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exploratory qualitative research and applying the systems
thinking approach (STA)

Abstract

* The report is still a working paper as part of PhD research. The primary objective of
this study is to propose a technology selection framework for designhing flexible
mining systems. Flexibility is the ability of a system to adapt to predictable and
unpredictable changes in future operating conditions. Mining projects are long-term in
nature and invariably operate under conditions of huge uncertainties from multiple
internal and external factors. Literature recommends the inclusion of flexibility
options in system design to manage uncertainty. Technology selection during system
design phase is one of the approaches which can be used to imbed flexibility in socio-
technical systems, as can be learnt from the design of various large-scale systems.

* Using exploratory qualitative research and applying the systems thinking
approach, the study has so far managed to establish some of the key drivers in
technology selection for mining and the feedback loops. The paper will thus discuss the
finding so far from a Delphi technique round 1 using a set of carefully selected experts in
the mining industry.

KEYWORDS

* Flexible mining systems; systems thinking approach; technology selection,
uncertainty.
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why is it necessary to do this?
d Mining is a complex dynamic techno-social system
d Involves interaction of humans and technology
J Multifaceted dimensions (social, legal, geology, technical, etc)
d Large time horizons in the future (up to 50 or more years)
 difficulty to model/predict human behaviour
[ technology selection in mining cross disciplinary boundaries

d the difficulty to carry experimental testing of mining operations
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CONTEXT AND MOTIVATION

Views from Literature

A MINING IS CLASSIFIED AS :

o One of the Riskiest Industries.

o LAGGING in the ability to
change compared to other
Industries

o SLOW TO ADAPT to uncertainty
factors
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Author Description
Every mine change throughout its life. It changes because the orebody changes ...because the
Jan Runge price of the product changes.... because demands of the customers change, and because
(2017) technology changes. One lesson from the last 8 years (tough) is that (the mining industry) ability
to adapt to change has been found wanting.
Ediriweera Mining is often described as an industry where innovation and technological changes are

& Wiewiora
(2021)

resisted or slowly implemented. The mining sector has long been regarded as having a
conservative culture, which is resistant to change, with structural barriers to innovation, such
as high capital intensity and geographical dispersion.

The eftfects of these limitations on the mining industry can be seen in that the level of

Lo6w (2021) technological development is lower in mining compared to other industries... Second, where
technology does have clear positive effects on the work environment, the rate of technological
change is slow in the mining industry, owing to high capital costs, long lifespans and
equipment that is expensive to upgrade

Gruenhagen | Innovation offers the mining sector the opportunity to address its most pressing challenges.

& Parker However, the mining sector has long been regarded as having a conservative culture which is

(2020) resistant to change, while others focus on the structural barriers to innovation such as high
capital intensity.
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1 2
Central Research Question The Challenge

The Central research question to be answered in this o mining systems are designed before operating situations
research is: are fully understood, and before the impact of future

potential operating problems is appreciated
“How can technology selection be used to imbed

flexibility in a mining system design considering
the many uncertainty factors inherently present in

the mining sector?” o how do mine planners and designers select technology

that enables mining systems to be flexible to be able to
adapt to any future changes, considering the long-term
nature of mining and the uncertainty that is invariably
present.

A flexible mining systems is one that should be able
adapt to changing situations in the future.

Research objectives
a. Understanding the uncertainties and shortcomings which affect the development of flexible mining systems.

b. Understanding the technology selection frameworks in other LSS that operate under high uncertainty
conditions such as Energy, Space, Manufacturing and Military sectors.
c. Develop a technology selection framework for mining systems using lessons from other LSS.
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Applying Systems Thinking

Approach (STA)

Development of
TECHMOLOGY
SELECTION
FRAMEW ORK FOR

Approach MNNG SYSTEMS

1. Understanding mining
technology system structures with "\
2. Understanding mining Understanding the

technology dynamic behaviour MINING
3. Reducing mining technolo | r 12
| 55 &Y R
system complexity through Sz feedback -
modelling

4. Understanding mining
technology at different scales
5. Mining Technology Framework

and the consideration
of how this structure
facilitates behaviour
leads o

« STA is a holistic perspective
» STA acknowledges relationships
o0 among system components,
o between the components and
the environment

improves

TECHNOLOGY STRUCTURES IN

reveals additional scales of structure

when

and the contemplation of
more complex system

allows greater system

= R

A likely leads to more
'-,_ahstm::t levels of

2
Understanding the
DYNAMIC BEHAVIOUR of
MINING SYSTEMS

2.1 2.2

Differetiating Identifying and
Typesof understanding

Stocks, Flows Non-Linear
and Variables Relationships

complexitywhen

allows gr&ater&ys_ﬁm
complexitywhen

leads to the creation of
models at additional .
scales ...

