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1. Introduction

1.1. Evolution of Industry 4.0 in mining

Site surveying drones, autonomous trucks,
AR / VR for workforce training, advanced
analytics, and artificial intelligence - mining
is adopting advanced technologies to
propel itself into Industry 4.0. The mining
industry has always been tech-friendly,
constantly evolving — albeit slowly - to
improve efficiencies: from steam engines
to electrification to smart mining. Now,
mining companies which were laggards
are focusing on continuous innovation,
and partnering with technology providers.
Significantly, mining is exploring

how new technologies such as labs,
automation mines, asset performance,
and Al applications can ensure business
continuity in a circular scale.

1.2. Our study

In this white paper, we studied 20 mining
companies based on market capitalization
and digital initiatives. We assessed their

digital solutions to evaluate the role played
by Industry 4.0. We conducted secondary
research from analyzing companies’ public
information, journal websites, annual
reports and sustainability reports, studies,
and news reports.

We also referred to the Acatech Study
(2020) stages in the Industry 4.0
development path for assessment, a digital
score card to evaluate the companies, and
creating opportunities for Industry 4.0
embedded in the mining value chain.

How can an autonomous response be achieved?

What will happen?

Why is it happening?

What is happening?

Computerisation

Visibility

Predictive

Transparency capacity Adaptability

Figure 1: Stages in the Industry 4.0 development path (source: FIR e. V. at RWTH Aachen

University)'
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1.3 Trends shaping the mining industry

The illustratration below summarizes current market trends for a better understand of the mining industry’s digitalization journey.

Companies
investing in
skilling

Global 5G loT "
market to Geopolitical

grow at CAGR concern and

55.4% by 2025 regionalization

Migration
from the
legacy system

Increase in Projected
vertical smarkt minilr)lg protelztaizan and Global skill gap
: Ny market to be dch
integration via USS 16.38 security nignai:]:rzgﬁt
MEA BOOSTER billion by 2025 BARRIER
Base metal Varying
Emergence of market industry Uncertainty in
plug and play projected to standards for metal
model be US $ mining digital demand
411.1 billion solution

2. Assessing Industry 4.0 in a
mining enterprise

2.1. Understanding assessment model

Assessment is key to understand the
technology know-how within the
enterprise and establish its status quo.
We developed a framework addressing
mining management from an Industry 4.0
perspective.

+ Thesole aim is to develop a digitally
integrated and cost-effective Industry 4.0
solution to connect the subterrain to the

People

- Business agility

» Organization structure

- Knowledge management
+ Employee competence

Figure2: Boosters and batrriers

cloud

« To create an efficient and holistic platform
to utilize data at various levels of the
enterprise for monitoring, analyzing, and
reporting

A brief explanation of the components of

the assessment model:

Mining management capabilities help to
assess a mining enterprise with respect

to Industry 4.0. Capabilities are defined to
deep dive into mining management and
address the need to build solutions that are
robust, flexible, scalable, and interoperable.

Mining management is divided into two

Process

Lean practice

Research & Development
Information availability
Level of automation

Figure 3: Factors for successful Industry 4.0 implementation

categories: business management and site
management.

Industry 4.0 technologies are further
categorized into enablers and
accomplishers.

Enablers are the foundational
infrastructure and support systems for
implementing Industry 4.0. They consist
of two parts: information technology
and communication, which complement
accomplishers.

Accomplishers are technologies that shape
a capability by increasing its efficiency to
maintain a healthy demand-supply model.

Technology

Ease of use

Value Realization
System Integration
Rate of substitution

People, process, and technology are considered to be key pillars for a successful Industry 4.0 implementation. The sub-factors for each are
mentioned in figure 4. The factors considered for capabilities are surveyed and quantified to arrive at an assessment model. After assessment

of these factors, a gap analysis is performed by benchmarking applications, then an action plan is formulated to kickstart Industry 4.0 within
the enterprise.
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2.2. Assessment model

apab e
- Market Analytics
g Big Data & Business Intelligence Mining management can be divided into two categories:
[ Geo-exploration Management
(o)}
g Contract & Lease Management + Business management: The goal is to manage market dynamics and corporate affairs to yield
S Distributed Ledger .
o the best margins
d a4 Resource Management
{= .
= Sourcing And Procurement
v o e o . . o o o .
S 2 Logistics & Warehouse Management - Site management: The responsibility is optimization of the mine site and production
= operations
EHS Analytics
- 1 i efege . . . ..
S s Manufacturing Execution System Capatbilities for both site and business management (shown in the table to the left) are divided
£ Predictive Platform .
& Advanced DCS into people, process, and technology factors.
g Laboratory Management System
% Intelligent Machines
ﬁ Immersive Technology
10T-enabled

