries.

Metal Highest Impactful process
Impactful
Category
Aluminium (Nunez | GWP  due to | Smelting and refining, electricity consumption and direct
and Jones, 2016; | smelting and | emissions.
Paraskevas et al., | refining
2016; Tan and Khoo,
2005)
Cobalt (Farjana et | GWP, EU Extraction due to electricity consumption and blasting.
al.. 2019c¢)
Cemented  carbide | TE, OD, FWE Mining, hydrometallurgy, and power metallurgy phases.
(Furberg et al., 2019) Due to kerosene, sulfidic tailing, water use, and electricity
use.
Coal (Adiansyah et | Dust, GWP, AP Mining due to electricity usage, diesel oil consumption,
al., 2017; Burchart- fossil fuel, use of steel and heat.
Korol et al.,, 2016;
Guimaraes da Silva
et al., 2018; Zhang et
al., 2018)
Copper (Ekman | GWP Solvent extraction and electrowinning, leaching due to
Nilsson et al., 2017; electricity usage, fossil fuel, sulfuric acid.
Haque and Norgate,
2014; Memary et al.,
2012; Norgate, 2001;
Northey et al., 2013)
Ferroalloy (Bartzas | GWP Smelting and refining due to electricity usage, fossil fuel.
and Komnitsas,
2015; Haque and
Norgate, 2013)
Gold (Chen et al.,, | GWP, MD Mining and comminution, well field related activities due




2018; Farjana et al.,
2019b, 2019d; Haque
and Norgate, 2014;
Norgate and Haque,
2012)

to electricity usage, diesel oil consumption, and direct
emissions.

Iron (Ferreira and | GHG, human | Agglomeration, loading and haulage, ore processing,
Leite, 2015; Gan and | health vegetation and soil removal due to electricity usage,
Griffin, 2018; Haque emission of inorganic materials, use of grinding media.
and Norgate, 2015;

Norgate and Haque,

2010)

Manganese (Westfall | GHG Smelting due to electricity usage, fossil fuel (coal and
etal., 2016) coke).

Magnesium  oxide | Human health Calcination due to coal usage.

(Ruan and Unluer,

2016)

Nickel (Khoo et al., | GHG Primary extraction, nickel reduction and smelting due to

2017; Mistry et al.,
2016)

electricity usage, coal consumption to produce steam.

Rare earth element
(Lima et al., 2018;
Zaimes et al., 2015)

ODP, carcinogens

Oxide separation step due to consumption of hydrochloric
acid and ammonium oxides.

Silver (Farjana et al., | GWP, EU Stainless steel and electricity used in beneficiation and
2019b, 2019d) refining processes.

Steel (Burchart- | GHG, dust Pig iron in the blast furnace and coke oven operations, the
Korol, 2013; Norgate iron ore sintering process due to electricity usage, fossil
et al., 2007; Renzulli fuel.

etal., 2016)

Titanium oxides | GHG Mining due to electricity usage.

(Shahjadi Hisan

Farjana et al., 2018a)

Uranium  (Shahjadi | GHG Fuel enrichment, well field related activities, leaching due
Hisan Farjana et al., to electricity usage, use of chemicals, and direct
2018b; Haque and emissions.

Norgate, 2014;

Norgate et al., 2014;

Parker et al., 2016)

Zinc (Qi et al., 2017; | GWP Mining and concentration due to electricity consumption

Van Genderen et al.,
2016)

and fossil fuel usage.

6. Conclusion

In conclusion, this review paper presents a comprehensive scenario of all the existing studies reported in
the literature aims—te—anabyse—the-existingtterature—on the life cycle environmental impact analysis of
metal mining industries. Sixteen metal mining industries are identified which have the significant research
output that quantified the environmental effects based on LCA methods. A comprehensive compilation of
the published work is being carried out, analysed, compared the impactful mining materials, processes
which are energy intensive, thus harmful for global environmental sustainability. According to the
| findings presented in efthis paper, mining and extraction stages made the notable sreatest-contribution in




cemented carbide, coal, gold, titanium oxides, and zinc production. In addition, Adse;—smelting and
refining steps cause a considerable amount of higher—impact for aluminium, ferroalloy, nickel, and
manganese mining which are due to significant amount of electricity consumed in smelting operation.
This paper also summarises the key methods of life cycle assessment which were utilised for mining
industries. Limitations of these studies werks-and future recommendation to improve the environmental
sustainability are also presented. The most important challenge is the replacement of energy generation
resources by renewables, which could significantly reduce the gross energy requirements and global
warming potential, to achieve the sustainability goals for 2050.

In summary, there are some smany-limitations, and future recommendations en-their-basis-focused on LCA

techmques and methods as follows: —whieh—&heald—b%bfe&ght—uﬁder—th%feeas—ei;&&enﬁeﬁ—e#the

a. Development of global LCA method which would be applicable irrespective of the geographic
region of the mining company.

b. Development of aggregated allocation technique for coproduction of metals, which would be free
from technological and economic differences of metals.

c. Analysis of complete LCA for each metal industries, as most of them, lack full LCA study, due to the
research focus and availability of dataset.

d. Development of specific database focused on mining industries life cycle inventory datasets, which
should wewsld-contain inventory datasets for every type of mining technology per metal.

According to the analysis results presented in this study, it is evident that the mining industry is
stegnifieantlyconsiderably affecting global warming potential and human health (carcinogenic and non-
carcinogenic). The following measures could be adopted for significant reduction in the emission during
the mining processes:

a. Replacement of electricity generation sources by renewables is_of paramount importance.
reguired: The choice of renewable energy resource would be dependent on the geographic
location of the mine, availability of energy resources, and the capital cost of replacement.

b. Process heat generation sources could be altered by renewables. Mining processes should be
classified as in terms of heating needs as low-temperature, medium temperature, and high-
temperature process heat applications. Following that, the feasibility of process heat integration
should be assessed approaching towards the practical integration.

c. Sourcing high grade Inereasing-the-mining ore grade-would be beneficial for the environment,
which will consume less energy in the form of electricity and heat and less equlpment to extract
mined ore. : : §

d. Decreasing the use of i 1norganlc chemlcals for leachmg or increasing the efﬁc1ency of leaching
processes would be beneficial to reduce the human health impacts, both carcinogenic and non-

carcinogenic.
Nomenclature
Term Description
AP Acidification
CcC Climate change
CED Cumulative energy demand
CETEM Center for mineral technology database




CSIRO Commonwealth Scientific and Industrial Research Organization
CML Center for methodological development
CST Concentrated solar thermal technology

DNi Direct Nickel method

EDIP Environmental Design of Industrial Products
EU Eutrophication

FEU Freshwater eutrophication

FFD Fossil fuel depletion

FWE Freshwater ecotoxicity

GER Gross energy requirements

GWP Global warming potential

HH Human health

HPAL High pressure acid leaching

HT Human toxicity

IAI International Aluminum Institute

IPCC Intergovernmental Panel on Climate Change
ILCD International Reference Life Cycle Data System
ISO International Organization for Standardization
LCA Life cycle assessment

LCA-Pro Life cycle assessment software name

LCI Life cycle inventory

ME Marine eutrophication

MT Mega tonne

Non-CST Non- concentrated solar thermal technology
ODP Ozone depletion potential

POCP photo-oxidant creation potential

PMF Particulate matter formation

TAP Terrestrial acidification

USGS U.S. Geological Survey database

WD Water resource depletion

WMO World Meteorological Organization

WSP Water scarcity potential

kg CO, eq

Carbon dioxide equivalent
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