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Abstract Mining, mineral processing and metal extraction
are undergoing a profound transformation as a result of two
revolutions in the making—one, advances in digital tech-
nologies and the other, availability of electricity from
renewable energy sources at affordable prices. The demand
for new metals and materials has also arisen concurrently.
This necessitates discovery of new ore deposits, mining
and mineral processing of newly discovered ore deposits,
and extraction of metals for meeting the projected
requirements of the industry and the society. Some of the
innovations that impacted the industry, for example, elec-
tric and autonomous equipment for drilling, haulage and
processing of ores, drones for monitoring and control of
operations, space/deep-sea/urban mining and molten salt
electrolysis for metal extraction are discussed here. The
transformative potential of integrated digital platforms
such as TCS PREMAP and TCS PEACOCK is illustrated
with examples where the platforms have been gainfully
deployed in operating plants and creating values for the
industry.
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1 Introduction

Metallurgical products are manufactured by a series of
engineering operations, starting with exploration to mining,
mineral processing, metal extraction and finally manufac-
turing of finished products. Recycling of waste streams is
also an important step at each stage of operations. The
cradle-to-cradle cycle or the complete process value chain
for metals is illustrated in Fig. 1. We shall, however, limit
our discussion here to a few selected areas of current
research and innovation that are of significance for the
mining, minerals and metal industries.

We are living in exciting times. The digital revolution is
rapidly transforming the very nature of industrial enterprise
today. Many disruptive transformations are on the horizon
because of the advent of cloud computing and Internet of
things (IoT) and due to major advances and breakthroughs
being made in several research areas such as artificial
intelligence (Al) including machine learning (ML) and big
data analytics, robotics, autonomy, drones, 3D printing,
sensor technologies and generation of electricity based on
renewable energy. It is inevitable that our industry will
leverage these advances and breakthroughs and will
develop innovative solutions to address the challenging
problems confronting the industry.

Another revolution in the making is the exciting possi-
bility of fossil fuel-free generation of electricity in the
coming decade. The availability of electricity based on
renewable sources such as sun, wind and biomass will
cause a major disruption since fossil fuels (coal, oil or
natural gas) are used in our industry both as sources of heat
and reductants in many cases currently. Use of fossil fuels
creates deleterious environmental consequences which
need urgent attention.
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Fig. 1 Cradle-to-cradle cycle for metals

While our industry will have to reckon with these two
revolutions in the making, they have also created new
technology frontiers for the minerals and metals industry.
Both digital hardware and generation of electricity from
renewables (including the technological challenges asso-
ciated with energy storage) require a host of new metals
and materials for which the new value chains (also the
novel supply chains) will have to be established. Innovative
processes for extraction of minerals and metals as well as
recycling, which are more energy efficient and environ-
ment-friendly, will have to be developed to produce these
critical elements. The recycling of battery electrodes and
electronic waste, for example, has been an area of con-
temporary research interest.

According to the World Bank report “The Growing
Role of Minerals and Metals for a Low Carbon Future,”
published in 2017, there will be a substantial increase in
demand for several key minerals and metals to manufacture
industrial products necessary to usher in low-carbon future
and clean energy technologies [1]. The much-anticipated
energy transition will therefore require innovations in
mining, mineral processing and extractive metallurgy
[2-9]. For example, production of solar photovoltaic cells
requires copper, indium, silicon, selenium, molybdenum,
cadmium, tellurium, titanium, gallium, germanium,
arsenic, boron and tin besides aluminum. Each wind tur-
bine requires tons of rare earths (neodymium, samarium,
praseodymium and dysprosium), copper, nickel, molybde-
num and manganese besides steel, aluminum and concrete.
Batteries for large-scale energy storage and for electric
vehicles (electric mobility in general) require lithium,
cobalt, indium, copper, manganese, graphite, vanadium,
zinc and lead besides steel and aluminum. The relative
proportion of these metals will, however, vary depending
on the technological breakthroughs in the domain of energy
storage. The unprecedented demand for the top five metals
critical for energy transition, according to one estimate, is
summarized in Table 1 [10].

It is also well acknowledged that some of these metals
will be produced as by-products during the processing of
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ores containing the base metals (copper, lead and zinc).
Some of them occur in nature only in ppm concentrations
(g/ton), and hence, novel techniques will have to be
invented for mining, mineral processing and extraction of
these metals at affordable costs of production and with
minimum environmental impact.

One of the related challenges is to prepare human
resources with high level of domain expertise and appro-
priate engineering skill needed to deal with the problems of
scalability (several million tons of metals to be produced
per year), uncertainty, reliability, systems engineering,
ability to deal with variability of ore grades and yet man-
ufacture products of uniform and reproducible quality,
issues related to personnel health, safety and environmental
impact, energy efficiency and optimization of the
throughput, productivity and quality during commercial
operations, etc. [11-13].

We present, in this paper, a brief overview of the
innovations being commercialized by several research and
innovation groups globally, including the recent work
carried out by our group at the interface of information
technology and the minerals, metals and materials engi-
neering domain. Some of these innovations have already
attracted massive investments and inspired talented human
minds to take up the challenge and have made a visible
impact on a commercial scale.

2 New Technology Frontiers

2.1 Electrification Based on Renewable Energy
and Autonomy of Mining Operations

Mining operations are tailor-made for electrification and
autonomy. The mines are often located in remote areas, and
the operations are often hazardous. This requires high level
of investments in the health and safety of those working in
the mines, mineral processing plants or smelters. It is in
this context we must examine the advances being made in
the introduction of all electric, battery-operated,
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Table 1 Top five metals needed for energy transition to renewables
(after Ref. [10])

Metal Production Anticipated demand Change
in 2017 in 2050 (%)
(‘000 tons) (“000 tons)

Lithium 43 415 965

Cobalt 110 644 585

Graphite 1200 4590 383

Indium 0.72 1.73 241

Vanadium 80 138 173

autonomous equipment, controlled remotely through digi-
tal platforms in mining operations. It is anticipated that
with the maturing of digital technologies, smart micro-
grids, affordable energy storage solutions and autonomous
vehicle technologies, the mining operations will be run
remotely with little or no manual’/human intervention on-
site. A few examples of successful initiatives on this front
are presented here to illustrate the advantages of electrifi-
cation and autonomy in mining operations, already being
derived by several mining companies around the world
[14-20].

2.2 Electrification

As illustrated by a few examples summarized in Table 2,
electrification of mining, powered by renewable energy
sources, is increasingly being adopted by all major mining
companies.

According to a recent Fitch report, Chile is currently the
global leader with respect to installed power based on
renewables in the mines. Nine different companies in Chile
have installed either wind or solar capacity including
copper-mining giants like Codelco, Collahuasi and
Antofagasta Minerals [26, 27]. According to this report, the
mining companies will enhance their investments in
renewable energy with battery storage in addition to
investments in improving energy efficiency of the opera-
tions and to adopt carbon capture and storage (CCS)
technologies, wherever possible, so as to improve their
social license to operate in the coming years.

2.3 Autonomy

Rio Tinto launched its “Mine of the Future” project back
in 2008, and today it boasts of a large fleet of autonomous
vehicles. Ten years after it began the trial, Rio Tinto
achieved a major milestone in 2018. It has moved more
than one billion tons of material through a fleet of driver-
less trucks supplied by Komatsu, in Australia’s Pilbara
region. More than 20% of its existing fleet of 400 haul

trucks is autonomous. A supervisory control system using a
predefined GPS has replaced the driver. These driverless
trucks are 15% cheaper to run. Rio Tinto has signed con-
tracts with both Komatsu and Caterpillar to retrofit 48
trucks with autonomous haulage system (AHS) technology
[28].

