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The idea of the master’s thesis sparked from the need to develop a new reporting module
for iron ore processing plant. Based on this starting point, the thesis deals with themes such
as mineral processing, performance management, information management and operational
reporting. The main objectives of the thesis are to develop the required module, and to ex-
plore what kind of significant features are related to operational reporting in the mining
industry from the perspectives of economic and environmental performance, and which
metrics can be used to highlight these perspectives.

This study is done using qualitative research. The data collection for the theoretical part of
the work has been carried out as a literature review, where mainly relevant scientific litera-
ture has been used. The data collection of the empirical part of the work has been carried
out with semi-structured expert interviews, in which the two leading engineers of the pro-
cessing plant were interviewed on several occasions.

Based on the literature review, especially middle and operational level decision makers of
an organization benefit from information management systems that utilize operational re-
porting, to enhance process data into operational insight. From an economic perspective, in
the operational reporting of mineral processing, the focus is on the value-creating and bind-
ing dimensions of the process, such as production, quality, and production asset efficiency.
From an environmental perspective, it is important to monitor the use of environmentally
significant resources, such as electricity, fuel, and water, as well as activities related to
tailings management and process water reuse. Based on the interviews, the reporting mod-
ule was prepared, containing six reports and three dashboards. These cover three themes,
production amounts, quality, and key equipment availability, and they are developed to
cover the two main production functions of the plant, i.e. beneficiation and pelletizing.
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Diplomityd on ldhtenyt tarpeesta kehittdd uudenlainen operatiivinen raportointi moduuli
rautamalmin prosessointilaitokseen. Tdméan l&htopisteen johdosta tyd kisittelee teemoja,
kuten mineraalien prosessointi, suorituskyvyn johtaminen, tiedonhallinta ja operatiivinen
raportointi. TyOn tavoitteina on kehittdd vaadittava moduuli, sekd selvittdd, minkélaisia
merkittdvid piirteitd liittyy operatiiviseen raportointiin kaivannaisalalla taloudellisen ja
ympdéristollisen suorituskyvyn ndkdkulmista, ja milld mittareilla nditd ndkdkulmia voidaan
tuoda esiin.

Tami diplomityd on toteutettu kvalitatiivisena tutkimuksena. Tyon teoriaosuuden tiedon-
keruu on toteutettu kirjallisuuskatsauksena, jossa on hyddynnetty pddosin relevanttia tie-
teellistd kirjallissuutta. Tydn empiirisen osan tiedonkeruu on taas toteutettu puolistruktu-
roiduilla asiantuntijahaastatteluilla, joissa haastateltiin kahta prosessointilaitoksen johtavaa
insindorid useampaan otteeseen.

Kirjallisuuskatsaus osoitti varsinkin organisaation suorittavan- ja keskitason padtoksenteki-
jat hyotyvén operatiivista raportointia hyodyntivistd tiedonhallintajérjestelmistd, jotka ja-
lostavat prosessidatasta operatiivista ndkemystd. Taloudellisesta ndkdkulmasta, mineraa-
lien prosessoinnin operatiivisessa raportoinnissa, keskitytddn prosessin arvoa luoviin ja
sitoviin ulottuvuuksiin, kuten tuotantoon, laatuun ja tuotanto omaisuuden kéytettdvyyteen.
Ympdristollisestd ndkokulmasta, seurataan ympéristollisesti merkittivien resurssien, kuten
sdhkon, polttoaineiden ja veden, kéyttod, sekd rikastusjitteen hallintaan ja prosessiveden
uudelleen kéyttoon liittyvid toimintoja. Haastattelujen perusteella laadittiin raportointimo-
duuli, joka sisdltdd kuusi raporttia ja kolme mittaritaulua. Ne keskittyvit kolmeen teemaan,
tuotannon madrddn, laatuun ja avaintuotantolaitteiden kéytettdvyyteen, ja ne on riétéloity
sopimaan laitoksen kahteen paituotantoalueeseen, eli rikastamiseen ja pelletdintiin.



ABBREVIATION LIST

AF

Al
CCS
DA
DSO
ESP
GHG
HPGR
IMS
IOP
IoT
KPI
LCA
LHD
LIMS
OEE
PCS
PIMS
PLC
PSD
SDRS
SSRS
TSF
WHGMS
WLIMS

PI Asset Framework

Artificial Intelligence

Cold Compression Strength

PI Data Archive

Direct Shipping Ore

Electrostatic Precipitator

Greenhouse Gas

High Pressure Grinding Rolls
Information Management System

Input, Output, and Product

Internet of Things

Key Performance Indicator

Life-cycle Assessment

Load, Haul, Dump

Laboratory Information Management System
Overall Equipment Effectiveness
Process Control System

Process Information Management System
Programmable Logic Controller

Particle Side Distribution

Single Deck Roller Screens

SQL Server Reporting Services

Tailings Storage Facilities

Wet High Gradient Magnetic Separation

Wet Low Intensity Magnetic Separation



TABLE OF CONTENTS

Abstract
Tiivistelma
Acknowledgements

Abbreviation list

I INEOAUCTION ..ttt ettt et e ettt e st e enbeeeneas 7
1.1 Back@round ..........ooouiiiiiiiee et 7
1.2 ODbJECtIVES AN SCOPE ..vveevrieiieeiiieiieeieerie e e ete et eseeeteesteeeseessaeeseessseesseesssesnsaens 8
1.3 EXecution Of the STUAY ......ccovieiiiiiiiiiieiie ettt e ens 9
1.4 Structure 0f the StUAY ......ccviviiiiiiiii e 10

2 IMS and operational reporting in process INAUSIIIES ........cccueerueeerieerieriieenieeieesie e 13
2.1 Reporting in the process INAUSIIY ......c.eevvieiieiieiiiienieerieree e e 13
2.2 What are IMS and operational reporting?............cceeeveevvierieecieniieeieesie e 15

2.2.1  What are the benefits?........coouiiiiiiiiiiee e 19
2.2.2  WHhO are the USEIS? ....cceieiiieiiieiieeie ettt et 21

3 The mining industry as an operating €nvIiroNMeNt ............cceeeeruveerrureerieeerireeesieeesseeenns 24
3.1 Mine-to-market value chain............cooceoiiiiiiiiiiie e 24
3.2 IMIINUIIE ettt ettt sttt et b e b e st sae et 26
33 PrOCESSINE ..cnveiieiieiieiteete ettt sttt ettt st 27
34 IMAATKELS ... 33
3.5 Digital technology in the mining iIndustry ..........ccccvevviieniiiiniieceeee e, 36
3.6 Industry wide challenges in mining OPerations ...........cccceecvereereereereenereeneennens 41

4 Reporting and performance measurement in mineral processing ............cceceveerueennen. 47
4.1 Guidelines 0f the MEIICS .....eeviiiiiiiiiieiieeeee e 47
4.2 Operational INtEIlIZENCE ........ccueiiiiiieiie e e 48
4.3 Economic performance ...........ocuueuieeiieniieniieiieeie et 52
4.4 Environmental performance ............occoeoieriieiieniieniieieeeee e 59

5 Case: Reporting module for integrated iron ore beneficiation and pelletizing plant ...65
5.1 Background of the module.............cooouiiiiiiiiiiiic e 65
52 Content of the MOAUIE.......cceiiiiiiiiiiieeee e 70



S.2.1  REPOIES .ttt ettt e e et e e et e e e e ee e nebee e nabeeennes
5.2.2  DaASHDOAIAS. ... oo e e

53 Technical implementation of the module ............cceevvieeiiiiiiiiiceeeen

0 CONCIUSIONS .uevieiiieiiieiieciie ettt et e et e e et e e bt e s tte e bt e ssbeenseessseesseessseenseessseenseessseenseens
6.1 Answers to the research qUESTIONS .........c.eecvieriieiiiiiieiii e
6.2 Limitations and further research ...........ccccooeeiiieiiiiiccice e,

RETCIEIICES ..ot e e e e e e e e e e e e e aeeeeeeerearaaeaeaeeenaaes

Appendices

Appendix 1. Structure of the interviews

Appendix 2. The beneficiation product quality report

Appendix 3. The beneficiation operability and availability report

Appendix 4. Beneficiation Dashboard 1 — Production and key equipment O&A
Appendix 5. Beneficiation Dashboard 2 — Product quality

Appendix 6. Pelletizing Dashboard



1 Introduction

The aim of this chapter is to introduce this master’s thesis. This is done by going trough of
the main components of the thesis, such as, background, objectives, scope and execution of

the study and structure of the paper.

1.1 Background

The idea of planning and executing this study sparked from the need to develop a new re-
porting module as part of the larger information management system (IMS) delivery. The
party receiving the delivery requested this new module, but there were not any prior guide-
lines for developing this kind of new module. For this reason, there was a place for re-
search and development project. This R&D project also created the need and opportunity
for this thesis. It was thought that in order to make the product that is being developed as
functional as possible, it might be worth looking at the operational reporting of the mining

industry more broadly.

Although this study originates from a very specific need, specific reporting module for
specific IMS delivery, it is connected to several broader themes. The purpose of this re-
porting module is to convey information about the operations of the process and help users
of the module to manage and develop the process. Based on these starting points, it could
be said that the study deals with themes such as performance management, information
management and operational reporting. Whereas the substance of the module is related to
themes such as mining industry operations, sustainability, and management. This study
builds heavily on previous research. For example, the vast amounts of research from O. A.
Bascur on operational intelligence utilization and performance management in the mining

industry has been a significant source of information for this research.



1.2 Objectives and scope

As previously stated, this study originates from a specific need, but deals with bigger
themes than just the original need. That is why the main objectives of this study are not
only to develop the reporting module. Rather, the main objectives of this study are also to
present what are the notable reporting characteristics and metrics that should be consid-
ered, when developing operational reporting module for mining industries, from the per-

spectives of economic and environmental performance.

The scope of the thesis is defined with the module in mind. This means that the purpose of
the module, operational reporting module for iron ore processing plant, is somewhat used
as guidelines when setting the limitations of the thesis. This is done because the themes
covered in the study, such as performance management, information management, opera-
tional reporting, and mining industry operations, are broad and wide, so it would not be
possible to deal with them in their entirety within this study. In practice this means that
themes, such as performance management, information management, and operational re-
porting, are examined from the process industries viewpoint, because the final module will

operate in process industry environment.