Cr oSS Enablers are the foundation infrastructure and support system - the low hanging fruit -

56 Elte essential forimplementing Industry 4.0:

Ethernet Switches « An underground mine communication and network system for smart operations
SD-WAN

Communications

« Computational devices to implement Industry 4.0 solutions
Computing Devices - Cloud and edge devices for optimized cost and speed
Cloud And Edge
Cybersecurity « Cybersecurity to protect data from cyberattacks

IT Ethics « Innovation for opportunity creation, leveraging best-in-class technology

R&D Lab
« Multi-skill enhancement programs and R&D? to adopt newer technologies and change

Training Enhancement

>
o)l
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o
[=
=
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=
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=
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management at various skill levels of the workforce

Accomplishers include technologies which
provide the enterprise with a superlative ya !
mining experience: '
- loT enablement to make data ubiquitous Accomplisher
e * lot Enablement
through the mining lifecycle « Physical System
- Applied AP is the inflection point which helps . + Data Capture
. . . - _ﬂ‘:J - * Data Exchange
in the creation of predictive and prescriptive Sz O - Applied Al
analytics for optimized decision making TE:. = * Business Intelligence
. ‘o * Blockchain
« Blockchain platforms ensure end-to-end S % - Immersive Technology
transparency and seamless transactions &' © * Next-gen ERP
. . . . O -« Manufacturing Execution System
+ Business intelligence enables descriptive
analytics, making data interpretable,
< > * < >
dynamic, and scalable Enabler l Accomplisher
« A cloud orchestration layer to create a cyber v
physical system Uit ey il
- Descaling of Industry 4.0 for value-added Note: The above list of accomplisher Is non-exhaustive.
tasks Figure 4: Assessment model
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2.3 Assessment formation

Assessment formation* provides a step-by-step procedure to assess Industry 4.0 within a mining enterprise. It consists of three parts:
establish enablers, loT enablement, and data utilization, all of which play equally important roles in Mining 4.0.

1. Establish enablers 2. loT enablement

L_T__li Enhancers ?— Physical system (i,b Data capture :;5;: Data share

Computing devices Machinery * Smart sensors and actuators * Cloud vs edge decision
Communication & Network Vessels and cargos « Immersive technology  (XR, * Big data: integrated with
System Manpower 3D modeling, drones) market data, compliance and
Cloud services Geo-data * APl gateways & cybersecurity reporting platform

* Quality Samples + Data lake and warehouse

3. Data utilization

Eﬂ 3.1 Site management 3.2 Business management

Manufacturing execution systems:

Remote operations, reporting, and internal compliance management
Applied Al: Intelligent & autonomous systems, predictive and risk-based
resources

Business intelligence: Operational and tactical dashboards

Applied Al for planning for market analytics, supply chain risk

Business intelligence for CXO dashboards and asset tracking

Enterprise management systems with information, and financial systems
Blockchain for distributed ledger and smart contracts for finance & tracking

Figure 5: Assessment formation for Industry 4.0
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2.4.Value creation in Mining 4.0
Mining enterprises are adopting agile
methodologies embedded in Industry
4.0 which demands value creation for a
sustainable business model.