Furthermore, Rio Tinto is also successfully running the
world’s largest driverless and automated heavy-haul, long-
distance rail network called Auto Haul. It operates 200
locomotives on more than 1700 km track in the Pilbara
region, transporting ore from 16 different mines to four-
port terminals [29]. These driverless trains have already
travelled more than 4.5 million kilometers. Rio Tinto is
also using autonomous production drills in order to
enhance safety and productivity in its iron ore operations in
Western Australia.

Rio Tinto with help from FLSmidth will be commis-
sioning an “intelligent iron ore mine” in 2019 at a cost of
US$ 2.2 billion incorporating all advanced technologies
such as robotics, 3D design, driverless trains and trucks on
its Koodaideri mine site in the Pilbara region [30, 31]. This
mine will have a capacity of 40 million tons per year (as
compared to Rio Tinto’s total iron ore mining capacity of
300 million tons of ore per year).

Adani Mining, owner of the US$ 16.5 billion Carmi-
chael coal mine in Australia, has awarded a contract to
Komatsu to supply 55 super-large dump trucks—at least 45
of them will be autonomous to start and become fully
autonomous later. The mine is expected to produce 60
million tons of coal per year [32].

BHP Billiton, the world’s largest mining company, is
also deploying driverless trucks and drills in its iron ore
mines in Australia. Other major mining companies that
have opted for autonomous haulage trucks include Vale in
Brazil, Suncor, Canada’s largest oil company in its oil
sands in Alberta, Barrick Gold in its Cortez mine in
Nevada, USA, and Fortescue Metals Group in Australia
[33-35].

Komatsu America Corp. has achieved an unprecedented
milestone of moving more than 2 billion tons of mined
material autonomously through its Front Runner autono-
mous haulage system (AHS) [36].

Besides Komatsu and Caterpillar, other suppliers of
autonomous and/or electric, battery operated trucks include
Hitachi, Volvo, Atlas Copco, Liebherr, BelAZ, Cummins
and BEML, India [20, 37].

In addition to trucks and trains, cargo ships can also be
made autonomous. The US DARPA has demonstrated the
technology in 2016 through its unmanned warship called
Sea Hunter. BHP is exploring opportunities to adopt
automated self-navigating cargo ships for its operations
since it transports more than 250 million tons of ore on
1500 voyages every year. Recently, Norway-based
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Table 2 Electrification in mining operations and its benefits demonstrated in commercial operations

Industry partners Mine location

Equipment details

Benefits demonstrated References

Goldcorp, Sandvik Mining and Goldcorp
MacLean Engineering Penasquito gold
mine in Mexico
truck

Aggreko and Gold Fields
Smith Gold
Mine in Western
Australia

Battery-operated drilling and blasting Increase of 25% in the operating [21]
equipment, electric bolters and a
40-T battery-operated haulage

hours per calendar day per drill,
increase of 12% in the meters
drilled per operating hour leading
to a 40% productivity gain in
meters per day and improved
fragmentation, saved 7500 tons of
CO, emissions and 3 million liters
of fuel every year

Gold Fields Granny Aggreko to design, build and operate Benefits yet to be quantified. Boasts [22]
a 8 MW Solar Power Generator
with battery storage at the mine,
sufficient to run processing

of the world’s largest renewable
micro-grid with 20,000 solar
panels

operations on-site.

Zaldivar, a JV between Barrick Zaldivar Copper
Gold and Antofagasta mine in Chile
Minerals and Colbtn, a
Chilean electric power utility
company

Codelco, Chile. Codelco Copper

Mine in Chile

on-site.

eMining AG, a JV of Kuhn
Schweiz AG and Lithium
Storage GmbH

The eDumper,
designed and
developed and
tested for mining
applications

applications

Signed a new power plant supply
agreement with Colbun

Electric vehicle for mining

The copper mine will be the first to  [23]
operate with 100% renewable
energy: a combination of hydro-,
solar and wind power. Estimated to
reduce approximately 350,000
tonnes of greenhouse gas emissions
per year

Installed a solar thermal power plant The solar plant provides 85% of the [24]
which generates an average of
54,000 MWh/year. Also
commissioned a desalination plant

power required to run the solvent
extraction-electrowinning plant on-
site. The desalination plant with a
capacity of 630 liters per second,
supplies water to different mine
sites in this water starved region of
Chile

Won the eMove 360 Award for [25]
developing world’s largest electric
vehicle (unladen weight of 45 tons
and a total weight of 110 tons),
fitted with the largest ever battery
manufactured for an electric
vehicle. It also has a provision of
generating power during braking
on the fully laden downhill run,
which is sufficient to charge the
batteries for the unladen return
trip.

fertilizer company YARA has commissioned an autono-
mous and electric container vessel with the help of VARD,
a ship builder and Kongsberg, a technology company that
supplies sensors and related software. The ship is expected
to achieve full autonomy by 2022 [38].

On a trip between Parainen and Nauvo in Finland, Rolls
Royce in partnership with Intel has demonstrated its “fully
autonomous ferry,” loaded with several sensors and Al
software to identify and avoid objects in its immediate
vicinity. Rolls Royce has plans to commercialize the
technology of self-guided cargo ships by 2025 [39].
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2.4 Digital Connected Mining Solutions
2.4.1 Blockchain Technologies for the Mining Industry

The global mining and metal market estimated to be
around US$ 1.8 trillion relies on the conventional supply
chains consisting of manual paper-based processes which
lack traceability and transparency between supply chain
participants. Automaker Ford, in partnership with IBM,
South Korean battery maker LG Chem and China’s largest
cobalt producer Huayou Cobalt, will be testing the first
blockchain project for mining [40]. It will enable tracing
supplies of the metal from Democratic Republic of Congo
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(DRC) to the customers. Earlier, De Beers in collaboration
with Alrosa, Russia, had developed and deployed block-
chain technology through its Tracr platform [41]. The
platform is used to trace gemstones throughout the entire
value chain and the supply chain—from the mine to the
buyer, particularly to provide enhanced assurance to its
clients about the authenticity of its gemstones.

Goldcorp, ING Bank, Kutcho Copper Corp., Ocean
Partners USA and Wheaton Precious Metals Corp. are
working with a mining technology company, MineHub to
build a new mining supply chain solution on top of the
IBM Blockchain Platform. The technology demonstration
will consist of a digital platform installed at the Goldcorp’s
Penasquito mine in Mexico and enabling full traceability
from the mine to the market [40].

By successfully digitizing the supply chain through the
integrated blockchain platforms like MineHub and Tracr,
one can increase the level of automation and reduce reli-
ance on intermediaries, thereby increasing the speed of
delivery as well as the reliability and the authenticity of
goods to the customers.