The mining industry value chain consists of many very different operations and that is why
some limitations had to be made also to the scope of the mining industry coverage in the
thesis. So, because the module is going be implemented into mineral processing unit, this
study focuses on mineral processing part of the value chain in particular. The other mining
industry related limitation concerns ore that is processed. The module is going to be im-
plemented in iron ore processing plant, which means that this thesis focuses mainly on iron
ore. In practice this means that the mining industry is examined trough perspective of iron

ore related operations and most of the examples are related to the iron ore operations.

One of the themes and objectives of the thesis is also to find and define metrics that could

be used in operational performance reporting in mineral processing plants. Operational



performance can be measured from many perspectives, and in the thesis, emphasis have
been put on the economic and environmental perspectives. The economic perspective have
been chosen with the module in mind, and the environmental perspective to offer a more
comprehensive set of metrics without expanding the scope of the thesis too wide. A more
detailed description of the guidelines used in selecting of metrics presented in the thesis is

presented in Chapter 4.1

In order to achieve the main objectives of this master’s thesis, three research questions
have been prepared. The idea of these questions is to approach and analyze the main objec-

tives from different points of views. Next, each research question is presented.

1. How a combination of IMS and operational reporting can be utilized in
process industry environment?

2. What kind of metrics could be used in operational level reporting for min-
eral processing process from the perspectives of economic and environmen-
tal performance?

3. What are the KPIs suitable for the case example?

As result of this master’s thesis, there should be an overview of operational reporting in the
mining sector from the point of economic and environmental performance. Also, there

should be a description of a reporting module that is tailored to the case example.

1.3 Execution of the study

This study consists of a theoretical and an empirical part. The first three chapters after in-
troduction are more theoretical and the chapter after those is more empirical. The data col-
lection for the three theoretical chapters is executed with literature review and qualitative
research. The main sources of the literature review are scientific publications, such as arti-
cles and books related to the topic, but the target organization's own documents and other
data sources from commercial entities have also been used to collect information. The aim

of the literature review is to get an overview of the topic and find out the scientific com-
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munity's latest understanding of the topic. The outcomes of the literature review are ana-
lyzed and introduced in their respective chapters and also utilized in the empirical part of

the study.

The base of the empirical part of the study, which is developing the module for the case
example, is also conducted as qualitative research. The empirical part is built on outcomes
from the literature review, but this base is also reinforced with expert interviews. The aim
of the expert interviews was to analyze the outcomes of the literature review in order to
verify feasibility and useability of those outcomes in this particular case example, and also
examine the technical solutions needed in implementation. There were two interviewees,
who were interviewed separately. The interviewees were the leading engineers of both
main parts of the production plant, i.e. beneficiation and pelletizing processes, and they
were interviewed on multiple occasions between May and December of 2023. The case-
specific data collection process was multi-phased and it started with “start interviews”,
where the purpose was to draw out the "wider guidelines" for the reporting solution. After
this, several ad hoc type workshops were held, where more specific details were discussed.
The start interviews were qualitative interviews which were conducted as semi-structured
expert interviews where outcomes of the literature review were utilized in the formation of
questions and structure of the interviews. The questions were mostly open-ended. Two
weeks before the start interviews, the body of the interview was sent to the interviewees,
which is presented in Appendix 1, with the description of the study and topics. The prelim-
inary findings of the thesis were utilized in preparing the body of the interview. The start
interviews and subsequent workshops were organized using the Microsoft Teams. After the
start interviews, the summaries of the interviews were sent to the interviewees for addi-

tional comments and approval.

1.4 Structure of the study

The first chapter is the introduction. The purpose of this introduction is to function as a
showcase of this master’s thesis, so the aim of the introduction is to introduce the study

and the topic.
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The flow of this master’s thesis can be seen as a path from the broadest theme to the most
specific one. For this reason, in the second chapter, the focus is on the two biggest themes,
information management systems (IMS) and operational reporting. The purpose of this
chapter is to showcase IMS and operational reporting from the process industry point of
view. To achieve this goal, these two are defined, the relationship between these two is
explored, and some key elements that are significant for this study, such as users and bene-
fits, are also explored. In this chapter study also explores how some wider themes such as

informational management is related to these two.

The third chapter focuses on examining the operating environment of the mining industry.
This chapter presents important information about the operations and activities of the min-
ing industry, from the perspective of the thesis. Among other things, the chapter presents
how the earth's crust is turned into a metal commodity that can be traded on the market, i.e.
what is this “mineral processing”, which is one of the themes of the thesis. In addition, the
chapter examines the opportunities of the mining industry that are significant in terms of
thesis, such as the digitalization in the mining industry, and also challenges, where solu-

tions like the result of the thesis can be utilized.

The fourth chapter presents reporting and performance measurement in mineral processing
from the perspective of the thesis. This chapter functions in its own way as a presentation
of the results of the theoretical parts of the thesis. This chapter presents some new theoreti-
cal information, but also combines findings from chapter two and three, to answer the non-
case related objectives of the thesis. This chapter examines operational intelligence and

presents performance metrics according to the scope of the thesis.

The fifth chapter is the empirical part of the thesis. In this chapter the information gathered
in former chapters is combined with information gathered from the interviews in order to
prepare a description of a reporting module that is tailored to the case example. This de-

scription will answer questions about how, what, and why. The “how” part tells how this
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module is going to be implemented from a technical perspective i.e., what are technical
solutions behind this module such as used software. The “what” part includes the content
of the module, for example which metrics has been decided to be used in the module. The
“why” part, on the other hand, describes the ideas behind the decisions regarding content

of the module and technical implementation of solutions.

This study ends to conclusions chapter. In the conclusions chapter key findings of this
study are brought up, answers to the research questions are given, and a short summary of
the key points of this study is provided. Conclusions also covers ideas for future research

targets and limitations of this master’s thesis.



13

2 IMS and operational reporting in process industries

The purpose of this chapter is to introduce some of the key concepts of this work and to
observe their common interfaces. These concepts are process industry viewpoint, infor-

mation management systems, and operational reporting.

2.1 Reporting in the process industry

Process industry is part of manufacturing industry. It could be said that manufacturing can
be divided into discrete and process manufacturing. The differences between these two can
sometimes be a line drawn in water, since even discrete production often has specific pro-
duction process, but the main difference is about flow of the production. In the process
industry this process is continuous, production modality is continuous outflow, and pro-
duction form is almost like a fluid that flows through the production process that is tried to
be maintained in the steady state. Whereas in the discrete industry, production process can
be discontinuous, production modality can be discrete entities that pass through a produc-
tion process, that stops and starts continually, as pieces and parts. Basically, in the process
industry environment, raw material undergoes conversion during a continuous process in
order to become finished. (Zhu, Johnsson, Mejvik, Varisco & Schiraldi 2017.) It could be
said that the flow of production plays a really vital role in process industry, and this actual-
ly applies to manufacturing in general. During manufacturing, especially operational deci-
sions, can often influence the flow of production. For this reason, operational information
often plays a key role in manufacturing. (Battesini, Schwengber ten Caten & Pacheco

2021.)

In the process industry, reporting can be roughly divided into four groups, business/work
plans and budgets, performance reports, audit and benchmarking reports, and others. The
“reporting scope” of this thesis is mainly on the operational reporting which is mostly re-
lated to performance reports. Performance is often reported through performance indicators

and key performance indicators (KPIs). These are metrics that indicate performance, as the
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name suggests. In the process industry, these metrics are often based on data that is col-
lected from a production process, and then utilized in decision-making. The path from data
to decision-making can be roughly divided into four steps. The first step is the collection of
data, which is, for example, measuring the activities of process instruments. In the second
step, data is enhanced into information in information systems. This enhancement can in-
clude various kinds of data processing tasks such as screening of spurious and out-of-range
records. This information is then further processed into knowledge by combining it with
other information and giving it more context. Lastly this knowledge is delivered to the de-
cision makers where it supports decision makers in the decision-making. (Hey 2017, pp.

277-243 & 467-484.)

In the path of “data to decision making”, reporting often plays a key role in the last two
steps, i.e. in forming of knowledge and delivering that knowledge to decision makers. In
order to facilitate effective decision-making by reporting, reporting must be tailored to the
recipient. This means that different kinds of groups often need different kinds of reports.

The target audience of reports in process industry business can be for example:
e Board of Directors
e Managing Director / Chief Executive Officer
e Leadership team
e Shareholder representatives
e Management
e Staff

The choice of the target audience can affect, for example, whether the information to be
reported is strategic or operational in nature, whether it is related to the production values
of the process or the economic values of operations, as well as the timing of the reporting,
i.e. whether reports should focus on daily, weekly, monthly, quarterly, or annual perfor-
mance. In addition to the target audience, timing and nature of the information to be re-
ported have an impact on the way the information is presented. For example, dashboards

can be used to present live information, while graphs and tables can be used to present de-
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velopment of the performance over time by utilizing information based on the past. (Hey

2017, pp. 467-484.)

2.2 What are IMS and operational reporting?

The fourth industrial revolution has been underway for almost twenty years. This phenom-
enon, also called industry 4.0, has elevated data to a very significant role. This means that
more data is being collected and produced than ever before across all industries. Because
of this, the importance of data management solutions has also risen. These solutions in-
clude many data-related concepts, but at the end of the day, the most significant thing is to
find a combination of different solutions that serves the final goal, that is, that the data can
actually be utilized. One of these combinations is the combination of information man-

agement systems and operational reporting.

The term “information management system” (IMS) is pretty broad, so to define it, it is
probably best to start by breaking it down into parts and shortly define the “information
management” part of the term. This is not either a straightforward task because according
to Detlor (2010), “Information management is a broad conceptual term that has various
meanings and interpretations among different constituencies”. This means that term “in-
formation management” is often used to refer to a wide scale of concepts both in academic
literature and in practice. To create a suitable definition of information management for
this work, it is best to focus on a base level idea of information management and the main
aims of it. On the base level, information management is a management of acquiring, cre-
ating, organizing, storing, distributing, and using of information within defined entity, such
as organization, with defined systems and processes, which aims to help users of that in-
formation to access, process, and other ways utilize information most efficiently and effec-

tively (Detlor 2010).