+ Synergy across the primary activities
in the value chain helps in achieving
cross-functionality in the enterprise. The
established synergy ensures availability
of optimized information, enabling pro-
active decision making, and reducing

risks

+ Intrinsic values are created by
establishing a communication protocol
and accountability through a digital
framework. It reduces manual effort,
and provides operational and financial
benefits, and also helps in preparing the

next generation of the workforce to work

safely in remote environments

+ Value creation also helps in shaping

digital initiatives, making it customizable

according to the needs of mining
companies

Finance
Procurement

Logistics
SEIES
Production

Optimal
Decision

)- Operations

" Performance

Pro Active
[ Risk Management
Asset Management
Event Management

Figure 6: Value creation in Mining 4.0

3. Industry 4.0 landscape in
mining
3.1. Mining 4.0 quotient

« We calculated the digital score by
allocating a score of 1 if the technology
as mentioned in the formula card was
involved in the implemented solution,
0.5 for pilot implementation or in-
progress work, 0.25 if the technology is
in the research and development phase

« The sum of the scores for each enabler,
site management, and business
management are divided by the
maximum possible score to arrive at the
final score

» Cloud and Edge

l:li + Computing Power Score
» Connectivity 62%
Enabler * Cybersecurity
Smart Sensors
h * Immersion Technology Score Mining 4.0
Site * MES — Quotien.t
Management . Applied Al 68%

67%

* Business Intelligence

X
6_’1‘ * Applied Al
Business + Business Intelligence Score
Management ° Blockchain 73%

Enterprise Management

Figure 7: Formula card for Mining 4.0 quotient
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3.3. Technology interdependency in Industry 4.0
Enablers have gained in importance We evaluated technologies from a holistic angle by looking at their convergence. The
in the past decade because of magnitude of their dependency was deduced from the following analysis:
implementation of cloud-based

platforms, which provide computation Correlation:

and cybersecurity, shifting IT managed
services responsibilities to new

technology service providers.

« Operational technology (OT) data is aided in modeling predictive and autonomous systems,
thus increasing the need for data sense

. « Analytics and enterprise core applications being deployed on the cloud are preferred,

Transition from legacy systems, 4 p pp g depioy p

uninterrupted communication

systems, and optimizing data usage

especially when hosted across the value chain

I s € G 20 s 7 T S Business analytics on cloud 0.62

progress.

Site management Industry 4.0 Enterprise core on cloud 0.52

applications have gained momentum

due to the need for automation, Artificial intelligence with data sense 0.43

smart decision-making tools, human- )

machine interface (HMI) upgrading, Regression:

and loT enablement. - Inference points for any digital initiative taken focus more on business analytics and data
Predictive and prescriptive applied sensing

Al are gaining importance due to
an increase in equipment utility and
optimized utilization.

- We found that adoption of artificial intelligence was either in the form of work-in-progress or
pilot projects, leading to a lower beta coefficient

The industry outlook is fluid because R squared .93
of inherent risks involved. Data
from both markets and mining pits Dependent variables # Initiatives
(opencast / underground) need to be
analyzed to present system risks via Independent variables Coefficients
applied Al and Bl for strategic decision

making. Applied Al 0.032
Next-generation ERP solutions and Data sensing 0.64
blockchain are connecting the mining

Business analytics 0.82

pit to the marketplace for supply chain
efficiencies and transparency.



and products — must service providers analyze an enterprise’s

4. Mining 4.0 in present

context capabilities and identify bottlenecks in

acquire certain competencies or be

upgraded with the relevant technological mining management®. They then develop

4.1. Defining solutions via Capability components'These basic requirements for solutions which enable the mining

information-based working and learning enterprise to be a cost-differentiator in the

In order to generate and analyze data and

are collectively referred to in the model as market. The figure below offers solutions

implement the corresponding decisions,

digital capability. that help mining enterprises differentiate

the existing resources - i.e. all personnel,

machinery and equipment, tools, materials Mining technology solutions and themselves from their peers:

Automation

Alert & Monitoring Systems & Remote Operations

Simulation & Optimization Planning & Forecasting

Multi Scenario to assess
varied orders for logistics and
operations

Monitoring systems for track of
assets and process at mine site

Autonomous systems for entire
value chain operations at the

Market trigger analytics tool
to utilize open data with

mine site production data

Early detection probability
model and automated
mitigation

Remote operations to prevent Automated systems for
material procurement and cost

optimization

Integrated platform for plan
from working in inaccessible

and forecast through the

Trip and alarm trigger via Zone operational cycle

collaboration tool calls,
messages, and emails

Automation of reporting and

Simulate scenarios to identify
the bottlenecks in operations

Contextual data interpretation

compliance and precision in exploration

Figure 8: Solutions via capability

4.2. Market trend-based offerings and t

adoption

L Cloud 8.43%
We selected trends in mining by ou

e ) ivi 7.23%
identifying the technologies based Connectivity / networks !