2.4.2 Data Analytics and Predictive Maintenance
Solutions

Several IT service providers are working with major global
mining companies for opportunities in the area of the
digital transformation of the mining operations. While a
detailed discussion on the digital solutions for the mining
industry is beyond the scope of this review, it is important
to emphasize that the mining industry has benefitted
immensely by digital intervention and these success stories
are multiplying at a rapid pace. OSIsoft has implemented
several condition-based monitoring and predictive main-
tenance solutions based on its OSIsoft PI platform for the
mining industry to help customers reduce downtime of
equipment [42]. CISCO’s connected mining solutions [43]
provided to the mining industry include (a) connected
predictive maintenance (b) digital tailings monitoring
(c) secure mining operations (d) asset visibility and mon-
itoring (e) connected plant—basically to connect end-to-
end operations across different geographies. IBM in col-
laboration with service providers like Garmin, Guardhat,
Smartcone and Mitsufuji in the domain of wearable tech-
nologies has leveraged its IBM Maximo Worker Insights
Platform to provide enhanced safety to mine workers [44].
A few more illustrative examples are listed in Table 3
[45-50].

2.5 Drones for Mining Applications

Unmanned aerial vehicles (UAVs), also known as drones,
are routinely being used to collect data from locations

which are either hazardous to access and/or difficult to
approach. For example, the inspection of wind farms and
solar panels is being done by drones at much lower cost.
The applications of drones in the mining industry are
extremely cost-effective, and they address the safety and
productivity concerns as well. Tailings monitoring and
management is being done by drones at several locations
[51-53]. Drones have been successfully deployed, for
example, in Barrick Gold’s Pueblo Viejo mine in
Dominican Republic, to collect survey data from pre-
marked ground control points using GPS technology which
helps the engineers track the stability, construction and
volume of materials available within tailings storage
facilities in the mine [54].

Tata Steel’s Noamundi iron ore mine is the first mine in
India to introduce drones for monitoring the mining areas,
including surveillance, dump profiling and tracking vege-
tation in the reclaimed mine areas [55]. At the Rio Tinto’s
Bingham Canyon Open Pit Mine, Kennecott has 30 FAA-
certified drone pilots running four to five flights every day.
Drones collect high-quality data even from otherwise
inaccessible locations in the mine, for exploration, sur-
veying and real-time 3D mapping and inspection of
equipment and stockpiles. It has helped the company to
achieve highest levels of safety and productivity [56, 57].
Spain’s OHL is providing maintenance services to Codel-
co’s underground copper mine in El Teniente, Chile. The
services include observation, monitoring, inspection of the
tailings canal using drones, efficient and timely mainte-
nance, operational support and inspection of the equipment
in the wastewater, thickening and recirculation units, tail-
ings disposal operations, hydrometallurgical plant and
overall maintenance support [58].

2.6 Space Mining-Mining on the Asteroids
and on the Moon

In their quest for richer sources of critical minerals and
metals, several companies are investing in the technologies
to explore and eventually mine in places other than Earth,
for example, asteroids, Moon and Mars. Geologists believe
that the asteroids are rich in several metals of interest to us
on earth, for example, some of the asteroids are rich in iron,
nickel, cobalt and platinum group metals.

Luxembourg is one of the first countries to launch its
Space Agency (LSA) in 2016 and promote exploration and
commercial mining on near earth objects [59]. The gov-
ernment of Luxembourg reached an agreement with the
US-based company Deep Space Industries to conduct
prospecting missions for minerals in outer space. It also
invested in another US company called Planetary Resour-
ces to help launch its first commercial asteroid prospecting
mission by 2020. Russian government has also shown
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Table 3 Connected mining IT platforms—data analytics, process optimization and predictive maintenance solutions for mining operations—a

few illustrative examples

Industry partners

Mining location

Details of the solution provided

Barrick Gold and CISCO

Boliden (Mine), Ericsson (mobile
networking), ABB (process control),
Volvo (machinery) and Telia
(telecom)

LKAB, ABB, Epiroc, Combitech and
Volvo

Goldcorp and IBM

Sandvik Mining and Rock Technology
and IBM

Sandvik Mining and Nokia Digital
Automation Cloud (NDAC)

FLSmidth and GE

Vedanta, India and Siemens

Codelco, Chile and Al provider Uptake

Fluor Corp. and IBM

Micromine and Pitram

Newtrax Technologies and Agnico
Eagle Mines

Barrick Gold’s Cortez Mine in Nevada, USA

Boliden mine in Sweden

LKAB mine in Sweden

Goldcorp mines and exploration sites in Canada

Codelco’s Chuquicamata underground copper
mine, Vedanta Zinc International’s Black
Mountain Mining Operations in South Africa,
Resolute Mining’s Syama Gold Mine in Mali

Different mines

Different mines and clients

Vedanta Power Plant and Facilities in India

Codelco’s copper mines in Chile

Intelligent project management solution

Al solutions to the mining industry

Agnico Eagle Mines’ Goldex mine

Enable remote control of the underground mining
equipment by establishing a WiFi network and
long-lasting batteries in the mine—leading to
enhanced safety of mine workers and enhanced
productivity and reliability

Development of the 5G mobile network system
and remote control of the Volvo Loader in the
underground mine

Demonstrate the feasibility of making future mines
carbon dioxide free, fully digital and
autonomous under a program called Sustainable
Underground Mining Project (SUM)

Goldcorp will leverage IBM Watson (cognitive
technology solution) to analyze vast amounts of
data from drilling reports and geological surveys
and enhance the speed as well as the quality of
new discoveries of ore deposits

Sandvik’s OptiMine and AutoMine Solutions for
data collection coupled with IBM Analytics to
track equipment and asset location, planning,
scheduling and maintenance task management,
as well as optimize plant operations to help
reduce costs and enhance yields during ore
processing

Develop solutions for private LTE (long term
evolution) and 5G technology applied to mining

Develop solutions using GE’s Predix platform to
enhance plant performance through process data
analytics for monitoring, benchmarking and
predicting the maintenance schedules for plant
equipment

Through its Digital Fleet Centre Solution, Siemens
is helping Vedanta digitally connect its power
plant assets in different locations in India
(Punjab, and Chhattisgarh) and enable analysis
of huge amount of fleet data, continuous
monitoring, diagnostics and pro-active
maintenance leading to increased availability of
assets and reduction in operating costs

Uptake will demonstrate the monitoring of the
health of mining and processing equipment
including crushers, grinding mills, roasters,
haulage trucks, etc., and provide an enterprise-
wide Asset Performance Management solution
to Codelco for implementation in all its mines

Use of Al to predict, monitor and measure the
status of engineering, procurement, fabrication
and construction (EPC) mega-projects from its
inception to completion

Fleet management and mine control solution based
on computer vision and deep learning
algorithms which analyze the data collected
through onboard cameras placed on the mine
loaders

Predict mobile equipment maintenance issues a
couple of weeks in advance, thus enhancing its
availability
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Table 3 continued

Industry partners Mining location

Details of the solution provided

Rio Tinto and GE

Tata Steel and Metso

Rio Tinto’s Pilbara Iron Ore Mines, Australia

Noamundi iron ore mines in India

The digital solution will provide faster access to
spare parts, thus minimizing downtime, and
enhance fleet productivity of Rio Tinto’s
locomotive network in Pilbara

Metso’s Life-Cycle Services Solution includes
(a) inspection and maintenance of all
equipments (b) Computerized Maintenance
Management System (CMMS) and inventory
management (c) preventive and corrective
maintenance (d) supply of spare parts
(e) operation of the equipment and throughput
optimization (f) logistics of bringing the ore
from the mine to the crushing plant
(g) guaranteed production levels and cost per
ton, under prescribed limits.

interest in joining Luxembourg in its efforts to explore
opportunities in space mining.