So, if information management is basically managing of information with defined process-

es and systems, what is the role of the word “system” in the “information management
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system”? Modern information systems consist of computer hardware and software, tele-
communications, databases and data warehouses, human resources, and procedures which
are an integrated for collecting, storing, and processing data and for providing information,
knowledge, and digital products (Zwass 2023). This description does not fully describe
IMS, because even if all IMS are information systems, all information systems are not
IMS. IMS is an information system in an organizational framework, so it is an information
system that collects stores and distribute data in accordance with the information manage-
ment of the organization in order to provide better access to information for organizational
needs (Malak 2023). Based on that, it could be said that the “system” part refers to the in-
frastructure that the information management is built on, and which it relies on. Thus, in
the scope of this thesis, IMS means information system that executes information man-

agement.

From the perspective of decision making, ensuring and maintaining quality of information
is also one of the main functions of IMS. From the perspective of decision-making, the
quality of information depends on two factors, utility of the information and satisfaction
level generated by that information. From these two IMS can have a direct effect on utility
of information, at least. The utility of information is determined by the form, time, and
place of information. The form utility means that information needs to be delivered in a
form that is useful for decisionmaker. The time utility means that the information is pro-
vided when it is needed. The place utility means that information is easily accessible by
decision maker. These three dimensions of information utility can influence how satisfied
the decision maker is, i.e. the satisfaction level granted by the information. (Gupta & Goyal

2020, pp. 179-204.)

IMS software can be used by organizations in any industry, but IMS are often implemented
for a specific need, and thus their content, such as applications, functions, and operations,
varies quite a lot by sector (Malak 2023, Miao & Zhao 2023). Also, the scale of operations
that IMS is supposed to cover affects heavily on content of the IMS. For example, Miao et
al. (2023) presents in their study good model of wider scale IMS for manufacturing indus-

try, which includes many IMS components and applications, such as enterprise resource
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planning system, manufacturing execution system, and process control system, in order to
cover information management needs of entire manufacturing enterprise. On the other
hand, Nad, Jooshaki, Tuominen, Michaux, Kirpala, and Newcomb (2020) present narrower
scale IMS model for process industry test plant, which focuses on collecting, storing, ana-
lyzing, and distributing information of specific process, instead of trying to cover infor-
mation management of whole operations. These two presents different ways of implement-
ing IMS, but both are IMS, because they execute information management according to the
information management plan. This thesis’s scope is on more process focused IMS and a
good example of that is presented in Muza’s (2005) article about process information man-
agement system (PIMS) in copper beneficiation plant. The goal of the PIMS is to acquire
process information, both directly from process instruments via automation and also from
manual inputs filled by operators, storage this information, and utilize it in process reports
and dashboards that helps operators to manage, monitor, and report process performance

(Muza 2005).

One way in which IMS enables the distribution of information as part of information man-
agement is via reporting. For example, distributing and enabling access to processed pro-
ject and process information via reports was one of the key features of IMS solutions from
both Muza (2005) and Nad et al. (2020). Reporting is an efficient way to distribute infor-
mation and it is used, at least in some form, all around the world across all the sectors.
There are many different types of reports and ways of reporting, but this work focuses on

operational reporting.

Nowadays organizations are measuring the performance of their processes by collecting
more and more data from those. This is often done through automation solutions, and it
often happens live. (Botes, Hamer, Nell, Goosen & Brand 2020.) This development trend
enables operational reporting. Where for example strategic reporting aims to offer “big
picture” of organization’s operations by focusing on long term strategic goals and guide-
lines, operational reporting aims to measure performance by focusing on more current
events by offering short-term insight of organizations day-to-day operations (Dantoni

2022). The aim of operational reporting is to support quick decision making and process
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management. In order to achieve this goal, operational reporting often relies on current
time data and visual expression using a lot of trends and other graphs in reports and dash-
boards, so decision makers have a clear view to the performance of the processes. (Moore

2023.)

Good operational reports excel in data quality, informativeness, and representation. Data
quality implies that the source of data is reliable and can deliver accurate data frequently
enough. Informativeness reflects the relevance of the information produced, i.e. how well
the information can be utilized for the purpose of use, and how well it describes the desired
target. Representation implies to report understandability, report accessibility, and effec-

tiveness of visualizations. (Botes et al. 2020.)

Even though operational reporting utilizes current and live data, it does not mean that it is
only used to present live performance of the operations. Reports that focus on live data and
information are often called real-time operational reports. These are often utilized in fast-
paced environments where decision makers need a quick and clear view of relevant infor-
mation to back their decisions and quick feedback about effects of the decisions. The other
main type of operational reporting is often called monthly reports. Monthly reports are
used to provide insight to day-to-day operations from fleeting time periods by forming
short term reports such as monthly performance reports. Monthly reports are often format-
ted in a way that they serve better higher-level decision-making than real-time operational
reports. This means that KPIs and metrics used in monthly reports are often selected in a
way that they present operational day-to-day activity from a perspective that is relevant to
the organization’s strategy. Also, even shorter time periods such as shift, day, or week re-
ports are also used to summarize performance. (Dantoni 2022, Mandiwal). Since the scope
of the thesis is on the process industry, in the context of this thesis operational reporting
mostly refers to the act of measuring and reporting performance of organizations day-to-

day process operations on a short term.
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Figure 1. Basic reporting structure (Botes et al. 2020)

Together IMS and reports form a structure that collects, stores, and enhances data, and
delivers information that decision makers can rely on in their decisions. Botes et al. (2020)
present this “basic reporting structure” in their article, and a slightly modified version of
that “basic reporting structure” is shown in Figure 1. This figure represents the idea that
data and information forms and cycle that aims to develop operations in each iteration.
Basically, data is collected from operations, for example, via manual entries or with more
advanced automated means. This collected data is then stored and enhanced into reportable
form in information system, such as IMS. The reportable information is then delivered to
the end user, such as decision maker, who can utilize this information in their decisions.
These decisions basically loop the information back to the operations by causing actions
that hopefully improve the operations. The results of these actions are then reviewed in the

next cycle and so on.

2.2.1 What are the benefits?

Information management improves management of organizations' information, which sup-
ports organizations' ability to achieve set strategic goals and improves organizations' ability

to make better-founded decisions (Detlor 2010). Supporting achievement of strategic goals
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serves especially organization's higher-level operations, while better decisions manifest
themselves as benefits at all levels of operations. For example, according to Prajogo, Toy,
Bhattacharya, Oke and Cheng (2018) information management is an important enabler of
process management, because it helps organizations to identify their key functions and
processes, as well as flows related to those processes, and also helps in setting appropriate

metrics and control mechanisms to measure process performance.

While it could be said that benefits of information management also apply to information
management systems (IMS), the more IMS specific benefits are related to processing and
management of data. For example, ensuring collection and storing of data with IMS offers
a view to the process performance in a short and long term, which can help to optimize
performance of processes by supporting identification sources of variance (Muza 2005).
IMS can also function as centralized “datahub” where all of the relevant information is
stored, and if the data is organized right, it will provide more efficient access to infor-
mation for users, in contrast to system where data is stored in multiple locations (Malak
2023, Nad et al. 2022). The process of managing information can be very labor-intensive,
but the automated processing of data enabled by IMS can reduce the working hours related
to data processing and thus generate cost savings (Jiang 2013, Malak 2023). IMS can also
benefit stakeholder relationships by promoting information sharing inside and outside of
the organization (Malak 2023, Miao et al. 2023). Miao et al. (2023) also found out that
adoption of IMS can improve green transformation level of an organization, at least the
symbolic green transformation level. Implementing IMS supported organizations green
transformation by improving the digitalization, strengthening green innovation ability, and

increase the redundant resources of enterprises (Miao et al. 2023).

According to Botes et al. (2020) interest towards operational reporting has increased dur-
ing last decade since number of published studies, about themes related to operational re-
porting, such as “business intelligence” and “performance measurement”, has grown annu-
ally over the past decade. Botes et al. (2020) also found out that many studies suggest that
the key benefits of operational reporting are often related to operational and managerial

decision making. Dashboards that present live data can support decision makers in decision
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related to real time operations and operational reports can help decision makers to identify
patterns and strategize accordingly (Dantoni 2022). The visual nature of operational reports
can facilitate the identification of data patterns, even if the decision maker's technical
knowledge of the processes is limited, which increases the transparency of operations with-
in the organization (Lea, Yu & Min 2018). Easy access to operational data and standard-
ized reporting structures can also save decisions makers’ time which leaves more time to
plan and execute process improvements (Vallurupalli & Bose 2018). Also, some quantita-
tive benefits such as time savings, profitability, and costs were common among published

articles reviewed by Botes et al. (2020).

Based on these, it could be said that the main benefits of IMS and operational reporting are
mostly related to data and information management. Since reporting is often seen as part of
the IMS, it can be difficult to assign specific benefits to IMS or operational reporting. It
could be said that operational reporting benefits organizations’ information management
by processing operational data into more user-friendly form for the decision makers. About
IMS it could be said that it benefits organizations’ information management by executing
the information management related tasks such as gathering, storing, and distributing the
data. Functions like these can then generate benefits such as cost savings, time savings,

better decision making, and better transparency of operations.

2.2.2  Who are the users?

The aim of IMS is to serve information needs of whole organization. This means that the
same system should be able to satisfy every level and branch of the organization’s opera-
tions and should be usable from “shop floor” worker to the top management. For this rea-
son, it is more informative to roughly define which kind of information each user group
uses and for what, instead of defining users of IMS. The types of information generally
found in the business organization and their user groups are presented in Figure 2. The top
level of information is strategic information. Strategic information is used by top manage-

ment, such as CEOs and directors, for corporate level decision making. Strategic decisions
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guide the direction of the entire organization, and their impacts are often considered long-

term, far into the future. (Gupta et al. 2020.)

Top Level: CEO, BOD, etc.
* Strategic
Information
Middle Level: Senior Managers

* Tactical Information

Operational Level:

. . Front Line Managers
*  Operational Information &

Figure 2. Levels of management and information in a business organization (Gupta et al. 2020)

The middle level of information is tactical information. Tactical information is often used
by organizations’ middle management. Tactical information is used in tactical decision
making, which is somewhat similar to strategic decision-making, but is considerably nar-
rower in scope. For example, tactical decision making often focuses on shorter periods
than strategic, and tactical information also focuses on specific functions of an organiza-
tion instead of whole organization. Tactical information and decision making serves strate-
gic level. This is seen, for example, in the way tactical information is used to manage oper-
ations. In practice this is often done by comparing and steering operations towards organi-

zation wide goals that are set on strategic level. (Gupta et al. 2020.)