3
Reducing
Complexity by
Modelling

Technology System

Conceptually

-llows the incorporation
;- ofdynamic models
¢ when

4
Understanding
Technologyat
Different
Scales

combines with
Undestanding
Technology
Structures to
manifest

improves

5.
TECHNOLOGY FRAMEWORK

Building The capability of
identifying and undestanding
Technologyin MINING SYSTEMS,
predicting technology behaviours,
and divising modifications to them
in orderto produce desired effects
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PROCESS MAP Planned Research Process for developing technology roadmap in mining
The process will involve both desktop .
and practical case study surveys of Data Mine EXPERTS OPINION
re.al.minesrziandlthe interactli10n with Summarized Mine
m IsI::P ft}f,’ ﬁ S noltogy researc . Derived Mining Technology
y Mine Technology .
« Mine Industry Requirements Pull - Capabilit »  Technology System > Requirements and
thehStuldy will re\{ieW the minlelS TeChn()lOgy P y Requirements Endogenous
technology requirements pu - .
factors w ¥ch%l_riye strategpic Requirements Uncertainties based on
technology decision. Survey experts opinion
« Case Study of areal mine -
Permission has been %:anted by one
large mining entity with 8 operating
mines to collect data and create the
base case for simulation. . .
S Telielem e - e Mines Technology Requirements Pull ' N ' Develop
E)ecm nology elvelOp' ment is driven Align Mining Systems Requirements Identify Mine
ythe originalequipment = 0 c o m e E E e e e ————— S M : : :
B1 anufac tuh tor sh( EM). Tfh 5 balance with Mining zichnolcllgltes available in Gaps Tedinll
etween what the manutracturers € marke
provide in the market and what the Technology Push RoadMap
Industry requires is going to be X
analysed in detail.
. Eﬁ(perts Opiznions—opiniorr:sgo[nh_ Te;hnology
the various Experts using the Delphi urve
Survey Method shall be used to Y Benchmark
summarize both Endogenous Today's EXPERTS OPINION
Internal Factors) and Exogenous Technol . ..
External) factors which have Information echnology Current and Summarized Mining
profound impact in technology from Mine Technology Projected Technology Readiness
Technology Availability in the Market Technplogles Level apd'Exogenous
. Simulation - shall be done using Manufacturers - dustre Trends Available Uncertainties ba}sed on
data from the identified Gaps. y experts opinions
Technology roadmap shall then be and Development
developed using computer T
simulation techniques. Data Mine Timelines
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* A 30 questions online survey Questionnaire sent to 35 experts. 20 responded.

Delphi method - for eliciting expert opinion in developing the

T  List of experts suggested by SAIMM and through referencing.

Q2.1 - What is your main area of Expertise/Experience in the @ = N W AU N k0
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The results from the 20 experts who responded showed that

Q3.4 - A common statement or view found in technology circles is that Mining is lagging in « 35% agreed to the notion,
technology compared to other large -scale sectors like manufacturing, oil and gas, automotive, * 55% do not quite agree and,
energy, etc. Do you agree with that notion? * 10% don’t agree with the notion

(1) Many of our mining practices haven't changed much in decades besides Technologies being available.

(2) UG mining lagging behind in automation and robotics.

(3) Note that most of these technologies adopted in mining are already in use in other industries.

(4) Mining is complex and not so easy to change over to new technology - mining method is dictated by the ore body.

(5) Mining is slow in adoption of smart systems.

(6) The environment, unpredictability, cost of technology, skill, knowledge and acumen - No support of R & D by mining houses.
(7) Technology is expensive to roll out in underground environment. Capital intensive initiatives.

(1) We have some of the only commercial scale autonomous vehicles in the world.
(2) Mines are quick to adopt technologies that work and are proven. Mines cannot risk unproven tech

(1)
(2) Oil and gas development projects and operations are very large scale and therefore the technology is more advanced.

(3) Technological advances are driven by a need.

(4) The mining value chain - from target identification to mine closure - contains an extensive amount of moving parts. collectively
across entire chain, is not necessarily behind.