Earlier this year in 2019, Japanese Aerospace Explo-
ration Agency confirmed that its Hayabusa2 spacecraft
landed on the asteroid Ryugu. It successfully deployed two
MINERVA-II rovers on the surface of the asteroid, created
a crater, using a tantalum bullet. The objective was to
collect the rock samples available on Ryugu and bring
them back to earth for further analysis, and the mission has
been successful. NASA also has its own spacecraft
OSIRIS-Rex which landed at the asteroid Bennu in
December 2018. It will also be bringing back some of the
rock samples from Bennu. Both Bennu and Ryugu belong
to the most common family of C-type asteroids, rich in
carbon and possibly water locked up in hydrated minerals.
The S-type asteroids are believed to be rich in iron and
nickel along with their corresponding silicate minerals. The
M-type asteroids are rich in metallic iron and nickel, gold
and other precious metals—possibly more valuable than
the other two types of asteroids from the point of view of
mining. The M-type asteroid 16 Psyche will be the target of
the next mission of NASA, called NASA Psyche mission,
scheduled to be launched in 2023 and land on the surface of
Psyche in 2030 [60, 61].

The Moon is also thought to contain rich concentrations
of iron, water, rare-earth elements, precious metals, nitro-
gen, hydrogen and helium-3. Helium-3 is particularly
precious since it can be used for space-based fuel in fusion
reactors without generating nuclear waste. Moon Express is
a company started by a billionaire Naveen Jain, a space
technology expert, Dr Barney Pell and futurist Dr. Bob
Richards. Canadian-based Deltion Innovations will help
Moon Express collect, process, store and use materials
found on the surface of the Moon—that is, “in situ uti-
lization.” Deltion has been working with NASA as well as
Canadian Space Agency (CSA) since 1999 and has assisted

in the development of space mining equipment for drilling/
excavation, mobility, remote operations and subsurface
exploration [62, 63].

NASA has announced that nine US companies, namely
Lockheed Martin, Astrobotic Technology, Deep Space
Systems, Draper, Firefly Aerospace, Intuitive Machines,
Masten Space Systems, Moon Express and Orbit Beyond,
will compete to land on the Moon and deliver payloads
sponsored by NASA. Other companies that can also be
roped in later include Blue Origin, Boeing and Space X.

Other successful expeditions include the one undertaken
by Chinese, landing a rover on the Moon’s far side. Indian
Space Agency, ISRO, has successfully launched its
Chandrayaan-2 rover in July 2019 to explore near the
Moon’s south pole [64]. A joint effort of Israel Aerospace
Industries and Spacell to land its Beresheet spacecraft
crash-landed on moon earlier this year in 2019. European
Space Agency is also exploring opportunities to join the
expeditions. Australian Centre for Space Engineering
Research (ACSER) has announced its Wilde mission to
extract water from the shaded craters on the Moon surface
[65]. The expectation from all these efforts is that, one may
be able to exploit asteroids, the most valuable being the
511 Davida containing minerals worth trillions of dollars.

2.7 Deep-Sea Mining

A lot of work has been carried out by researchers around
the world, including those in India, on the processing of
Manganese nodules found on the sea floor. A vast reposi-
tory of critical minerals like cobalt, zinc, manganese and
rare earths is present in the sea in three forms: (a) poly-
metallic manganese nodules lying on the sea floor
(b) cobalt-rich ferromanganese crusts that cover the sea-
mounts and (c) massive polymetallic sulfide deposits
around hydrothermal vents. Typically, an ore from the
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seabed deposit is seven times enriched with minerals than
that mined on the land. At least 20 countries have been
carrying out exploration activities since 2000. According to
the National Institute of Ocean Technology (NIOT), India,
the manganese nodules present in the 150,000 sq. km of
the Indian Ocean floor (licensed to India) amount to about
380 million tons. NIOT is developing technologies to
exploit this deposit for the recovery of critical minerals like
cobalt, nickel, copper and manganese [66, 67].

UN’s International Seabed Authority (ISA) grants
prospecting, exploration and exploitation licenses for all
mining activities in the seabed of the international waters,
which are beyond the limits of individual national juris-
diction. ISA has granted so far 29 licenses for mineral
exploration in the deep sea. Sixteen of them are for the
Clarion—Clipperton Zone (CCZ)—one of the world’s lar-
gest and the richest deposits of high-value ores. According
to a 2010 estimate, approximately 21 billion tons of nod-
ules found in this zone are estimated to hold six billion tons
of manganese, 270 million tons of nickel, 234 million tons
of copper and 46 million tons of cobalt in the form of
oxides and hydroxides [66]. Deep Green Resources
(DPGs), in partnership with Maersk Launcher, a shipping
company, have recently completed a campaign to estimate
the potential of deep-ocean mining in the CCZ area. Deep
Green and Nauru Ocean Resources (NORI), a subsidiary of
Maersk, have embarked on developing state-of-the-art
technologies to collect the manganese nodules from the
ocean floor and process them.

A few years ago, Japanese researchers reported the
discovery of huge rare-earths-rich deposits in the seabed
around Minami-Torishima island in the Pacific Ocean. The
deposits are rich in critical rare earths such as dysprosium
and terbium [68].

A team of British scientists has earlier reported their
discovery of tellurium-rich deposits in the Atlantic Ocean,
about 500 km off the Canary Islands. Scientists are also
exploring the potential of another deposit, the Rio Grande
Rise, located 1500 km off Brazil’s southern coast in
international waters [69].

Canada’s Nautilus Minerals, one of the world’s first
seafloor miners, are also going to start mining operations at
Solwara I for gold, copper and silver, off the coast of Papua
Guinea later in 2019. It is also developing a similar project
off the coast of Mexico [70]. Typically, an ore from seabed
deposit is seven times more enriched with minerals than
that mined on land. Debmarine (a joint venture between De
Beers and the government of Namibia) operates five dia-
mond mining vessels. The process involves dredging on the
ocean floor using advanced drill technology supported by
tracking, positioning and surveying equipment. The
dredged gravel is processed in the treatment plants onboard
the ships. The residue is returned to the ocean, and the
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recovered diamonds are brought to the shore by helicopters
[70].

Along with the efforts to start mining operations in the
deep sea, scientists are also investigating concurrently the
adverse environmental impact of such mining operations, if
any, on the flora and fauna at the sea floor. Later this year,
Global Sea Mineral Resources (GSR), a mining subsidiary
of a dredging company, DEME will begin harvesting these
sea floor deposits using a prototype machine called Patania
II. Concurrently, scientists on the German research vessel,
RV Sonne, will deploy deep-sea cameras and sensors to
monitor how the dredging will churn the soft, sedimentary
part of the sea floor that surrounds the nodules [71, 72].

Considering the demand for critical minerals going up in
the coming decade, it is expected that deep-sea mining will
become a commercial activity soon. ISA is deliberating on
the issue of granting licenses for exploitation, not merely
for exploration, as has been the case so far [73].