The final level of organizations’ information is operational information. Operational in-
formation is used to track and manage day-to-day operations. Operational information is
often used by organizations “front-line” decision makers, such as line managers and pro-
cess controllers. Operational information is used both for implementing tactical and strate-
gic decisions, by monitoring the effects of decisions and ensuring that assigned tasks are
planned and carried out properly, as well as for managing and steering daily operations.

(Gupta et al. 2020.)
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Referring to the information presented above, it can be stated that operational reporting
takes places especially at the levels of tactical and operational information. It could be said
that, in the case of operational reporting, operational information is utilized in dashboards,
for example. Operational reporting can also be used in transforming operational infor-
mation to tactical information, for example via daily, weekly, and monthly summary re-
ports. It can also be concluded that the users of operational reports are mainly decisions
makers from the two lowest information levels of the organization's information levels, i.e.
from the middle management to the “front-line” staff. This conclusion gets some support
from studies. For example, in the case examples of the study by Botes et al. (2020), pro-
cess, project, and senior engineers are defined as end users of the operative reports. Also,
in publications from Muza (2005) and Nad et al. (2022), process operators utilize opera-
tional process information in a way that can be interpreted as operational reporting. Bascur
(2019) also presents that operational intelligence can be utilized for process control and
other real time actions by operators, craftsmen, and supervisors, and for process improve-

ments and analysis by production superintendents, process engineers and experts.
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3 The mining industry as an operating environment

“If you can't grow it, you have to mine it” is an old saying that underlines the importance
of mining. This old saying also applies well to the present, as many of our modern technol-
ogies are dependent on earth minerals and therefore mining is still a truly relevant and im-
portant industry. The aim of this chapter is to examine aspects of the mining industry
which are relevant to the scope of this thesis. First, the value chain of the mining industry
and the relevant operations related to it will be examined. Then, the digitalization of the
mining industry will be examined, and lastly some challenges of the mining industry will

be presented.

3.1 Mine-to-market value chain

The value chain in mining is long and wide. It includes many distinct functions, activities,
steps, actors, and operators. Mine-to-market is one of the models that is used to represent
this value chain. Mine-to-market aims to follow the path of raw material, the ore, from
extraction of raw material, to delivering of products to customers (Gorner, Kudar, Mori,
Reiter & Samek 2020). Mine-to-market model of Gorner et al. (2020) starts from a mine
where ore is extracted from the earth’s crust. After extraction ore is processed, i.e. benefi-
ciated, in processing plants. After this, the logistical part of the ore’s path begins. This part
includes various storage and transportation activities such as inventory management and

shipping, and at the end of it are the market and customers. (Gorner et al. 2020.)

This mine-to-market model by Gorner et al. (2020) focuses on ore flow and that is why it
could be said that it lacks some of the key functions of the mining industry. For example,
geoscience and mine exploration are important parts of the mining industry, because dis-
covery of new exploitable ore deposits is vital for the continuity of the mining industry
(Dunbar 2016, pp. 1-36). Mine-to-market by Gorner et al. (2020) also favors organizational
perspective, i.e. it examines mining value chain from the perspective of a mining enter-

prise. Gorner et al. (2020) state that many different units of the organization participate in
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the value chain, but they pay little to no attention to the contribution of the organization's
external stakeholders. For example, this ignores other players in the “mineral cluster”, such
as companies that supply mining industry-specific machinery, equipment, technology, and

services to the various parts of the mining industry value chain (Kaiva.fi).

Mine-to-market is a generalization of the flow of the ore from mine to market, so it is not a
perfect description of the entire mining industry value chain, but it does not need to be.
This thesis focuses on mineral processing part of the value chain, more specifically iron
ore processing, and processes related to that, so perspective of ore flow through mining
organization’s different processes fit to the scope of this work. From the perspective of the
thesis, mine-to-market model presents relevant steps of value chain, which are, in addition
to raw material processing, mining where the processing input is gathered, and markets
where the value of processing output is set. In Figure 3, modified version of mine-to-

market model by Gorner et al. (2020) is presented.

Scope of this work

Value chain é\@@

step
Mining
- * Extracting ores from * Processing ores * Managing inventories * Setting prices of ore
Activity - I8 : ) e
earth’s crust + Comminution * Moving, loading, commodities

« Concentration shipping etc. * Delivering the
materials to the
customer

Figure 3. Mine-to-market value chain

Figure 3 shows modified version of the mine-to-market from the scope of this thesis by
better highlighting the relevant parts. This thesis mainly focuses on the processing part of
the value chain. In addition to processing, the aspects of mining and market steps, which

are relevant for processing and the scope of the thesis, are also briefly examined.
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3.2  Mining

In mining, ore is extracted from the earth’s crust. Mining methods can be roughly divided
into surface and underground mining methods. Surface mining takes place in open pit
mines. In open pit mines waste rock, which is zero or low-grade rock, is removed to obtain
access to the ore, which is valuable rock containing minerals or metals. Only ore is sent to
processing while extracted waste rock is stored in designated facilities in a mining site. The
extraction of waste rock and ore forms large, hundreds of meters deep, “funnel-shaped”
pits. At the latest, once the deepness of the pit reaches one thousand meters, mining opera-
tion moves to underground because maintaining the stability of over thousand meters deep
open pit becomes too difficult. For example, it becomes really expensive to haul the ore
over large distances to the surface. Underground mines are used to exploit high-grade,
deep ore bodies, but underground mines may also be preferred for reasons other than depth
of the ore deposit, for example, if selectivity is desired, such as in the case of gold or other
precious metal vein deposits. In underground mining, only ore is extracted from the mine,
and compared to surface mining, in underground mining, a lot less waste rock, is generat-
ed, because underground mines are basically deep but only 3-10-meter-wide shafts and
other tunnels that provides access to the ore deposit. Compared to surface mining, there is
more variety in mining methods in underground mining. For example, cut-and-fill, narrow
vein, block caving, and room-and-pillar are mining methods related to underground min-
ing. The used method depends mostly on the ore-body geometry, the style of mineraliza-
tion (e.g., vein or massive), and the rock characteristics. These features often effectively
limit the number of methods that can be chosen. In addition to those, for example operating
cost, ore extraction ability (recovery %), and flexibility of mining operations can also be

features that can have weight when choosing the right method. (Dunbar 2016, pp. 37-66.)

Regardless of whether it is a surface or an underground mine, the mining operation of a
mine can be divided into phases that follow each other in a successive manner forming
“the mining cycle”. The cycle begins with the drilling of holes, called blast holes, for ex-
plosives. Next phase is blasting, where explosives are detonated in order to fracture the
rock mass in a controlled matter. In the case of underground mines, blasting is followed by

the ventilation phase, where ventilation system is installed in order to dilute and remove
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various noxious gases that arise from blasting and diesel exhaust, as well as from the ore
body itself. Once the ventilation system is installed and operational equipment and person-
nel can enter the mine, the next phase called load-haul-dump (LHD) can begin. In LHD ore
and waste rock are loaded, hauled, and dumped with designated equipment. Especially in
an underground mine, various rock-strengthening and support systems may have to be in-
stalled to provide a safe working environment. Surveying new blast holes is the last phase

before the cycle can start again. (Dunbar 2016, pp. 37-66.)

3.3 Processing

After the ore is extracted from the earth’s crusts it needs to be processed, because the mate-
rial collected from the mines contains more than just the desired ore, such as waste rock
and other gangues. Processing is a general term that covers series of actions taken to
achieve mineral separations in order process material extracted from a mine into mineral
product that can be sold, for example, in the markets as a metal commodity (Das & Young
2019). In general, separation is achieved by exploiting chemical or physical characteristics
of minerals in either mineral processing activities, where valuable minerals are separated
from ores into concentrates usually without chemical changes, or in extractive metallurgy
activities, where extraction of valuable metals from ores or concentrates is usually execut-
ed with chemical changes (Das & Young 2019). This thesis focuses on mineral processing,
so this chapter also focuses more on mineral processing rather than extractive metallurgy.
Although the specific actions of mineral processing used depend a lot on the ore, the pri-
mary operations of mineral processing are comminution and concentration (Lorig & Grun-

er 2000).

The aim of ore comminution is to physically liberate the minerals from their interlocked
state to ease the separation of valuable minerals and thus maximize recovery of the valua-
ble minerals in the concentration. Comminution actually starts already in mining phase,
since blasting is often seen as the first stage of comminution, but typically mineral pro-
cessing comminution starts by crushing the ore to a certain size and then grinding it into a
fine powder. Since most of the ores are made up of hard and tough rock masses, those need

to be crushed to produce a crushed material that is suitable for mills. Crushing is done in
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stages. Rock masses are first crushed in primary crushing using machines such as jaw
crushers to reduce rock particle size less than 150 millimeters which is suitable size for
secondary crushing. In secondary crushing, particle size is further reduced into 10 to 50
mm with machines like cone crushers. To ensure the correct particle size, the result of each

stage is screened. (Lorig & Gruner 2006., Dunbar 2016, pp. 67-112.)

After crushing, ore is ready for the third stage of comminution, grinding, which is often the
first processing operation that is done in a processing plant. In general, the goal of grinding
is to reduce particles to sizes less than 1 mm, but of course the degree of actual fineness
required depends on how finely dispersed the desired mineral is within the ore. In crushing,
ore is generally processed dry, whereas in grinding crushed ore is mixed with water to
form slurry that is then pumped into rotating grinding mills. Grinding consists of two steps,
coarse and fine grinding. In coarse grinding ore usually “self-ground” itself in an autoge-
nous grinding (AG) mill (or a semi autogenous grinding (SAG) mill). In AG, the large par-
ticles of crushed ore are used as the grinding medium that are caused to tumble, under the
influence of gravity, by revolving the mill container. This tumbling is often enough to pre-
pare ore for fine grinding. Fine grind is achieved by using a ball mill which grinds material
by rotating a cylinder containing the ore and griding medium, often steel balls, causing the
balls to fall onto and tumble with the ore. (Lorig & Gruner 2006., Dunbar 2016, pp. 67-
112.)