on the frequency and relevance in the Immersive technology ledin

research. Industrial automation, business Enterprise core 16.27%
analytics, and enterprise core are widely Artificial intelligence 15.06%

adopted by mining enterprises. Cloud Business analytics 19.88%

and enterprise core with a set of go-to- Industrial automation 20.48%

market strategies are making it easier
) ) ) . 0.00% 5.00% 10.00% 15.00% 20.00% 25.00%
for implementation, with service-level

agreements being defined competitively Figure 9: Technology adopted in % frequency per solution

by service providers. Artificial intelligence systems for harvesting and analyzing of intelligence in mining

and connectivity are gaining prominence mine data to improve the throughput

« Immersive technologies provide an

in the form of proof of concept (POC),
minimal viable products, and pilot
implementation due to a wide range of
applications that enhance performance
across the value chain of operations.

+ GPS-less-based tracking systems are
being introduced to the market as POC
to overcome connectivity problems in
closed-pit mining

+ Underground mine communication

rate and plan for forecasts

» Remote operations, predictive

maintenance, asset performance
management, and advanced
distributed control system (DCS)
systems make it easier to plan and meet
production targets

Production dashboards, energy
management, environment

management software enable business

advanced user experience, improving
productivity via safety and operations
training, boosting the productivity and
safety at operational sites and for the
mining workforce

Advanced CCTV cameras, sensors,
actuators, and satellite technologies
have helped plan and schedule logistics
with warehouses, ports, large trailers,
railroads and air transport
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5. Applications in Mining 4.0

5.1. Prevailing applications

A mining value chain was modeled to capture the best practices in the industry. The study helped us analyze the prevailing applications which are

feasible, implemented, and provide benefits across the value chain. 678919

EXPLORATION

= = o

|

MINING

&

PRODUCTION

e

LOGISTICS

=

INVOICE

x

5 » Data pertaining to » Autonomous systems » Implementing plant- > Utilizing sensors and » Sale of ore and using
'2 seismic, drill-hole with underground Wi-Fi wide modern DCS and camera for vessel blockchain with all
% sampling integrated with for underground short integrated high- performance and crew actions carried
& geological data interval control (UGSIC) performance HMI welfare on webapp throughout a single
< » .Feasibility study and » Use real-time data and software » Data from the value interface platform.
smart sorting to predictive tools via » Generating real time chain and market » Block chain enabled
understand the potential mobile and laptop. interface for remote dynamics are integrated Letter of credit (LC) is
of the resources via GIS operations for analytics generated
solution
Improves accuracy of prediction Analyzing and tracking Facility’s control base Advanced planning and Enhancing UX to access
for better sourcing resources in real-time expanded by 250% scheduling single solution
n
E Saving > 30K digging cost due Saving >US$ 1 Mn. annually Reduced alarms by 50% Est. gain of >$500 Mn. via asset Reducing presentation time
= to increased precision on replacement increasing productivity productivity increase to under 24 hours
)

Reducing the financial risk
associated with exploring

Gain of active production
time of 7-15 % per day

Increase in OEE of the
equipment

Optimize allocation of vessel for

lower distribution cost

Figure 9.1: Prevailing applications

End-to-end security and
real-time visibility

Enhancers are the practices that have been catalytic in fostering Industry 4.0, giving additional capabilities to the enterprise with added value.