2.8 Urban Mining

It is not so well known or recognized that the unprece-
dented successes of the digital era are based on smart chips
and digital hardware which create enormous quantities of
electronic waste, requiring innovative means of smart
recycling or safe disposal. More than 40 million metric
tons of e-waste, from TV sets to computers, mobile phones,
smart devices, medical diagnostic instrumentation to fast
moving consumer goods like microwave ovens, refrigera-
tors, washing machines and lighting devices, are being
generated worldwide every year. It is projected to grow to
50 million tons by 2020 [74]. There are also huge stock-
piles of this waste in the form of landfills, accumulated
over the past few decades in different parts of the world.

Electronic waste contains almost all the elements in the
periodic table, and since we have not yet graduated to
designing all industrial products for easy recycle, the
recycling of e-waste continues to be a major technological
challenge for the metallurgical engineers. It is obvious that
it is a source of many precious metals critical for our
continued prosperity and that is why the name “urban
mining” has been coined to emphasize the need to consider
waste also as a resource.

In an interesting investigation carried out in Switzerland
recently, the investigators found that the concentrations of
some of the precious metals like gold in the municipal
wastewater sludge were comparable to what is found in the
primary ores being mined [75]. Not surprisingly,
researchers have demonstrated that it is cheaper to recover
some of the metals like copper and gold from electronic
waste (urban mining) rather than from primary ores. Tak-
ing into account the real cost data from e-waste processors
in China and after due diligence, the authors have reported
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that the costs of copper and gold (two metals which were
investigated in detail) in per ton of metal are comparable to
those incurred by the mining companies extracting metals
from ores currently being mined in China [76]

One of the most important technological breakthroughs,
in which the industry is waiting for, is in the field of
recycling of lithium-ion batteries and rare-earths-based
permanent magnets. Both comprise of precious metals like
lithium, nickel, cobalt and rare earths, and the global
supply chains for all these metals are extremely uncertain
and unreliable.

Urban mining is an exciting field by itself and requires
many engineering innovations, before it becomes a com-
mercial success. This interesting topic, however, is beyond
the scope of this paper. The readers are referred to some of
the recent literature in the field, articulating the materials
engineering challenges associated with the recycling of
electronic waste [77, 78].

3 Metal Extraction Using Electricity Generated
from Renewable Energy Sources

It is now generally accepted by experts in the field that for
energy transition from fossil fuels to renewables (solar,
wind and biomass) to succeed, one needs to find com-
mercially attractive solutions to two basic technological
challenges—namely the energy storage to take care of
intermittent nature of electricity generated from renewable
sources and the improvement in the grid infrastructure
(establishing smart grids and/or micro-grids). The grids
should be able to accommodate a larger share of renew-
ables as an energy source and the distributed generation of
power, having multiple touch points.

Lithium-ion batteries, even though currently being
deployed for large-scale energy storage, are not the solu-
tion we are looking for. Liquid metal-flow batteries are
perhaps a better option [79]. Large-scale energy storage
thus remains an unsolved problem, waiting for smart and
innovative solutions.

Smart grids deal with the demand-side management
(managing instant pricing of electricity available to the
consumers) of electricity in case availability of the inter-
mittent renewable electricity reaches very high levels.
Recent advances in sensor technologies, control algo-
rithms, artificial intelligence (AI), machine learning and
data analytics should help achieve the balance between
electricity supply and demand. Novel algorithms must take
into consideration the parameters like local weather, grid
status, available electricity generation, historical demand
profiles and other such factors. Investments are being made
in what is known as distributed energy resource manage-
ment and intelligent systems for demand management. The

solutions address the problem of the distribution grid with
distributed assets, whether they be batteries, charging
electric vehicles, flexible heating and cooling loads or
solar/wind power with storage [80]. The Department of
Energy and ARPA-E (Advanced Research Projects
Agency-Energy) have initiated a research program called
NODES (Network Optimized Distributed Energy Systems)
on how distributed resources can help with frequency
regulation on the grid and provide control of the total load
on the grid through smart online modulation of flexible
demand side loads [80].

It is anticipated that commercially viable solutions will
soon alter the energy scenario. We will have access to
affordable fossil fuel-free power, and it will mean that
metal extraction technology should be based on this clean
power. We must replace fossil fuels with electricity as the
source of heat and in the reduction of oxides into metals.
Currently, aluminum is the only metal that is produced in
Hall-Heroult cells, by what is known as molten salt elec-
trolysis of alumina into aluminum metal in a cryolite bath.
It is interesting to note that Hall-Heroult cells, though use
electricity for smelting, also use carbon anodes which
results in emission of greenhouse gases like CO,. For
example, by 2020, with the production of 70 million tons of
aluminum, more than 100 million tons of CO, will be
emitted per year. In 2018, the top global aluminum pro-
ducers Rio Tinto, ALCOA and Apple (large consumer of
aluminum as well) came together to invest in a joint ven-
ture company called Elysis, besides investments from the
Canadian and Quebec governments. Elysis will be scaling
up the process to produce carbon-free aluminum. Oxygen
will be produced instead of carbon dioxide since the con-
ventional graphite anodes will be replaced with novel
carbon-free ceramic anodes. In fact, Elysis will also help
establish the supply chain for the proprietary anodes and
cathodes for this novel process of carbon-free smelting to
produce aluminum [81, 82].

Extraction of metals including the production of iron
and steel contributes significantly to the emission of
greenhouse gases. Once the electricity from renewable
energy sources is available at affordable prices and micro-
grids/smart grids take care of intermittency and distributed
power generation, the molten salt electrolysis will become
a preferred route to reduction in oxide and sulfide minerals
to their corresponding metals. In anticipation of these
possibilities, several research groups globally have been
working on metal extraction through the molten salt or the
fused salt electrolysis route. Although a detailed discussion
on this topic is beyond the scope of this review, the readers
are referred to some of the recent literature for more
details. Sadoway and co-workers at MIT [83] have, for
example, demonstrated that iron oxide can be reduced to
iron through this process. If successful, this process can
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potentially compete with the conventional blast furnace
route. The obvious advantages of a fossil fuel-free process
of reduction in iron oxide to iron make this process
extremely attractive. The well-known FFC process of
titanium production through a molten salt electrolysis route
is also being pursued by several research groups globally
[84, 85]. Furthermore, Allanore and co-workers [86, 87]
have also demonstrated the feasibility and the utility of
electrolytic extraction of metals like copper, molybdenum
and rhenium from a molten sulfide electrolyte.

An interesting paper on the clean metals production by a
process called solid oxide membrane (SOM) process is
worth citing in this context [88]. The authors have argued
that electrochemical reduction using an oxygen ion-con-
ducting membrane typically made of yttria-stabilized zir-
conia (YSZ) as an anode has obvious advantages over the
traditional carbothermic, metallothermic or halide reduc-
tion in oxides. Oxygen is the by-product of SOM process
instead of carbon dioxide produced in the conventional
molten salt electrolysis with graphite anodes. The process
is ideally suited to produce metals like magnesium, alu-
minum, silicon, germanium, titanium, rare earths (neody-
mium and dysprosium) and tantalum from their
corresponding oxides.

For a country like India which needs all the above-
mentioned metals in large quantities, the molten salt elec-
trolysis route of metal extraction with inert anodes needs
urgent attention. Recent work on the production of mag-
nesium and titanium through this route by Nagesh and co-
workers from India is therefore extremely important
[89, 90].