In addition to crushing and grinding, classification, also called screening, is also an im-
portant part of the comminution process. The aim of classification is to separate coarse-
grained particles from fine-grained particles in a slurry in order to separate which particles
are ready for further mineral processing and which need to be returned back to mills. The
classification process is often executed in cyclones (or hydro cyclones) where the slurry is
fed with high pressure and velocity through an inlet at the top of the cyclone which gener-
ates a centrifugal force strong enough to lift lighter fine-grained particles up out of the cyl-
inder (overflow), whereas heavier coarse-grained particles drain out of the bottom of the

cyclone (underflow). (Lorig & Gruner 2006., Dunbar 2016, pp. 67-112.)
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After comminution, starts concentration. The goal of concentration is to create concen-
trates of valuable minerals by separating valuable minerals from other raw materials re-
ceived from the grinding. Concentration processes strive for the highest possible recovery
of the valuable mineral to produce concentrates that have the desired concentration of the
valuable mineral, i.e. the desired grade. The separation of valuable minerals from waste
minerals is done by utilizing the different properties of the minerals to be separated. Min-
erals have many properties but only properties like specific gravity, magnetic susceptibil-
ity, electrical conductivity, and hydrophobicity can be exploited to accomplish commercial
scale separation. Exploitable properties, and thus also the separation methods used, depend
on the ore. Specific gravity is utilized in gravity separations methods, for example in shak-
ing tables, which aim to separate denser minerals from less dense minerals. Magnetic sus-
ceptibility tells how minerals are affected by an applied magnetic field. The differences
between different minerals in magnetic susceptibility is utilized in magnetic separation.
Minerals can be classified as diamagnetic, paramagnetic, or ferromagnetic based on mag-
netic susceptibility. The somewhat recent advent of rare earth magnets and supercooled
electromagnets have grown the popularity of magnetic separations. Mineral’s electrical
conductivity means that mineral can be classified as conductors or insulators depending on
its ability to transport electrical charge. This property can be utilized in electrostatic sepa-
ration, but this pretty is rare separation method because the differences in electrical con-

ductivity are often too insignificant. (Lorig & Gruner 2006., Das & Young 2019.)

Hydrophobicity on the other hand is exploited in the most widely used separation method,
froth flotation. The surface properties of the mineral determine if the mineral is either hy-
drophobic (water-repelling) or hydrophilic (water-attracting). When bubbles are generated
in a mixture of mineral particles, they will adhere to the hydrophobic particles and cause
them to rise to the top which creates a concentrate froth that can be recovered. Since hy-
drophilic particles remain in the mixture, they are separated from the hydrophobic parti-
cles, and the tailings containing hydrophilic particles can also be removed. This reaction
can also be boosted with chemical reagents. Compared to other mineral concentration
methods, flotation is effective in producing good separation of really fine grinded ore
which is nowadays needed to achieve a sufficient degree of liberation due to degreasing

ore grades. Therefore, froth flotation is increasingly used, and it is estimated that almost
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50% of the mineral resources are nowadays processed by flotation. (Lorig & Gruner 2006.,

Das & Young 2019.)

Comminution and concentration are the main operations of mineral processing, but there
are also other important mineral processing related operations in mineral processing plants,
such as dewatering and sampling and analysis. Continuous analysis and sampling of the
processed raw materials is particularly important for monitoring the quality and efficiency
of production. For this reason, processing plants often have automated infrastructure to
conduct multiple analysis from multiple points of processing. Since most of the mineral
processing takes place while processed ore is in slurry state (a mixture of particles and wa-
ter), dewatering is important in order to convert concentrates (and tailings) to dryer and
more transportable state. Dewatering is also an important part of plant’s water management
since it enables the recovery of used process water, which decreases use fresh water. De-
watering is often carried out by combination of thickening and filtration processes. In
thickening, the process slurry is fed to the thickening tanks where particles settle at the
bottom of thickening tank and then rotating rakes pull the solids into the underflow while
clarified water flows to the perimeter drain as an overflow. Gravity causes settling, but
flocculants, which are polymers that attach to the particles to form chains of larger parti-
cles, are often added to the feed slurry to speed up settling. This process can increase solids
content of feed slurry from 2%—-10% solids to 20%—-50% solids. In filtration, liquid and
solid are separated by permeable filtering material which lets the liquid filtrate through
leaving behind solid filter cakes. There are multiple filtration methods and solutions such
as gravity filters, including screens and dewatering bins, and pressure filters, including
filter presses, which can produce filter cakes containing 8 to 15 percent moisture. (Lorig &

Gruner 2006., Dunbar 2016, pp. 67-112.)

As said in the start of this chapter, extractive metallurgy is the other main activity of pro-
cessing. The extractive metallurgy processes involve extracting and recovering the valua-
ble metal content from concentrates and ores through chemical change. Chemical proper-
ties are primarily exploited to extract the desired metal content. In general, the main prop-

erty being exploited in hydrometallurgy is solubility, and in pyrometallurgy, the main
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property being exploited is phase change. Good examples of hydrometallurgical processes
are electrowinning and electrorefining. Smelting, on the other hand, is a good example of

pyrometallurgical process. (Das & Young 2019.)
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Figure 4. Iron ore beneficiation operations and outputs (World Bank 2017)

When talking about iron ore processing, the term “beneficiation” is often used. The course
of iron ore beneficiation operations and outputs are shown in Figure 4. Iron ore beneficia-
tion encompasses all methods used to process ore to improve its characteristics in ways
that make it more desirable for steel making, especially. It is important that beneficiated
iron is good feed for steelmaking industries’ furnaces, since almost all (98%) of the iron
ore mined is used in steelmaking. The main objective of iron ore beneficiation is to in-
crease the iron content and reduce impurities such as alumina, silica, phosphorus, and
moisture levels, in the ore. There are different kinds of iron ore types such as hematite and
magnetite, which have different characteristics, such as iron content. There are also various
kinds of iron ore products, such as iron ore lumps, fines, pellets, and sinters, which have
different kinds of characteristics. Depending on the type and nature of the ore, different
beneficiation methods can be applied to produce different iron ore products. For example,
hematite, and even some magnetite, are often called “direct shipping ores” (DSO), because
they have properties that make them need the least processing to be suitable as a furnace

input. The beneficiation of DSOs often only involves the comminution where ore is pro-
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cessed to the right size products, so either to iron ore lumps, pieces greater than 5 mm, or
to iron ore fines, pieces finer than 5 mm. (Ripke, Poveromo, Battle, Walqui, Haselhuhn &

Larson 2019., World Bank 2017.)

Some of the ore types, such as most of the magnetite, lower-grade hematite, and taconite,
which is not actually an ore type itself but a term that is used to describe low grade iron
ores, need to be further processed to produce iron ore products. Classically the beneficia-
tion of these kinds of lower-grade ores have been complex and costly because these kinds
of ores are particularly hard and require very fine grinding. Due to the development of pro-
cessing technologies, and other changes in the circumstances of the mining industry, low-
er-grade ores are nowadays processed into iron ore concentrates, which are used to produce
iron ore pellets and iron ore sinters. As said before, low grade ores can be very hard and
require really fine grinding. For this reason, comminution of these kinds of ores can in-
volve three or even four stages of crushing. The amount of crushing needed can be reduced
by using high-pressure grinding rolls (HPGR), autogenous grinding mills and ball mills.
The concentration methods depend on the ore type. Magnetite ores are typically concen-
trated via magnetic separation, where separation may be performed through several stages
with each successive stage applied to finer particles. In the case of taconite, or if further
concentration is needed for magnetite, froth flotation is often selected as the concentration
method. (Ripke, Poveromo, Battle, Walqui, Haselhuhn & Larson 2019., World Bank
2017.)

Basically, iron ore pellets are small spheres of iron ore that are produced from either iron
ore fines or concentrates in process a called pelletizing. The major processes of pelletizing
are mixing, balling, and indurating. In mixing, processed ore is combined with binding
agents, like bentonite or organic binders; fluxing agents, like limestone or dolomite; and if
the ore is a hematite, with coke or anthracite coal as an internal fuel. In balling, mixed ore
is agglomerated on balling discs or balling drums into green pellets (also called unfired
pellets, meaning pellets that are not yet indurated) which are typically 9-16mm in size.
Before indurating green pellets are screened to ensure that only the on-size pellets are fed

to the induration machine. In induration, green pellets are first dried in a drying section,
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then pellets are brought up to a temperature of about 800-900 °C in a preheat zone, and
then finished in induration process at roughly 1200-1350 °C. After this, pellets are cooled
to a suitable temperature for transportation. (Metso., World bank 2017.)

The natural supply of iron ore lumps has declined dramatically due to depletion of the
world’s high-grade competent iron ore resources. This has led to the situation where pellets
and sinters, which are also made of iron ore fines and concentrates, have risen as the domi-
nant blast furnace burden. Especially, the popularity of iron ore concentrate production has
increased and since the finer size distribution of concentrates limits their usage in iron ore
sintering, the popularity of pellets has increased in particular. In addition to wider manu-
facturing possibilities, pellets also have other advantages, such as high iron grade, low sili-
ca and alumina contents, excellent mechanical strength, and good metallurgical perfor-
mance with a uniform size distribution. The dominant methods for commercial large-scale
pellet productions are the grate-kiln and the straight grate firing systems. (Zhu, Pan, Lu &
Holmes 2022.)

3.4 Markets

The mining industry produces a wide selection of different mining related commodities
which price need to be determined in order to them to be sold and bought. There are four
main methods that are used to set metal prices. The four types are producer prices, negoti-
ated process, independent pricing, and commodity exchange pricing. Classically and at its
simplest, price can be set by the producer, to form “producer price”, or price can be negoti-
ated between buyer and seller, to form “negotiated price”. In the case of producer prices
there is often little to no room for negotiation about the price and the producer sets the
price by considering costs, potential markets, and levels of competition. Producer pricing is
common for industrial minerals where transportation costs are high. Negotiated prices are
set by direct negotiation between a buyer and a seller. A negotiated price is preferred when
it comes to long-term relationships and contracts, for example delivery contract between

iron ore producer and steel mill, or in case of particularly large or otherwise special deliv-

eries. (Dunbar 2016, pp. 165-184.)
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More organized methods can also be used to determine the price, i.e. independent pricing,
or commodity exchange pricing. In independent pricing, prices are determined by parties
that are neither buyers nor sellers of metals, but parties who are essentially observers of the
markets. These observers set prices by considering averages of prices of actual transactions
between market players such as producers, consumers, and metals traders. For example,
“Platts” and “Metal Bulletin Ltd” provide prices for wide variety of metals and the London
Bullion Market Association (LBMA) and the London Platinum and Palladium Market
(LPPM) are famous for providing prices for precious metals such as gold and platinum.
London Metal Exchange (LME) and the Chicago Mercantile Exchange Group (CME) are
the two major exchanges where metal commodities are traded. Wide variety of metals are
traded in these exchanges and both spot and future prices of these metals are set. Prices are
determined by a continuous open outcry auction carried between member dealers acting on
behalf of themselves or their customers, which could be metal buyers, sellers, or traders.
Commodity exchanges keep around the world physical stocks of metals that can be bought.
The amount of metal that can be bought from these physical stocks on any given day is a
way of measuring the metal supply. Traders are aware of this supply and any other factors
that might limit it, such as shutdowns of mines or smelters. This market information helps

traders to bid or ask for a price on that basis. (Dunbar 2016, pp. 165-184.)