(- i 0 1]
Sy < L
= 3 g % =
= c )] =
o [0 o [ T s
| < ) . o £ q )
(W) Working on agile Investing in iz Continuous Smart devices O Automated
Z practices and innovation accounting (caps or wrist > testing and
<€ being cost- center and principle to band) monitor = sampling
T effective. Results digital labs for ensure P2P, 02C T ——— g processes have
prd in cross- deploying and R2R cycle are fati e} decreased the
Ll functional and advanced effective to meet DR, cycle time in
collaborative technology to be the raw material EEG apd production due
effort sustainable and capital proprietary to various
expenditure for algorithm for risk quality
the orders taken. assessment constraints
number

Figure 9.2: Prevailing applications

5.2. Potential applications

The potential applications of technologies have been listed that could benefit companies in shaping the future of mines. The recommendations shared
below are based on their fitment in the Specific, Measurable, Attainable, Relevant, Time(SMART)-based framework. The emphasis is on utilizing the vast

amount of data useful for creating applications with the characteristics of being futuristic, differentiator, and the market leader. ('"1%131415.16)

Dynamic digital road map aiming for R&D
improves current platforms & plan for
digital mine of the future

Digitization in automation of compliance
submission and reporting by combining
with enterprise planning software

Leveraging networks and connectivity via
satellite, 5G, GPS-less tracking for
uninterrupted communication

Al algorithm and 3D mapping for
geospatial modeling and mineral profiling
for mine planning

Poly cloud and lloT platform for mining
data, integrates with enterprise-wide and
intelligence platform in planning &
Schedule

Using XD mapping technologies for
precision in exploration and planning
across the life of the mine

Autonomous systems with person-to-
vehicle distance algorithm for safer and
production environment

Smart office culture in XR technology make
it easier to identify documents area-wise
and reduce Opex costs

Figure 10: Potential applications
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Nano devices & computer vision for
tracking and estimation, mine simulation of
scenarios

E-knowledge center & digital portals to skill
and train employees on ad hoc basis and
make resources ubiquitous

Mobile or tab-based application for
reporting and responding to faults, and
creating work permits in the mine site

lloT platform for achieving IT-OT
integration, designing asset management
platforms and remote operations




5.3. A holistic view of mining 4.0

As mentioned in section 2.3: Assessment
formation for Mining 4.0, we have
established enablers, oT enablement, and
mine management as key components.
The key pillars of success (figure 3) are
assessed based on three factors: people,
process, and technology in target and
existing state, target state being the ideal

1. Assessment Formation

1.1 Establish Enabler

Computing devices
Communication

Cloud Services

1.2 loT Enablement

Physical System
Data Capture

Data Sharing

1.3 Mining Management
Site

Management

Business Management

Mining companies are embracing
Industry 4.0 to shape the next generation
of the mining lifecycle. The industry is
responding to digital needs, and taking

it to the next level by adopting state-
of-the-art technology for sustainable

future operations. Industry 4.0 has

barriers to overcome in terms of adoption

one. The factors and sub-factors are scaled
uniformly from 0% to 100% with weights
assigned to each and weighted averaged
to arrive at the score. The applications

are divided into three categories for gap
analysis: prevailing applications (figure

8.1 and 8.2), potential applications (figure
9), outdated applications (which are not
prevailing or potential applications). After

2. Maturity Index

|™= Target State

People
0

Enablers

2 =e—Business Management

Technology Process

|™== Existing State

People Enablers

60 =8-|0T enablement
40 =e=-Site Management

2 =8—Business Management

Technology Process

Figure 11: A holistic view of Mining 4.0

geographically, skill alignment, and
standardization. The findings of this study
indicate that most companies are aiming
to develop single platforms with defined
multiple capabilities, simplified processes,
one-sourced data and informed decisions
that could save time, efforts, and cost. The

recommendations and findings of this white

paper will be useful in developing a road
map for Mining 4.0.

=e—|0T enablement
40 =o-Site Management

the gap analysis, strategic decisions on

the next set of action plans is undertaken.
The possible actions are new addition of
technology, operational gains through
efficiencies, and creating redundancy for
outdated applications. We have modeled
the assessment formation, maturity index,
gap analysis and action plan as the essential
foundation for a holistic view of Mining 4.0.

3. Gap Analysis

Potential
Applications

Prevailing
Applications

Outdated
Applications

4. Action Plan

New
Addition

Lean
Operation

Create
redundancy
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