4 Digital Platforms for the Integrated Design
and Optimization of Mineral Processing
and Metal Extraction Plants

Recent advances in information technology (IT) and
knowledge engineering, in combination with the relevant
domain expertise, that is, our enhanced understanding of
the underlying science of mining, mineral processing and
metal extraction unit operations and the availability of a
variety of extremely powerful modeling, simulation and
data analytics tools, make it possible to address the chal-
lenging problems facing the mining, mineral processing
and metal extraction industry in an integrated manner.
IT-enabled platforms are the key to provide an inte-
grated view of the industrial enterprise. Attempts to inte-
grate all functions in an enterprise such as mine-to-port,
mine-to-mill, mine-to-product or mine-to-market initia-
tives, wherever and to whatever extent implemented, have
provided significant benefits to the industry [91]. Achiev-
ing operational excellence across the enterprise, for
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example, calls for integration of all business units as well
as supply chains located in several locations into a cen-
tralized database having visibility and traceability of a data
point in an automated manner to all the stakeholders. It is
possible now with the currently available state-of-the-art
digital tools and technologies.

For example, if we wish to optimize the energy con-
sumption during size reduction across the operations all the
way from the mine to the mill, one will have to optimize
the blasting design concurrently with the grinding of the
run of the mine ore in the grinding mill (part of the milling
operations). Such integrated constrained optimization
strategies are currently available and have been deployed to
accomplish significant savings in energy consumption in
the mining industry [92].

Integration across different units in a large enterprise
also fosters a culture of strong collaboration among the
associates and sharing not just the data but also the busi-
ness intelligence and the learning which takes place across
the enterprise daily. It creates an eco-system which will not
be possible without the implementation of digital tech-
nologies and integrated platforms.

Since the literature is vast on this topic, it is beyond the
scope of the current article to review the various software
platforms available commercially. Instead, the transfor-
mative potential of IT-enabled integration platforms in this
context is illustrated in this communication with the help of
case studies from our recent work in this field—using our
own two distinct platforms, namely TCS PREMAP and
TCS PEACOCK.

4.1 TCS PREMAP

TCS PREMAP (Platform for the Realization of Materials
and Products) is a knowledge-assisted, simulation-driven
engineering decision-making platform which leverages
modeling and simulation and artificial intelligence into the
engineering design process with contextual delivery of
curated knowledge. The key differentiator of the platform
is its underlying model-driven architecture which allows
for formal specification of various entities—product,
material, manufacturing process, design process, assembly,
simulation tool, knowledge model, etc.—supported by
appropriate meta-models and thereby providing semantic
language for the expression of knowledge, data and
achieving seamless integration between different entities
and underlying engineering design and decision processes.
These meta-models have features to describe materials and
systems at different scales and degrees of complexity in a
hierarchical fashion [93, 94]

It further allows for the setting up of engineering design
and analysis processes in the form of workflows for inte-
grated design and analysis of engineering products
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including their geometric design, performance analysis,
material design and selection as well as the design of
manufacturing and testing processes using the semantic
representation defined in the platform. It allows for lever-
aging design methods, analytical models, simulation tools,
decision algorithms, external databases and knowledge
services and makes it easy for an end designer with limited
knowledge of simulation tools or other design processes to
carry out engineering design of components, materials and
manufacturing processes. Our platform facilitates easier
decision making by leveraging systems engineering com-
ponents such as design of experiments, multi-disciplinary
optimization, decision support algorithms and knowledge
engineering components such as rule engines, data mining
and machine learning algorithms.

A knowledge engineering framework provides ways for
capturing knowledge systematically along with the intent
and context using the semantic language of entities [95]. A
knowledge engine provides contextual assistance during
creation of engineering decision workflows as well as the
execution of the same by retrieving appropriate knowledge
elements curated in the platform. The methods and
knowledge generated during the design processes, such as
the failure mode and effect analysis (FMEA), can also be
easily extended for root cause analysis or diagnostics
during the operations of the system under consideration. It
can also act as the repository of the enterprise-wide intel-
ligence and learning gathered over years of hard work and
inputs from experts.

A machine learning engine provides means to generate
knowledge from past executions and store them for later
use. The layered modeling architecture of the platform
makes it highly extensible across domains by allowing the
user to create domain-specific models derived from stan-
dardized meta-models.

Our generic platform thus enables digitally driven
design workflows with strong capabilities to retain and
reuse knowledge, to enhance design processes for inte-
grated engineering across multiple steps, to reduce product
development time and to design better products and pro-
cesses. A brief description of the platform is given in
Fig. 2.

TCS PREMAP is already being used for various
downstream processes and products in the metallurgical
and manufacturing industry such as design and optimiza-
tion of a manufacturing process for new grades of steels in
a given plant, including steel making, casting and solidi-
fication, heat treatment, sheet production and product
design [96, 97]. It is also being applied to the process
industry for root cause analysis using FMEA-based meth-
ods combining heuristic knowledge and modeling and
simulation. We are working with several industrial partners

globally, including a major steel producer in India to cus-
tomize TCS PREMAP for their specific requirements.

We are also customizing our generic platform for the
design and optimization of mineral processing plants in an
integrated manner (Fig. 3). With the advent of automated
mineralogy tools (which makes it possible to represent the
feed to a mineral processing plants digitally), the recent
breakthroughs in our ability to design and screen flotation
reagents based on an automated molecular modeling
framework [98—100] and the availability of mathematical
modeling and simulation tools for all mineral separation
unit operations—it is now possible to establish design
workflows for a mineral processing plant—for a given ore
mineralogy, liberation characteristics and a set of unit
operations to achieve the required recovery-grade perfor-
mance in the operating plant [101, 102]. The whole process
of designing flowsheets is thus amenable to automation and
this is what we have attempted with the help of our plat-
form. Once the expert sets up these workflows and the
requisite knowledge associated with those workflows is
made available, the design and optimization process will be
automated to a large extent. More importantly, the past
work on the development of flowsheets can also be lever-
aged in a user-friendly manner with the help of the
platform.

4.2 TCS PEACOCK

It is well known that even though we collect a lot of data in
the operating mineral processing and metal extraction
plants, we are not able to leverage it for enhancing plant
performance, either due to lack of data analytic tools or due
to adequate expertise available on-site. There is also a
strong need to utilize digital platforms for online opti-
mization and control through what are now referred to as
‘digital twins’ for enhancing the performance of not only
the individual unit operations and equipment but also the
complete plant or manufacturing operations. We have
therefore concurrently worked on the development of
another platform, TCS PEACOCK (Process and Equipment
Analytics for Optimization and Control), that can enable
automation of data analytics in operating plants and help in
the development and deployment of digital twins [103].
TCS PEACOCK has been applied for carrying out data
mining and analytics off-line as well as for creation of
digital twins of various processes and equipments that are
deployed in the plant for process and equipment monitor-
ing, analysis, optimization and control. The important
components of this platform are the Data Quality Verifi-
cation, Data Pre-processing, Data Fusion/Integration,
Descriptive Analytics, Diagnostic Analytics, Predictive
Analytics and Prescriptive Analytics. The platform is
useful for carrying out end-to-end analytics, starting from
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raw data from sensors in a manufacturing or process plant,
and going all the way to prescriptive analytics for coming
up with recommendations for improving the operations in
terms of the key performance indicators (KPIs) either for a
process or for an equipment. The steps involved in carrying
out data analytics are shown in detail in Fig. 4.

The TCS PEACOCK framework has been successfully
applied for sintering and pelletization of iron ores
[104-107], prediction of silicon content in hot metal from a
blast furnace, regime identification of the operation of a
coke oven, production of sponge iron in a rotary kiln
[108-110], optimization of mineral processing circuits
[111] and the performance of important operations in
thermal power plants.