Iron ore markets operate in the framework of general metal markets, but there are some
iron ore specific characteristics that should be pointed out for better understanding of sell-
ing and buying of iron ore related commodities. Iron ore is essential for steel making be-
cause it is source of primary iron for iron and steel industries, and 98% of the iron ore
mined is used in steelmaking (Ripke et al. 2019). For this reason, countries, which has big
steel industries, such as China, play a significant role in the iron ore demand and price set-
ting (World Bank 2017). According to OEC, in 2021 the total trade of iron ore was 220B §,
and by far the largest importer was China, which accounted for 66.5% of all imports, fol-
lowed by Japan (6.87%) and South Korea (4.83%). The most traded iron ore products in
iron ore markets are iron ore fines, followed by iron ore lumps and pellets, and even iron

ore concentrate is somewhat traded, but rarely (World Bank 2017).



35

A transition started in the iron ore markets during the 2010s, when iron ore contracts
evolved towards shorter durations and greater price transparency. Before the 2010s iron
ore contract prices were set mainly in annual negotiations between large iron ore suppliers
and steel makers. These prices were then referenced in other market transactions, between
parties not connected to the initial negotiations. During the 2010s iron ore contracts shifted
more towards quarterly and monthly terms and a spot price for iron ore started emerging.
Iron ore trading is also shifting towards electronic platforms. For example, transactions
related to standardized iron ore products involving physical product delivery are done in-
creasingly on electronic trading platforms, such as the GlobalORE and the China Beijing
International Mining Exchange (CBMX). (World Bank 2017.)

In the big picture, iron ore prices are fundamentally determined by current and expected
future market conditions, i.e. the supply of iron ore and the demand for iron ore in the
steelmaking industry. On the other hand, the price of a particular iron ore product is most
affected by the product’s iron (Fe) content, i.e. grade, and the physical form of the product
and the impurities it contains. The general and most used benchmark for iron content in
iron ore products is 62 percent iron per dry metric ton. There are multiply pricing indices
that track the price of 62 percent iron products, such as IODEX which is published by
Platts, and Metal Bulletin which is published by Metal Bulletin Ltd. The index price of this
benchmark is often referenced in contract terms and the actual price is adjusted according
to the difference between the index and the actual product under negotiation. So, for exam-
ple, if the iron content of the actual product is 61% the price would be lower than the index
price. There is also a market for lower-grade ore, iron ore content 58%, and higher-grade
ore, iron ore content 65%, but the benchmark of 62% is most used and referenced. (World

Bank 2017.)

The impact of the steelmaking industry can also be seen in how iron ore products are
priced according to their physical form. For example, products in lump or pellet form at-
tract price premiums relative to fines, because they are suitable for immediate use in fur-

naces used by steelmaking industry. The physical form can also affect the pricing method
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chosen, as fines are more likely to be traded on spot terms, while lumps and pellets are
more likely to be sold on fixed-term contracts. The relative size of a specific product can
also influence the prize. For example, too small fines or too big lumps can lead to penalty

adjustments. (World Bank 2017.)

Impurities in iron ore products can have unwanted effects on iron ore properties and for
this reason unwanted levels of impurities often lead to price penalties and deductions. The
relevant impurities and their accepted levels are defined in the agreements between the
parties to the trade, but in general, the most significant impurities affecting the prices of
iron ore commodities are silica, alumina, phosphorous, sulfur, and “loss on ignition” impu-
rities, which refers predominantly to moisture content. The actual levels of impurities are
assessed with lab samples and price adjustments are made in accordance with contracts and
test results. The better a supplier is at managing and ensuring the level of impurities in
their product, the better they can attract customers and get a better price for their product.

(World Bank 2017.)

3.5 Digital technology in the mining industry

The mining industry is an old and traditional industrial sector, but it is not a static one, be-
cause it has taken several development steps during its history. Development steps such as
the introduction of explosives and the use of mechanized and motorized mining equipment
have shaped the industry before. For this reason, it is not surprising that also the fourth
industrial revolution, also called industry 4.0, and trends related to it, like digitalization,
seems to influence the mining industry. Since the scope of this work hovers around the
topic of data utilization, it is noteworthy to examine the digital landscape of the mining

industry.

This development brought by industry 4.0 does not seem to have clear core technology, but
rather it seems to consist of cluster of different digital technologies and trends. Most of
these technologies seem to be related to data in one way or another, and for example gath-

ering, processing, and analyzing data are of great interest. For example, Barnewold (2019)
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find out in his research that leading technologies related industry 4.0 in the mining industry
are automation, internet of things (IoT) and real time data. Also, other data related trends,
such as big data and data analytics, were highlighted in the same research. To find out the
prevalence of digital technologies used in the mining industry, Barnewold (2019) exam-
ined the use of various digital technology terms in a research set consisting of mining pub-
lications, and the most hits were for the term automation. Barnewold (2019) states that the
reason automation receives so much attention in his research material is manyfold. Firstly,
automated processes and operations are already widely in use in the mining industry and
automation technology is obviously a key enabler in that (Barnewold 2019). Secondly,
automation seems to be related to many other digital technologies since many of these digi-
tal technologies are affected by or affect an automated process (Barnewold 2019). In later
research, Barnewold and Lottermoser (2020) have stated that automation is “a central pillar
in the current digital transformation discussion in the mining sector” and “automation is
the leading key technology for the mining industry and is often seen as final vison of the
digital transformation”. Nevertheless, according to Barnewold’s (2019) research, trends
like IoT, real time data, artificial intelligence (AI), machine learning and 3D printing are
fundamental technologies in the future development of the mining industry. Barnewold
(2019) also points out that some of the technologies that are highlighted in his research
have not necessarily been applied on a large scale in the actual operating environment, and
when the research material is applied in such a way that it focuses on technologies that are
already in use, especially automation, real time data, advanced process control, and ma-

chine learning show high results.

The rate and scale of digital technology implementation may also vary in the mining indus-
try. Automation seems to be widely implemented across the complete mining industry val-
ue chain, but this does not seem to be same for other digital technologies (Barnewold &
Lottermoser 2020). In general, different technologies are utilized in different operations
and some technologies are utilized in multiple operations but differently. For examples,
terms like “digital mine” or “smart mine” are used to describe mining concepts where dif-
ferent digital technologies are utilized in various operations through the mining value
chain. Sanchez and Hartlieb (2020) presents, that in digital mine, technologies like automa-

tion, robotics and remote operation could be used in autonomous equipment, such as haul-



38

ing trucks, LHDs, and drillers, which are used especially in the mining (extraction of the
ore) operations and could improve safety, enhance productivity, and reduce operational
costs. In a digital mine, IoT and smart sensors are used to capture real time data from many
data sources such as machinery and equipment and the gathered data can then be utilized in
process control and decision-making processes (Sanchez & Hartlieb 2020). In a digital
mine vast amounts of data can also be used in developing advanced analytical methods and
Al models which can be then implanted into the planning activities, such as predictive
maintenance models and minerals exploration activities (Sadnchez & Hartlieb 2020).
Sanchez’s and Hartlieb’s (2020) concept of a digital mine also includes an “actual digital
mine”, i.e. the digital twin of the real mine. Digital twin is a digital model of physical op-
eration, which utilizes geological and engineering information of the site and especially
real-time data generated from the sensors connected across the operation (Sdnchez & Hart-
lieb 2020). Digital twin can be useful tool in improving operational planning because it is
able to perform simulations and predict potential failures or downturns in equipment per-
formance (Sanchez & Hartlieb 2020). The concept of a digital mine is apt to show that
industry 4.0 manifest itself in the mining industry as an information management revolu-
tion, i.e. the way in which information and data are increasingly utilized with the help of
digital technology to develop operations. The same tendency is also reflected in a way Si-
shi and Telukdarie (2017) describe how “smart mine” excels in information management.
According to Sishi and Telukdarie (2017) implementation of industry 4.0 technologies can
help mine to achieve “smart factory” characteristics such as visibility and optimized deci-
sion-making, better planning methods, improved data analysis and agility. These are
achieved by collecting and providing data from the shop floor systems to the decision
makers and sharing data from the enterprise level back to shop floor systems in real-time

and at anyplace (Sishi & Telukdarie 2017).

Digital technology plays a key role in modern mineral processing. Especially different kind
of technology that gathers information from the processes seem to be valuable in control-
ling and optimizing processing of the minerals. Most existing mineral processing plants
already have automation, communication and real-time data infrastructure that enables the
use of more advanced digital technologies (Cipriano 2010). Grinding and flotation are

mineral processing phases that especially benefit from digital technology, because those
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phases include a lot of different process variables that affect the efficiency of the whole
processing plant (Bascur & Soudek 2019). Many digital technologies help plant operators
to track and control those process variables more efficiently (Bascur & Soudek 2019). In-
formation based digital technologies enable mineral processing industry to improve its
efficiency and reliability and adapt to new competitive environments in a safe and envi-
ronmentally friendly way (Jimsd-Jounela & Baiden 2023). For example, big data princi-
ples play a markable role because instrumentation used in mineral processing are often
capable of gathering data, which means there is a vast amount of data and information that

can be collected from the processes (Jdmsa-Jounela & Baiden 2023).