(5) Technology exists in the mining space and the adoption of the sytems is lagging, due to lack of trust resistance to change or cost
(6) Mining is quite different to most technologies. Is a small industry so rewards are not as great as for other (LSS) industries

We may be slow to change but we adopt technologies that make mining sense and not just other environments

Not quite
11(55% ) (7) Mining companies are increasingly embracing digital solutions, automation, and data analytics to optimize operations, reduce
costs, enhance safety, sustainable practices, eco-friendly extraction, waste management, and renewable energy integration.
(8) Mining is an old practice, and at times cannot keep up with innovation / changes due to the nature of activities.
(9) There are some R&D activities but not sufficient for an industry such as mining.
(10
(

10) I partially agree, mining is quite pragmatic in what it implements. There needs to be a strong value case.
11) The physical nature of the mineral resource (eg rock strength, geo metalurgy, orebody geometry, in situ stress, geo structural

setting etc) cretaing the basic physical requirements for extraction to which technology must be developed to enable exraction.
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Q3.1 - How dO you deflne the WOl'd Responder|Definition of Technology Themes Count of Themes
"TECHNOLOGY" il‘l the context Of mining COUNT OF KEY THEMES IDENTITIED 5
2 1 New piece of equipment to improve a mining process and increasing productivity - safety assumed New, Equipment, Mining Processes, Improve; 7
SyStemS . P qulp P L &P Y y Increase, Productivity, Safety
Advances, Equipment, Systems, Improve,
2 Advances in equipment and systems to improve efficiency and performance in mines . qu'p y P 6
efficiency, performance
Computer controlled, Mining method,
3 Anything controlled by a computer. Any mining method or extraction system. P ) B 3
Extraction system
4 Automation systems Automation systems
5 The application of science to make the mining operations safer, more efficient and more cost effective Application, Science
Full DEFINITION . . . . System, process, equipment, value chain,
6 Any system, process or equipment that is used to extract the metal or mineral along the value chain extract 5
Mining technology is the application of both scientific and 7 |Any specific way of undertaking a mining process, including planning processes Way, Planning process 2
human knowledge in the Scientific knowledge, Data analysis
& It refers to the application of scientific knowledge, including automation and data analysis to enhance the efficiency, safety, and i . 8% ) y -
8 o . . automation, mining operations, efficiency, 5
. sustainability of mining operations. .
development of various sustainability, safety
[systems, tools, techniques, equipment, solutions, methods, 9 Application of science to change and improve mining systems Change, application, science, improve
automation. hardware and software] 10 Software and hardware to extend the productivity of equipment Extend, software, hardware, productivity 4
7
Currently, proven, researched, systems, output
11 Currently proven or adequately researched approaches and systems to obtain an appropriately acceptable output or solution. uti e U g 5
across the whole mining value chain using planning solutions
Knowledge, equipment, system, process,
processes to plan the 12 |The process, method, equipment, and system that is knowledge based and can facilitate or improve mining operations i ogeratci]onz y P 5
[mining processes, operations, systems, methods and iy , _ - — , i
extraction systems] 13 | refer to technology as any system that uses some type of digital solution from computing to communications to data or control Data, systems, computing, communication, 6
Yy system digital solution, control system
Application, scientific, knowledge, software,
in order to improve or increase the 14 Application of scientific knowledge through leveraging the use of software and/or hardware h:rpdware B 5
[eﬁzctency, performcmce, producthty, safety, 15 Any advancement towards mine automation Advances, Mine automation 2
Sustainability and cost- performance] 16 The tools, techniques (skills), knowledge applied in extraction of metals and minerals Applied, knowledge, tools, techniques, 5
extraction
of the whole mining business. Technology in mining systems span across all the different aspects that are related to mining. In some areas old technology is still in
use and in other areas the latest technology is used. It depends on the need to upgrade old technology and also the availability and .
17 . . . . . . New, Old, Legacy, mining systems 4
affordability of new technology. Mining systems could still perform well by using older technology and in other cases it could be that
legacy systems are due to be replaced by the latest technology that is available in the market.
Application, human, knowledge, artifacts,
18 Application of human knowledge that manifests in artifacts applied to productive use PP ) & 5
productive
19 Any system, product equipment or material that is used in the process of mining to enhance: safety, efficiency and cost of Equipment, System, Product, Material, mining 9
production. process, enhance, efficiency, cost, safety
20 Modern methodologies that make the mining function more efficient and effective. Modern, methodologies, efficiency, effective 4
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What is Technology Question