More recently, we have also leveraged our platform for
enhancing the performance of an operating mineral pro-
cessing plant consisting of crushing—grinding—flotation
circuits [111]. TCS PEACOCK has been found to be useful
in quantifying (and leveraging the knowledge thus gained)
the extent of liberation achieved under a given set of
operating conditions and relating it to the overall plant
performance. (Liberation is the single most important
parameter in determining the separation efficiency of var-
ious unit operations.) Since it is possible now to collect the
liberation data through automated devices, one can model
liberation through appropriate machine learning algorithms
(since rigorous physics-based models are not available),
correlate it with several operating conditions, particularly
the operation of the crushing and grinding circuit and thus
optimize the plant performance based on the data collected
in the plant. The data thus are converted into standard
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Fig. 5 Improvements in the plant performance leveraging plant data
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recovery-grade plots for different operating conditions
(Fig. 5).

5 Indian Scenario

While it will not be possible to cover in detail the current
status and the future prospect of the mining, mineral pro-
cessing and metal extraction industry in India as part of this
review, we shall attempt to briefly discuss the immediate
challenges faced by us in India, in the light of the global
status of our industry. India is fortunately well endowed
with natural resources, and therefore, it is extremely
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important that we devise an appropriate strategy to utilize
our resources judiciously.

Steel and cement are the foundational materials for the
modern civilization, and we do have adequate resources of
iron ore and limestone in the country. Major Indian com-
panies are associated with the production of these two
materials. The current annual global production is 1.8 bil-
lion tons of steel and 4.1 billion tons of cement and is
increasing year after year. As expected, India is the second
largest producer of both steel (131.6 million tons last year)
and cement (290 million tons last year) in the world after
China. (It produces 2.38 billion tons of cement and 928
million tons of steel per year). Steel and cement industries
also contribute (each contributing 7-9% of the total) sig-
nificantly to the global greenhouse gas emissions. Both
these industries are extremely mature, thanks to the con-
tinuous process engineering improvements made by the
engineering fraternity over the years. Since there are no
materials on the horizon today to replace cement and steel,
we in India must innovate and find alternate technological
options to make a significant reduction in the energy con-
sumption and the environmental impact for both steel and
cement.

We would also like to emphasize that cement and steel
industries are interdependent. All load-bearing civil struc-
tures use steel bars as the reinforcement. A significant
portion of steel is used in building and construction
industry. Also, the granulated blast-furnace slag (produced
in the integrated steel plants), when ground to cement
fineness, does possess enough lime reactivity that one can
replace part of cement with granulated BF slag in the
concrete mix. Depending on the quality of the granulated
BF slag, one can grind upto 70% by weight slag along with
the Portland cement clinker, to produce what are known as
Portland Blast-Furnace Slag Cements. Almost all the blast-
furnace slag produced in India is granulated and converted
into cements—contributing significantly to the reduction in
greenhouse gas emissions.

We also have rich resources of bauxite and copper—
lead—zinc ores in the country. The land, water and the
energy—the most important inputs for the growth of these
industries, are, however, in short supply. Additionally, we
need to address the challenge of minimizing the green-
house gas emissions (primarily CO,) as per the commit-
ments of the Paris Accord.

With a population comparable to China, currently, our
per capita cement and metal consumption is relatively
small. We will therefore have to increase our production
several-fold in order to meet the basic needs of our people
in India. For example, National Steel Policy 2017 aims to
increase our steel production threefold to 300 million tons
by 2030-2031. While our industry is globally competitive
currently, we will have to develop our own strategy and
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find innovative solutions to deal with the constraints of
land, water and energy while increasing metal production
in India.

As an illustration, in Table 4, we summarize the results
of the life-cycle analysis carried out by Norgate et al.
[112, 113] for selected metals, considering the various
technological options available today. These numbers may
not be the same for the kind of natural ores being processed
in India, and therefore, the projected values for greenhouse
gas emissions per unit of metal should be considered as
indicative only. It is clear, however, that the carbon foot-
print (GWP) and the energy requirement to produce these
metals differ significantly. Furthermore, one must select
the appropriate technology route to produce metals
depending on the natural ore feed used for the metal pro-
duction. As illustrated earlier in the previous section, an
integrated approach must be employed to reduce the
overall production cost as well as the environmental impact
and the availability of digital platforms make it relatively
easier. Digital platforms such as TCS PREMAP can also
help us make the proper selection of metals and materials
to be used in specific industrial applications (steel vs.
aluminum, for example), while considering all the con-
straints as well as the performance specifications.

As discussed in the earlier sections, several Indian
mining companies and metal producers have adopted the
digital solutions to optimize their operations. With the
advent of renewable energy sources such as solar and wind
power, Indian companies are also exploring leveraging
renewable energy options in their operations.

The urgent need to assess alternate technological routes
for metal production in our country is illustrated with the
help of the data taken from the literature on steel produc-
tion by alternate processes [114, 115].

As illustrated in Table 5, the conventional blast furnace
reduction of iron oxide to iron, followed by basic oxygen
furnace (LD Converter) to produce steel, known as the BF-
BOF route leads to the GHG emission level of 2.3 tons of
CO, per ton of steel. A significant proportion of steel in the
world is currently produced using the electric arc furnace
(EAF) starting with the directly reduced iron (DRI) and/or
the steel scrap as the feed to the furnace. It is obviously a
much greener route to make steel, but there is not enough
scrap currently available in India, and hence, we have to
resort to production of DRI (sponge iron). India also hap-
pens to be the largest producer of sponge iron in the world.
The most interesting option is the last one in Table 5—
electrolytic reduction of iron oxide to iron followed by
steel making in the electric arc furnace. It is assumed here
that the electricity used in the process is based on renew-
able (fossil fuel free) energy sources. There is no com-
mercial plant operating currently, but we in India must
explore this option seriously for obvious reasons. Several
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Table 4 Environmental impact of the production of selected metals of current relevance to India (After Ref. [113])
Metal Feed Process GER* MJ/  GWP**KgCO,eq/
Kg Metal Kg Metal
Steel Iron ore (64%Fe) BF-BOF 23 2.3
Stainless  Pig iron (94%Fe), Chromite ore (27% Cr) Laterite ore EF-argon oxygen decarburization 75 6.8
steel (2.4% Ni, 13.4% Fe)
Aluminum Bauxite (17.4% Al) Bayer—Hall-Heroult Cell 211 224
Copper Copper sulfide ore (3% Cu) Smelting-Electrorefining 33 33
Heap Leaching-solvent extraction- 64 6.2
electrowinning (SX-EW)
Zinc Lead-zinc sulfide ore (5.5% Pb, 8.6% Zn) Electrolytic process 48 4.6
Imperial smelting process 36 33
Lead Lead-zinc sulfide ore (5.5% Pb, 8.6% Zn) Blast furnace 20 2.1
Imperial smelting process 32 32
Titanium  Ilmenite (36% Ti) Becher and Kroll process 361 35.7

*Gross energy requirement (GER) in MJ per Kg of metal
**Global warming potential (GWP), in Kg CO,eq per Kg of metal

Table 5 Impact of the technology option selected for its production,
on the greenhouse gas emissions per ton of steel (data taken from Ref
114)

GHG emission,
tons of CO, per
ton of steel

Steel making process

Conventional blast furnace basic oxygen 2.3
furnace (BF-BOF)

BOF (best technology available, optimized) 1.9

BOF with biofuels (replace coal) 1.1

Direct reduced iron (DRI)—natural gas to 1.1
reduce iron

BOF plus carbon capture and storage (CCS) 0.9

Electric arc furnace (EAF) with scrap/DRI 0.4

EAF with zero-carbon electricity (renewables) 0.1

technological challenges will have to be addressed to
commercialize the process, but it is worthwhile investing
funds, time and effort in developing such an alternate route.
Hydrogen replacing coke during the reduction of iron oxide
(thus reducing the greenhouse gas emissions partially
during steel production), is also being investigated as a
possible greener option by a consortium of Swedish com-
panies [116]. The major challenge, however, is to be able
to produce hydrogen without fossil fuels in India.