The vast amount of data needs to be gathered from processes, and technologies like IoT,
smart sensors, and soft sensors play key role in that. Smart sensors are devices that sense
specific or regular physical or chemical properties, but also have the ability to carry ana-
lyzes, and can connect to external devices and cloud (Yaqot & Menezes 2022). So, smart
sensors are often IoT devices, but IoT is also used for more than just smart sensors since it
is network of physical objects, such as sensors, equipment, machinery, and other sources of
data that are connected to each other to enable them to interact, exchange information, and
act in a coordinated way (Sanchez & Hartlieb 2020). Soft sensors utilize easy-to-measure
process variables to estimate the value of an important property of a piece of equipment or
process unit that is otherwise difficult, costly, or time-consuming to measure (Bascur
2019). Unlike smart sensors, soft sensors are not actually physical measurement devices
and that is why they are also often called software sensors (Bascur 2019). The selection of
measuring devices used in the processing of minerals is wide, because almost every pro-
cess variable to be measured must have its own measuring device. Of course, some of the
used measuring devices are more traditional and more widely used, such as current, watt,
and torque meters which can be used in monitoring big power consumers such as mills and
crushers, but there are also many unique and more specific measuring devices. For exam-
ple, nuclear weight gauges are used to measure mass flow rates in grinding units, pulp den-
sities are measured with nuclear density meters or estimated with soft sensors, and online
particle size analysis are executed via mechanical, ultrasonic, and laser diffraction-based
devices. Flotation units use measurements devices such as magnetic flow meter for slurry

flow measurements, nuclear density meters for slurry density, and float with a target plate
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and ultrasonic level transmitter for measuring slurry level in a cell. A wide variety of data
collection is possible because automated process equipment nowadays works like comput-
ers and in fact these automated equipment have their own modern programmable logic
controllers (PLCs) which are basically industrial computers. In addition to data collection,
these PLCs are responsible for controlling equipment. (Jimsé-Jounela & Baiden 2023.,
Bascur 2019.) The use of machine vision in process data collection and control has also
increased, and it can be utilized for example in froth control to extract different froth fea-
tures such as bubble size and color, and froth mobility and stability (Nad et al. 2022, Ja-
msé-Jounela & Baiden 2023).

Since there is a lot of data, there also needs to be sophisticated data-analytics solutions.
With the help of data analytics, plants operators can make better use of the data and look at
it from different perspectives, which can help operators to track and find out the variables
that affect plants performance, for example to find out the optimal milling rate and particle
size to achieve best economic performance (Bascur & Soudek 2019, Jimsé-Jounela &
Baiden 2023). The development in data collection and processing it to information has also
increased the value and useability of itself. According to Jamsd-Jounela and Baiden (2023)
“advances in information technology have provided the capabilities for sharing information
across the globe, and, as such, process automation and control have become more directly
responsible for assisting in the financial decision making of companies”. So, process in-
formation is not anymore only for plants operators but also for higher level of organiza-

tions decision making.

However, the fourth industrial revolution has not been just a triumph of digital technology
in the mining industry. There are also challenges, and the mining industry has lagged its
peers, such as the chemical and automotive industries, in the terms of digital maturity
(Ganeriwalla, Harnathka & Voigt 2021). There are some factors that make digitalization in
the mining industry more difficult. For example, mining conditions are not often the most
suitable for digital technology, because mines are often located in remote locations with
poor network bandwidth and where the rugged terrain makes deploying digital sensors

difficult (Ganeriwalla et al. 2021). According to Barnewold and Lottermoser (2020) the
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size of the mining operations can have an effect in the diffusion of digital technologies,
because larger mining operations appear to select and apply more digital technologies than
smaller ones. Especially mining companies that have multiply bigger mining operations
and sites seem to implement digital technology the most (Barnewold & Lottermoser 2020).
According to Barnewold and Lottermoser (2020), one reason for this is the advantage
brought by larger scale, i.e. the fact that even smaller improvements yield absolutely great-
er benefits in larger than in smaller operations, in which case it is more profitable to take
even small development steps. In addition to economies of scale, larger players can also
afford to invest more in digital technology research and development (Barnewold & Lot-
termoser 2020). The lack of sufficient skills and knowledge also seems to slow down the
implementation of digital technology in the mining industry (Barnewold & Lottermoser
2020). The digital technology know-how may not necessarily be wanted either, since there
may even be cultural resistance to change among the workforce, because the workforce on
the operational level tend to be blue collar and often less familiar with digital solutions
than in other industries, and digital technologies, such as automation, may threaten their
jobs because it reduces the need for labor (Ganeriwalla et al. 2021, Sanchez & Hartlieb
2020). There also appears to be challenges in management of data and information in the
mining industry. In the sites there can be various pieces of equipment, machines, systems,
and subsystems from different manufacturers and suppliers and all of them can have their
own information and data solutions, so integrating all of these different technologies can be
really challenging but also really important because if these information and data solutions
are not integrated properly, sites operators are left with a collection of isolated data points
(Yaqot & Menezes 2022). Weak management of information and data has led to the fact
that a lot of data is collected in the mining sector, but only fractions of it is used properly
(Durrant-Whyte, Geraghty, Pujol & Sellschop 2015). For example, some of the data can
remain unanalyzed or be inaccessible to the users who would need it, which hampers deci-

sion making processes (Yaqot & Menezes 2022).

3.6 Industry wide challenges in mining operations

Earlier in the work, a few mining industry challenges have been already briefly touched on,
such as challenges related to industry 4.0 in the mining industry. These challenges are still

more of an inconvenience compared to some of the other challenges that must be faced in
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the mining industry. There are some challenges that need to be solved in order to keep the
whole mining business viable in the future. The aim of this chapter is to present some of
those challenges, focusing on the ones that have an effect at the operational level, and

which can also be mutually resolved at the operational level.

One critical challenge is decreasing ore grades. According to West (2011) this means
roughly that “The grade and quality of mineral deposits being exploited, and of new depos-
its being discovered, is decreasing rapidly”. Classically this is believed to be because the
best high-grade deposits have already been exhausted, so we are forced to mine lower
grade deposits. West (2011) argues this is not really the full truth for most of the minerals,
and this shift towards lower grade ores is a fact but it is more due to technological devel-
opments than depletion of high-grade deposits. According to West (2011) dilution of ore
grades is more due to factors such as technological advancement that has enabled the use
of formerly subeconomic minerals as valuable ores, a movement towards high-volume and
lower cost extraction technologies, and the economic advantages of depleting an old mine
instead of opening a new one. West (2011) also points out that changes in economic ore
grades have been evident throughout the history of the mining industry, and these changes
have often been connected to the utilization of new technology. On the other hand, one
thing that supports the classical notion of the matter and which can speed up decreasing of
ore grades is mineral deposit discovery rates, which have been decreasing in 2010s (Dun-
bar 2016, pp. 185-200). Not only have these rates been decreasing, but before 2010 there
was positive correlation between the exploration expenditure and the number of discover-
ies, but since 2010 there is a significant gap between expenditure and discoveries, which
means that organizations used more money but found less new significant deposit (Dunbar
2016, pp. 185-200). One of the reasons for the small number of new deposit discoveries is
the recently increased restrictions, such as stricter environmental restrictions, due to which
not all discoveries can be exploited with the same intensity as it was possible just a few
years ago (Calvo, Mudd, Valero & Valero 2016). While ore grade is decreasing the de-
mand for raw materials, such as mining commodities, is increasing which leads to situa-
tions where more resources, such as energy, are needed to cover the increasing demand
(Calvo et al. 2016). West (2011) also points out, that it is self-evident fact, that exploitation

of nonrenewable resources must lead to depletion at some point and increase rates of ex-
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traction will likely encounter serious constraints over the medium to longer term, especial-
ly limits imposed by energy demands and emissions limitations. So, the situation is that the
mineral resources are not actually running out, at least in the near future. Nevertheless, the
decreasing metal content of the ores leads to an increased expenditure of input materials,
overburden, energy, emissions. (Rotzer & Schmidt 2018). There does not seem to be an
easy and economical way out of this situation and according to Calvo et al. (2016) there
are broadly two options forward. The first one is to open new mines with likely lower ore
grades but higher environmental impacts and/or stronger regulatory restrictions (Calvo et
al. 2016). The second one is continuing the exploitation of older mines, which already has
permits acquired, but with escalating energy and environmental costs (Calvo et al. 2016).
Since this challenge seems to be more of a game of cat and mouse until nonrenewable re-
sources completely drain out, this challenge really cannot be entirely tackled. This means
that the mining industry need to adapt and learn to live with it. This also means that tech-
nology needs to keep progressing to better and better, and processes and general operations

must always be increasingly efficient.

As the ore grades are decreasing, more resources must be used to achieve the same end
result. This is problematic from a sustainability point of view, especially since the mining
industry uses significant amounts of different resources anyway. It could even be said that
the mining industry has a broader and more comprehensive sustainability challenge on its
hands. One major challenge from a sustainability perspective is the high energy and power
demand of the mining sector. The mining industry is one of the most energy-intensive in-
dustrial sectors and it is responsible for at least between 8% and 10% of the world total
energy consumption. (Calvo et al. 2016., IEA 2016., Salgaocar 2022.) As iron ore is one of
the most mined minerals, and by far the most mined metal in the world, a significant part
of this energy consumption is due to iron ore mining and processing (BGS 2023). Accord-
ing to Haque’s (2022) life cycle assessment (LCA) of iron ore mining and processing, the
total embodied energy value is 153 MJ/t ore for iron ore mining and processing. Haque
(2022) presents that most of this energy is used in loading and hauling operations (92.1
MJ/t ore), but also crushing and screening (23.1 MJ/t ore), and rail transport (20.9 MJ/t
ore) were major contributors to that total embodied energy value. Of course, energy inten-

sity in itself is not “the worst” thing, and instead we should focus on how the necessary
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energy is generated. Unfortunately, the mining industry's energy sources are not the most
sustainable, because the mining industry still heavily relies on fossil fuels and other carbon
intensive energy sources (Farjana, Huda, Parvez Mahmud & Saidur 2019). The use of fos-
sil fuels causes emissions such as greenhouse gases (GHG). The mining sector is responsi-
ble for 4 to 7 percent of GHG emissions globally (Henderson & Maksimainen 2020). In
Haque’s (2022) LCA the total GHG emissions for iron ore mining and processing were
11.9 kg CO2¢/t ore. According to Haque (2022) loading and hauling (6.0 kg CO2e/t ore)
was the largest contributor to the total GHG emissions of the mining and processing of iron
ore, before crushing and screening (2.5 kg CO2e/t ore). The more iron ore is processed, the
bigger its emissions get. For example, in Lv’s, Sun’s, and Su’s (2019) LCA for iron pellets,
the direct energy consumption was 793.4 MJ/ton of pellets, with the largest energy demand
being caused by pellets induration process. GHG emissions for producing iron pellets were
58.5 kg CO2e/t of iron pellets (Lv et al. 2019). Of course, GHGs are not the only challeng-
ing emissions in the mining industry. For example, according to Ferreira and Leite (2015)
the use of grinding media in ore production chain has a major impact on human health and
quality of ecosystems. Ferreira et al. (2015) identified the use of grinding media as a sig-
nificant contributor for harmful emissions, such as inhalable inorganic substances, ecotox-

icities, and fossil fuel depletion.