Inorder to
Improve /
Mining increase
Technology
Definition System Map
is the
Key aspects of the definition Application of results in gaining P
 Application of knowledge, in C%fa':']e;’;’ a::e f
* development of Solutions, tools, Kno\il'edge Sing Planning
techniques, equipment, software, (Scientific, Processes
hardware Human)
* across the whole mining Value Chain
* using Planning Processes
* To plan the mining Processes, Systems, develo;"r;ent y
Operations, :Ichrsls;s the

* In order to improve efficiency,
performance, productivity, safety,
sustainability, cost of production

3.
Mining Value

Chain
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Another important aspect of understanding the structure of mining technology
. . . Y  How technology systems are classified in the mining sector
Q3.2. In your experience, what are the main technologies you find in 8Y 5y 5
gy h . * What are the types of technology.
most hard-rock mining system (underground/open pit - excluding the
processing plants) Findings from the survey and the analysis of this from 20 responses:
O 16 Classes of Mining Technologies
Utilities - Energy, Water, Air .
Rock breaking technologies Rock handling / Ore Extraction |Ground Support Technologies Materials Handling Equipment Monitoring Systems Automation Technologies Technologies 4 Advanced technologies
- Mini i t -P t ti - Artificial intelli
- Drill vs Blast ning eqmpmfen - Movement of enabling rocess attoma |on. - Technologies for water ™ |c'|a intelligence
_ - Trackless machinery u/g ) _ _ - Autonomous operation _ - Location awareness
- Drill technology ) - Hydraulic supports systems resources - Equipment dispatch systems treatment, and conservation are _ _ , _
o - Ore moving technology _ - Robots , . - Equipment replacing miners in
- Hydraulic drills - Hanging wall support - Transport - Fleet management systems _ essential, especially in
_ - Movement of waste _ o ) L _ - Automation and remote technology . dangerous areas
- Blasting technology , - Excavation stability - Ore clearing systems - Sensors and monitoring devices for . underground mining, to prevent
_ - Backfill system and Movement L , _ - Remote operating systems ) o - Use of Drones
- Rock cutting technology - - Ground support - Hoisting tracking equipment performance flooding and maintain , ,
_ of tailings N L : . _ - Autonomous Haulage Systems (AHS) ) s - Machine Learning & Large Data
- Rock breaking technology - Ground stability monitoring - Conveyor belts - Real time decision making . environmental sustainability. _
_ L - Haul trucks , L , , - Autonomous Drilling , - Block Chain
- Blasting monitoring . , - Cavity monitoring - Sorting technology and - Defects fault detection _ , - Energy technologies .
, , - High capacity loaders . - Remote controlled functions (loading & , - 3D Printing
- Sequential blasting selectivity - - ESG related technologies ) )
- drilling) - Synthetic Materials
Geological modelling systems and |Survey and Geographical Process Monitoring & Control
. L M ' \./'y . grapi Mine Design and Planning Systems |Communication Systems Human & Safety Technologies Ventilation and Air-quality Systems MR Support Services
Rock Engineering Positioning Systems Systems
-M ft - Data Collect
_ _ ne surveymg *0 wa.re | - Mine design and scheduling tools g a. ° .ec |on.
- Geological modelling - GIS and mapping of mine sites Mine Planning and oroduction - Human safety PPE - Monitoring devices
tools/software - Spartial data visualization cvstems ganap - Communications systems - Time and attendance systems - Decentralized Information - Maintenance
-Mineral resource evaluation - Spartial techniques and y i , - Wifi - Fatigue measurement . - Mobilility information - Warehouse and Inventory
- Planning and operational ) ) ) - Ventilation Tools )
tools systems . - Fixed line - Personnel tracking systems o - Sensory & Instrumentation Management Software
o ] applications ) o ) - Ventilation technology ) )
- Rock engineering tools - Laser scanning , , L - Mobile - Proximity detection , , - Control & Instrumentation - ESG analytics tool to track ESG
i - Mine planning & optimization ) o ) - Air quality control ) i o
- Ground penetrating radar - Survey tools software - Satellite - Collision Avoidance Systems Ventilation,/Coolin - Operational reporting tools parameters of the mining
- Sesmic sensors - Beacons Mine dispatch svstern - Data processing and Transfer | - Safety systems 8 - Time and Event systems operations and supply chain
- Rock quality and rock defects - Drones based surveying ProducticF))n traclzlin - Networks - Lighting - Tracking systems - Tools for Economic Analysis
monitoring techniques 8 - Safety management - Warning/alerts

®/ University of the Witwatersrand School of Mechanical, Industrial and Aeronautical Engineering



Findings 3 (cont’d) = Ontology/classification of mining technologies

Example of a Technology Taxonomy from NASA

NASA has a diverse and extensive technology portfolio. To
manage and communicate this extensive and diverse
technology portfolio, NASA uses a technology taxonomy.
This taxonomy identifies, organizes, and communicates the
technology areas that NASA advances in order to achieve
future space missions and aeronautics activities.