As discussed in Sect. 3, we in India must master the elec-
trolytic route to reduce sulfide or oxide ores to their respective
metals, using electricity based on renewable energy sources
(solar, wind or biomass) available in India. Considering our
immediate requirements of other metals besides steel, for
example, titanium, magnesium and rare-earth metals (dys-
prosium, neodymium, etc.), we must embark on developing
this technology as an urgent priority. The scientific principles

of the reduction process are known, but there are formidable
engineering challenges in designing and developing the
appropriate cathodes, anodes and the electrolytes as well as
scaling up the process to commercial scale.

Recovery of values from waste—for example, mine
tailings, smelter slags, scrap, demolition waste, red mud,
spent pot lining, LD slag, electronic waste, spent batteries,
etc. (known as secondary sources), and/or safe disposal of
waste remains a technological challenge for us in India.

One of the most important challenges faced by process
metallurgists in India is the paucity of trained human
resources in process engineering who can lead this techno-
logical transformation of our industry. In the words of
Professor Peter Hayes [11], “However, if we examine the
structure and content of metallurgical engineering programs,
we find, particularly in the United States and Europe, that
the majority have morphed over time into materials science
and engineering (MSE) programs—a matrix of disciplines
that are related to the common elements of structure, com-
position, properties, performance, and product synthesis... a
marked decline in teaching, and in research and develop-
ment capabilities in core aspects of metallurgical process
engineering... it has become a minor component of most of
these programs”...The metallurgical industry also needs
engineers with specialist knowledge and advanced skills in
mineral (physical) processing, hydro/electrometallurgy, and
pyrometallurgy. A graduate engineer must have an under-
standing of the whole value chain.

Even though Professor Hays refers to the crisis of
minerals and metallurgical engineering education in USA
and Europe, it is very much true of Indian education system
as well. Our undergraduate education curricula do not
adequately prepare our minerals, metals and materials
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engineers in the kind of skill sets needed to transform the
industry, to be effective as professional leaders. The prin-
ciples of engineering scale up and the production, opti-
mization and control on an industrial scale are not
adequately covered in our course curricula.

A critical review of the current scenario and our per-
sonal experience suggests the following strategy, going
forward. Develop mineral processing and extractive met-
allurgy as one new discipline. (There is no way one can
break it into two separate disciplines since both are extre-
mely intertwined.) Furthermore, the engineers trained in
this new mineral engineering and process metallurgy dis-
cipline, in addition to conventional metallurgy, must have
depth in electrochemistry, surface and colloid chemistry as
well as in chemical engineering (subjects like transport
phenomena, reactor design and engineering, instrumenta-
tion and control, modeling and simulation of unit opera-
tions, different modeling paradigms including data
analytics, CFD, FEM, etc., engineering scale up, systems
engineering, robust design methodology under uncertainty,
life-cycle analysis and recycling) and adequate exposure to
software engineering tools available for integrated design,
optimization and control. One possibility is to have this
discipline developed with one major (mineral processing
and process metallurgy) and two minors in computer sci-
ence and chemical engineering. Research programs will
also need to be designed accordingly so that we have
competent graduate and post-graduate engineers available
to face the challenges in India in the new era of digital
technologies and renewable energy-based electricity. There
are immense possibilities, and only the best-trained minds
can seize the opportunities and make an impact. These
engineers will also be able to deal with the challenges
faced by us in the renewable energy solutions domain,
particularly with respect to developing appropriate solu-
tions for large-scale energy storage (batteries other than
lithium-ion batteries) and its integration with the grids. In
our view, it is important to teach both integrated steel
production (from raw material to the final products and
recycling) and integrated cement production (from raw
materials to the final concrete structures) to the under-
graduate materials engineers since both these industries are
the product of application of rich engineering expertise and
one can best convey the materials engineering principles
with the story of steel and cement. Digital platforms like
the ones discussed in this review must be part of the
undergraduate education so that our engineers are familiar
with the integrated computational engineering approach to
materials design, development, manufacture and deploy-
ment for a variety of industrial applications [117].

@ Springer

6 Concluding Remarks

Digital technology revolution coupled with the energy
transition to electricity from renewable energy sources at
affordable prices will have major repercussion so far as the
mining, minerals and metal extraction industry is con-
cerned. While they are critically dependent on the avail-
ability of certain minerals and metals on one hand, both
these revolutions will also impact how we mine, process
and extract metals from primary ore deposits and more
importantly from secondary resources like electronic
waste. It is almost certain that by the end of the coming
decade, autonomy and electrification of mining, mineral
processing and metal extraction industries will become a
norm rather than an exception. It will be possible not only
to design and develop the processes but also optimize and
control the operations remotely using state-of-the-art digi-
tal platforms in an integrated manner. Battery operated,
autonomous equipment will become the norm in the
industry, and they will be maintained using automated asset
management solutions. The materials handling operations
involving haulage trucks, trains and ships will be both
electric and autonomous. All these developments will make
our industry more environment-friendly, capable of creat-
ing safer environments for the operators, wherever needed
as well as enable continuous improvement in the produc-
tivity of operations and the quality of our products.

It is now possible to design (off-line) extremely flexible
and robust mineral processing and metal extraction plants
using IT platforms (for example, TCS PREMAP) which are
capable of handling ores and concentrates from different
sources. Similarly, one can achieve higher levels of effi-
ciency in the operating plants using data analytics plat-
forms like TCS PEACOCK and utilizing the data being
collected in the plant for continuous improvement of its
performance.

IT platforms like TCS PREMAP also have knowledge
engineering capabilities that can be used in the plants, not
only to act as a repository of accumulated knowledge and
expertise but also to leverage stored use cases to search for
preferred operating regimes for a given ore (or for a given
input to the plant) and for a given objective function
through advanced machine learning techniques in an
automated manner. The engineers need not be experts in
the usage of various tools and technologies that are inte-
grated through the platform at the backend and leveraged in
an automated manner by the user to solve the specific
problem under consideration. Digital platforms are also the
best means of teaching engineering principles in an inte-
grated manner.

We have been able to provide only a glimpse of what is
already possible and/or has become commercially
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attractive, but there are several other tools and technologies
which are in the pipeline based on innovations occurring at
the interface of IT and the domain expertise. The future of
our industry is extremely bright, and it calls for trained
engineers who possess the required skill sets to work in this
exciting environment. It calls for continuous learning and
an interdisciplinary approach to industrial problem solving
on the part of all the professionals who are associated with
this industry.
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