* NASA classifies technology into 17 groups

* NASA Technology Taxonomy has structure that aligns
Technology Areas based on technical disciplines.

* The structure breakdown technology into Level 1 and Level
2 technology areas

The taxonomy is a foundational element of NASA's
technology management process. NASA's Mission
Directorates (MDs) reference the taxonomy to solicit
technology proposals and to inform decisions on NASA's
technology policy, prioritization, and strategic investments.

Reference

https://www.nasa.gov/wp-

content/uploads/2015/03/2020_nasa_technology taxonomy_lowres.pdf#:~:text=The%20technology%20Tax

onomy%20is%20key%20to

Y
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Propulsion Systems Autonomous Systems

Chamical Space Propulsion >< :'."i‘:]'['L}‘A 101 Situational and Self Awarenoss

Eloctric Space Propulzicn RS ":=1f’ 102  Roosoning and Acting

Asro Progulsion ’ 193 Collaborntion and Internction
1.4 Advanced Propulsion 104 Enginearing and integnty

Flight Computing and Avionics

21 Avionios Component Technologies
22  Avionios Systoms and Subsystems

Software, Modeling, Simulation, and
Information Processing

23 Avionios Tools, Modols, and Analysio p_ < === 111 Software Devolopmant, Enginoaring. and integrity
i___ = = 11.2 Modoing
o

113 Simulstion
114  ndormation Precessing

Aerospace Power and Energy Storage 11.5  Mission Archetecture, Systeme Analyws, and Concapt Dovelopmant
M Power Geraration and Energy Conversion 116  Ground Computing

32 Energy Storage

33 Power Nansgement and Dixtridution

Mateﬁals, Structures, Mechanical Systems,

Robotic Systems : and Manufacturing
41  Semsing and Percoption X12 T 121 Materias
}_ A,

122 Structerus
42 Mobiwy 3
" 43 Marpsdation 123 Mochanical Systems

. 124 Manufesturi
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Automomoux Rendervous and Docking 125 Structern! Dynamios

flobotcs Integrabion l "n A
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Communications, Navigation, and /13 X 131 Iebastucturs Optimization
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51 Optcal Communications

- Thermal Management Systems

53 ~ [
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56 Notworking and Ground Based Orbital Debeis Traoking 143 Thermal Protection Compomants and Systoms

and Manegemont
57  Acoustic Communications -

- W Y gp="ps Flight Vehicle Systems
Human Health, Life Support, and »—15 ; l el
Habitation Systems o

_ 4 Air Traffic Management and Range
Tracking Systems

o« 161  Safo AR Vohiclo Aocaos
}_— 1682 WeathenEavirenment
163 Trathic Managemont Concoptn

Human Systoms Integration 154 Architectures snd Infrastructers
165 Range Tracking, Surveiliance, and Flight Safaly Technolcgins
158 Integrated Modeling, Sisudation, and Texting

Exploration Destination Systems ] T F

7.1 ISy Resource Unikzation g M .
7.2 M»ol:nlnhu'umtwo. Sustainability, and Supportabiity Guidance, Navigation, and Control (GN&C)

7.3 Masion Operations and Safety = 17.1  Guidance and Targeting Algorithms
Vi T /\< / 17.2  Navigation Tachnologes
25 — 3 "V - = s/ 173 Comtrol Tochmelogios
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Figure 1. The second-level breakdown of the structure used in the 2020 Technology Taxonomy. This document comtains
details at the third level, with fourth-level technology examples provided in all cases.
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Findings 4 - Typical underground mining technology system layout
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Typical technologies in an
. . Ore Sloe - 3000 T Capadty
Underground Mining Systems M‘
E_g .......... I;,
VARIOUS TECHNOLOGIES ¥
 Hydraulic Drills é_@ !
 Load and Haul - - (=] !-Ihnummmm
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* Crushers - | |
« Conveyors 2 e . CJ;} R
© Railing C?;, FH— — ’.‘ff S\ FEE o RS
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|_: / Cut and Hll Siopes 8 -:
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Findings 4 — Uncertainties and long-term nature of mining industry

* Q3.8 is one of the questions
designed to identify some of the
main uncertainties and factors
that drive decision in mining
technology. The results of the
responses were analysed and
classified into four key themes,
namely,

* Commodity cycles,
* Technology

* Social/government/political

and,
e Other factors

“SAN
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Dynamics Conference
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CHAPTER

g
[L

THEMES related to Social/Political/
Environmental

Total on
Theme
(out of 20)

Government regulatory environment and
Legislative certainty

Community and Social factors

Political / Geo-political influences
Environmental regulations and standards
Local skills

Availability and quality of training
Security of tenure

Non-governmental organizations (NGOs)
Climatic/ Weather Events

Environmental activism

Sovereign Risk

8

[ Y Y i S T

Total on
Other THEMES Theme

(out of 20)
Critical Infrastructure challenges 2
Geological Issues/surprises 2
Media coverage 1
Shareholders changes to values or priorities 1
Investment appetite 1

Total on
THEMES Related to Commodity Cycles Theme
(out of 20)
Commodity Prices 12
Market Condition (supply/demand) 8
Exchange rates 2
Global economic trends 1
Total on
THEMES Related to Technology itself Theme
(out of 20)
Availability of Support for the Technology 6
Cost of the Technology and other inputs 4
Technology changes/ alternatives 4
Availability (of the technology in the market) 2
Reliability / Durability of the technology 2
Technology readiness 1
Technology Risks (Cyber security/ data) 1
(Technology) Brand or reputational 1
Fesearch and development 1
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Mine Planning Mine Mining
and Design Development Operations

Metal
Procesing and

(2 years) (3 years) (+10 years) Beneficiation

Mining Value Chain , Company
Exploration Metal Sales
for new Mineral

Reserves

SUPPLY SIDE - Internal to Mining Company Global Demand Life of Mine
—————————————————————————————————————————————————————————————————————————————————— for Minerals Costs

The mining systems comprise of DEMAND SIDE - External to Mining Company and Metals (LOM)

* technical systems which convert material
inputs (rocks and chemicals) into the desired

metal or mineral outputs by use of various Global . 5{’:ia' ”;e:!:?r |
. . eritage, Political,
process teclr}nologles.. . Pcz;prt:,lvav:l:n Regulatory
+ understanding of various complex issues
such as
* the social and cultural processes,

economic issues and markets (supply Clean Energy Climate &
and demand), technological standards, Economic Infrastructure & Demand for Ecological Impact
: 1: Development Green Metals of Mining
interoperability, new knowledge, Development

environmental and climatic issues,
governance, institutional and legal
issues, among others (Sterman, 2002).

é University of the Witwatersrand School of Mechanical, Industrial and Aeronautical Engineering




Identifying and understanding feedback in mining technology selection due to market dynamics and system dedaysifrican system 2:
Dynamics Conference

CHAPTER

EXAMPLE - Causal Loop Diagram for “Growth and Underinvestment” STA archetype

technology decisions in mining:

* RI1 - Reinforcing loop - increase in green
metals demand --> Increase Prices

» Bl - Balancing loop - Shortage of Green

metals in the market. + -
« B2 - Balancing loop - Mining /
businesses making decisions to invest ,
: . Commodity Increasein
in Capacity. Prices Commodities Demand

Dwindling Capacity from
+ Shortagein Mines due to Old
T Metals for Green Technology and increased

/‘ Transition Metals demand

/ .

/ tin C it Percieved Need to
nvestin capacty B2 Investin Capacity+

+\ /
$ 6’/o
Commodity cycles influence investment

)
Q
decisions \ TECHNOLOGY /

DECISION +

TECHNOLOGY INVESTMENT DECISIONS AND CAPACITY DELAYS

Rt ] 1T
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Understanding the Dynamic Behaviour of the mining system - Policy and structure Diagram

STOCKAND FLOW DIAGRAMS

PURPOSE OF POLICY STRUCTURE DIAGRAM

* Is being used to represents the dynamic
relationships in a mining system

INTERNAL MINING STOCKS INCLUDE
* Reserves and Resources

 ROM

* Processed Metal

EXTERNAL MINING STOCKS INCLUDE
» Type of Technology Available in Market
* Commodity in the Market

e Others — GHG emissions, Labour, Skills, etc.

TYPE OF TECHNOLOGY AVAILABLE
» Type of Technology Available in Market
*  Commodity in the Market

e Others — GHG emissions, Labour, Skills, etc.

12t South African System
Dynamics Conference

CHAPTER

Release GHG atmosphere

EXTERNAL

A A ——

7 INTERNAL

Metal Processing

Mining Metal to Market

GHG
Accumulation

Technology Technology
¢
ORE Company
% Unprocessed Rock E ?
RESERVE & ’ ' out of the mine { Y Processed Metal { F
(ROM) Stock

Affects Extraction
Affects Extraction Rate
Rate

[
|
|
|
|
|
|
|
|
RESOURCES |
|
|
|
|
|
|
|
I\ Affects

RyEReSgS gy g g —— — ——— —

i

Affects

% Type of
O S Q { Y Technology
Available Drives

Ore Grade and

Geology, Quality
Depleting Ore,
Depthsand Low Causes Affects
Grades ®
‘ Need to open
O p

more mines

Determines O

% Socio-EconomicPolicy,
\ Innovation, Labour

Market, Legal, Political

—_~_~——— - - - (V- ——— -

Global Climate
Policy

COMMODITY
MARKET
STOCKS &
PRICES

il

Market Demand
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The Mining System Policy and Structure Diagram Ssm@
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* The Policy Structure Diagram shows the stocks, flows and variables which affect a typical mining operation.

* The MAIN STOCKS in the mining process are made up of DRILLED and BLASTED ROCKS in the mine.

* Reserves and Resources —this is the main stock which drives investments as it defines the resources by quality
and volumes.

* The Blasted Rock is normally Primary crushed in the mine and then STOCKPILED out of the mine (Run-off Mine -
ROM) before it is processed by the metallurgical plants.

* Other smaller WIP stockpiles might also exist inside the mine — Muck piles, Silos.

* The MINE THROUGHPUT (Out-flow) is mainly dependent on the type of technology used in the rock extraction
processes.

* The most common technology used in extracting the rock is the DRILL and BLAST technology.
 Other new technologies available like mechanical rock extraction are still not well tried in the mining industry.

* The biggest challenge with the rock extraction technology is their very Low Turn-Down Ratios (range between
maximum capacity and minimum capacity).

* Mining Flexibility - Due to the structure of the technologies used in mining, it is difficult to change the processing
rate from what it is desighed for due to various reasons. This affects the flexibility in terms of the mine to be able to
respond quickly to changes in demand of the metals, especially if there is increase in demand.

é University of the Witwatersrand School of Mechanical, Industrial and Aeronautical Engineering
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Focus on technology development process
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Technology Maturity Levels — is measured by use of technology readiness levels which start from level 1 to level 9.

* Levels1to4 -representsthe levels of basic research and up to feasibility levels. After this stage we expect
rejection of ideas that are not feasible.

* Level 5to 8 -represents levels of technology development. In this stages these are ideas that have proved to be
feasible, and they go for laboratory testing and then after that development of system prototypes.

* Level9-Isactual “flight proven” through actual operations. Rejection is also expected after prototype testing.

(o

Research to Prove
Feasibility

Basic Technology
Research

environment e

Assembly/component breadboard validation in a laboratory ,
environment ,

Analytical and/or experimental performance/function proof e
of concept e

System Test, Launch TRL 9 Actual system “flight proven” through successful mission
and Operations operations New Patents Registrations
TRL 8 Actual system completed and “flight qualified” through test
System/Subsystem and demonstration (Ground or Flight) Rate of New Rate of New RLaatSnthfodh‘ﬂnaorffty
Technology Ideas
Development ay Technology Development b |
System prototype demonstration in a space environment
TRL 7 Y prototyp g Basic Technology = Technology Tem;if;gy
1 ; Readiness Level
Technology . o Research \_/ Available in Market
Demonstration TRL 6 System/subsystem prototype demonstration in a relevant /
environment P ~<
Technology . e T~
Ve \\
Development TRL 5 Assembly/component brassboard validation in a relevant - ~_

Technology concept and/or application formulated

Research to

Basic principles observed and reported

Flow 1

prove Feasibility

Technology under :6:{> Technology u_nder Sv;t:\mi:?"sgﬁtlem
Development Demonstration Integration

Flow 2

Flow 3

Flow 4

and Testing

Flow 5

é University of the Witwatersrand
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Inputs into the Model- Rate of technology changes and Technology maturity levels 12 South Af”"a”SyStems(@

Dynamics Conference
CHAPTER

* Rate of change of technology ----> Proxy - Rate of registration of new patents for a
Example - NASA Technology Maturity Levels particular technology class.

* World Intellectual Property Organization (WIPO) website, Mining trucks and Drill Rigs -

NASA has a very intense and an exponential growth curve commencing from around 1980. Trigger point -
deliberate technology development Introduction of mechanized mining systems
* Nasa’s technology development Technology Half-life — 10-11 Years (Doubling of patents)

program is well documented.

* Due to the absence of mining data,
this was used as a dummy actual

etz e (aE Hhe e eEEulr o e Mining Trucks Patents Registration since year1900

Drill Rigs Patents Registration since year1900

model. * Drillrigs are used in both
+ The data shows the progression of * Mining Trucks are used in both underground and surface mines to
projects at various technology underground and surface mines to carry break the rock into fragments out of
readiness levels. mined rocks (ore and waste) the insitu rock
 Technology half life for the trucks is « Technology half life for the trucks is

0.0609/year. This gives doubling time of 0.0679/year. This gives doubling time
11.5 years for mining trucks of 10.3 years for mining drills

Technology Maturity (TRL)
[ | Mining Trucks Patents Registration since year 1900 Drill Rigs Patents Registration since year 1900
275 ()
250 300
'ﬁ 225 Y= 8E-52¢0-0609x ¢ 250 y= 5E-58¢0-0679% )
o 200 250
a 175 200
5 150 200
o 125 150
-E 100 150
2 73 100
50 100
& -
| - - 50
1 2 3 4 5 6 7 8 9
Technology Readiness Level 0 o L P
1880 1900 1920 1940 1960 1980 2000 2020 2040 1880 1900 1920 1940 1960 1980 2000 2020 2040 |
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SIMULATION OF THE
TECHNOLOGY READINESS P -
MAP Q Patented Technalogy
Requrements Pul Basic Research -
Behaviour when assuming Stock of Technology TRL - Stock of Technology S the Market Not Adopled

Ready for Launch

stocks to be bathtub by Indusiry

* Mining industry requirements 7\ NED
pull and Technology push as

:13 ggr; sources of technology T;.:ngg.;w > il Technology Launch A

\jlnpm&nl Rate ,\_/

* Stock of Basic technology
under research which will
influence the technology Technology Push B«
development rate.

Technology Adoplion
and
Diffusion

 Technology readiness levels d
expected to influence the stage
of development — used NASA
data as dummy.

Technolegy in Cperation

* / S Obsolescence

_> Technology

Replacement

* Patented technology is a proxy
for rate of technology that
eventually gets launched.

 Technologyin operations and

re p la ceme nt 0.0 125 250 T 30,0 5
rate/obsolescence Years

[0 Stock of Technology in the Market
[ Technology in Operation
[0 TRLY - Stock of Technology Ready for Launch
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Behaviour when assuming stocks to be conveyor

The NASA technology readiness figures were used as the dummy

Transit time taken to be 4 years for the basic research phase and 5
years for Project development stage. MODEL STILL UNDER FURTHER DEVELOPMENT

Rejection rate at both research stage and development stage
Limiting set for the Maximum technology that will be in operation

100

Technology Readiness
Level - TRL
Patented Technology
Mining Indusfry
Reguirements Pull Basic Research - Stock Technology Stock
of Technology under Research Under Development to Launch Stoq_:k;f'l’ls'calmollugy
(Level 1-4) (Level 5-9) inthe € Mot Adopted

=)= O—>

Technology Technology Launch
&3

Technology
Idea Development Rate (‘ MX/
( l D@ Failed Projects

by Indusiry

Technology Push

Maximimum Technology
in Operation

S

Technology in Operation 12.5 25.0 37.5 50.0

Years

Stock of Technology in the Market

Rate of Ideas rejections Rate of Project Failures

TRL9 - Stock of Technology Ready for Launch

O

[ Technology in Operation

O

[] Basic Research - Stock of Technology under Research
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Carryout a Case Study on an actual
operating mine to develop actual data for

validating the model

* Permission has been granted to work with
one large mining entity which has 8
operating mines

Develop models for the various interacting aspects of the model such as

* Market Dynamics of the metals commodity markets which have influence
on investment decision

* Geological aspects such as available reserves and resources, structure of
the orebody, hydro-geology all which have impact on technology choices

* Consider the Socio-economic aspects also

PROCESS

Carryingouta Develop and Propose a

Technology. Gtap Ana!ly3|s 9 Technology Framework
for Large Mining Entity

FOCUS ON

Energy Technologies for

Processing Technologies . . .
mining operations

Mining Technologies

@ University of the Witwatersrand School of Mechanical, Industrial and Aeronautical Engineering
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TBM

Probe Drill Installed Segments
Conveyor

y

END

Gripper Cylinder | Segment Erector
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