In addition to good quality ore grade and power, water is also a similarly important but
challenging resource for the mining industry operations. Water is a critical input for miner-
al processing and operations such as flotation consumes lot of water (Dunne 2012). The
demand for water is expected to increase due to growing production rates, while the supply
of water is anticipated to remain stable or even decrease. Mining operations are frequently
situated in distant, arid areas, where access to high-quality water is restricted. Especially
surface water supply is often limited and that’s why ground water is often the main source
of water for mining and processing activities. This use of local water resources and genera-
tion of wastewater can cause problems to stakeholders. Impacts on local water quantity and
quality are among the most contentious aspects of mining related operations which can
cause negative environmental impacts to local and downstream populations. This challenge
is tried to be addressed with more responsible, sustainable, and transparent water manage-

ment strategies. (Dunne 2012.)
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The water related challenges are also tried to be tackled with operational methods, such as
process water reuse, which aim to minimize the need for external water and the generation
of wastewater (Dunne 2012). Process water recovery and reuse is a way to address
wastewater production and freshwater consumption, for example in flotation circuits. In-
ternal reuse of process water in flotation circuits means that used process water is recov-
ered from flotation circuit, it is subjected to water treatment measures, after which it is
returned to the cycle. Reusing process water internally in flotation circuits has the potential
to reduce freshwater consumption and wastewater emission. In addition to internal process
water recovery and reuse, there is also external recovery, in which process water is recov-
ered out of a certain water circuit, for example from the processing waste, but then treated
and used in that certain water circuit. Additionally, process water recovery and reuse can
help recover unconsumed reagents retained in process water, thereby reducing the con-
sumption of reagents. In addition to environmental aspects, internal process water recovery
and reuse also has performance and economic benefits. (Lin, Liu, Wu, Hu, Sun, Shi, Han
& Li 2020.) This recycling of process water is of course only one of the methods that min-
ing industry uses to reduce water consumption and wastewater generation. Mining industry
stakeholders are calling for continuous exploration of methods to decrease external water
demands and adopt optimal water management approaches. Therefore, water management

1s an increasingly important part of day-to-day activities in the sites. (Dunne 2012.)

In addition to water consumption, a significant challenge that especially concerns the local
environment of the mineral processing plant is waste management. In the case of mineral
processing, the challenges of waste management are often related to management of tail-
ings. Mineral processing tailings are the materials left over after the process of separating
the valuable fraction from the uneconomic fraction of an ore (SME 2021). They are usually
produced in a processing plant in slurry form, which is a mixture of fine mineral particles
and water. Tailings are different from overburden, which is the waste rock or other materi-
al that overlies an ore or mineral body and is displaced during mining without being pro-
cessed. Tailings may contain substantial amounts of toxic chemicals such as heavy metals,
sulfides, and other harmful elements, which pose a threat to the local environment and hu-

man health. These chemicals can leach into surface water and groundwater, contaminate
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soil and air, and harm wildlife and plants. To prevent this, tailings are stored in facilities
designed especially for them. There are several different storage solutions, and the differ-
ences in the solutions are mainly related to the ratio of water and finely ground solids in
the stored tailings. These solutions have in common is that most of these tailings im-
poundments utilize a dam and engineered containment to minimize seepage of solutions
into the environment. (SME 2021., Lupo & Scharnhorst 2019.) The function of tailings
storage facilities is crucial because the failure in them does not only lead to environmental
problems, but also sometimes much wider disasters. For example, in Brazil, as recently as
the 2010s, there has been two collapses of iron ore mine tailings dams. In 2015 near Mari-
ana, Minas Gerais, and in 2019 near Brumadinho, Minas Gerais, resulting in the deaths of
several people, 19 people in Mariana and up to 270 people in Brumadinho. In addition to
the deaths, the collapses of the dams also caused extensive environmental damage, the ef-
fects of which reached hundreds of kilometers away from the event sites. (Holmes, Lu &

Lu 2022.)

However, tailings management is not just about threats and avoiding disasters, but it also
plays a significant role in the plant’s water management, as significant amounts of process
water are often recovered from tailings, and it can be reused in processing operations. Al-
so, the extraction process may not recover all of the valuable minerals, and the residual
commodity that remains in tailings may become valuable in the future depending on tech-
nological improvements and market conditions allowing them to be reprocessed. (SME
2021., Lupo & Scharnhorst 2019.) The problems of tailings management probably will not
get any easier in the future either, because with the decreasing ore grades there is less and
less valuable mineral in the processed ore, i.e. more excess, which ends up as tailings. In
addition, increased environmental awareness and stricter environmental regulations will

most likely create more pressure towards tailings management also.
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4  Reporting and performance measurement in mineral processing

The purpose of this chapter is to introduce some metrics for mineral processing reporting
and performance measurement. Since the topic is extensive, at first, some guidelines, that
have been used in choosing the presented metrics, are presented. After this, a significant
theme in terms of reporting and performance measurement, operational intelligence, will
be introduced from the perspective of the scope of this thesis. Finally, the metrics them-
selves will be presented. The economic metrics are presented first and after that the envi-

ronmental metrics will be presented.

4.1 QGuidelines of the metrics

The aim of the metrics brought up in this chapter is to support operational decision-making
in mineral processing plants. These metrics are put together by utilizing the findings of the
thesis about themes such as decision-making, operational reporting, and the challenges and
opportunities of the mining industry. The metrics are not meant to be production control
meters, such as the temperatures or pressures of individual machines or the like, but also
not meters that the board looks at once a quarter. It is therefore a question of metrics of
operational performance for middle management of a plant. These metrics are chosen in a
way that they fit into a highly automated production process, i.e. the aim of the metrics is
to utilize data that can be collected automatically from the production process. This process
data focus is also reflected in the fact that operational intelligence has also been one of the

themes that has influenced the choice of metrics.

The performance metrics are meant to reflect two of the three perspectives of classic sus-
tainability. The chosen perspectives are economic and environmental, because using more
than one perspective gives a more comprehensive picture of the performance. Metrics that
solely present social perspective, i.e. the third perspective of sustainability, are not exam-
ined in this work, as it was deemed too difficult to combine with the idea that the metrics

largely use values measured from manufacturing process.
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Mineral processing operations can differ a lot from each other’s, because factors like the
mineral to be processed, the selected processing methods, and the scope of the operations
cause differences. For this reason, the idea has been that the presented metrics would be
suitable for a wide variety of different operations. Thus, some of the metrics can be con-
sidered rather generic in nature and sometimes the emphasis is on what should be meas-
ured, rather than on which specific metric should be used. In the selection of the presented
metrics, focus has also been on emphasizing that metrics should be easy to calculate and

monitor, so that they would be easier to integrate into various kinds of operations.

4.2 Operational intelligence

Earlier in this work, in Chapter 2 information utilization and especially concepts related to
it, such as operational reporting and information management systems (IMS), were dis-
cussed. After that, in Chapter 3 technologies that enable data gathering from processes,
especially in the mining industry, were presented. Together these form a base for process
management concept called operational intelligence, which is a fundamental part of mod-
ern mineral processing plant management. Operational intelligence is a way of providing
an augmented view of real-time data rather than using traditional management reports
(Bascur 2019). Operational intelligence can be achieved by integrating data from various
sources, such as sensors, machines, systems, and people, and applying advanced analytics
and visualization solutions, such as PI Vision and Power BI, to generate insights and ac-
tions. Both challenges, such as decreasing ore grades, and possibilities, such as high level
of automation in processing plants, create opportunities for improving the efficiency of
processing plants. Operational intelligence provides tools for plants operators for improv-
ing the operational efficiency of plants’ processes. Nowadays, these operational efficien-
cies are necessary in improving plants’ economic and ecological performance. More effi-
cient processes help plants to increase production, optimize resource usage, and lower op-
erating costs in mining, mineral, and metallurgical processing plants. Continuous im-
provements, innovation, and understanding where opportunities exist are also the key in
increasing profits, decreasing environmental footprint, and improving overall effective-

ness. By utilizing operational intelligence with industrial data infrastructure, mineral and
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metallurgical performance can be measured, managed, and maximized. This infrastructure
transforms sensor data into performance metrics and real-time streaming data into infor-
mation using online analytics. Operational events are generated to aggregate the production
and consumable data into improvement workflows generated by the automation of current
operational knowledge. This operational information about production, energy, water, rea-
gents, and other consumption variables at a high level of detail is the new currency in busi-
ness. These operational events are the new transactions to optimize production and reduce
operating costs. The classification of the data enables us to aggregate the data at the desired
level of detail to determine where opportunities for improvement are. As such, collabora-
tion among production, economics and planning, maintenance, and all the safety and envi-

ronmental support become active and not passive as they were in the past. (Bascur 2019.)

To achieve the full potential of operational intelligence, operational insight gathered and
improvement opportunities identified, need to be transformed into actions and implement-
ed into the process. For this reason, operational intelligence is paired with process control
systems which enable plants’ operators to execute actions that manipulate the operations of
the processes (Bascur 2019). Although the scope of this work is mainly on operational in-
sight and operational intelligence, process control and operational insight are so insepara-
ble in the modern mineral processing plant management, it is noteworthy to at least
acknowledge the synergies between operational insight and process control in optimizing
and improving processes. Process control is a subdiscipline of automatic control (Bascur
2019). It involves a selection of methods for the efficient operation of chemical and metal-
lurgical processes, which is itself a big and fundamental part of operating modern mineral
processing plant (Bascur 2019). Still, from the point of operational intelligence, the main
function of process control is capability of controlling specific process values and variables
(Bascur 2019). Process control aims to reduce the variation of key variables, in which case
the desired value of the controlled variable can be adjusted to move closer to constraints,
enabling an increase in profits (Bascur 2019). In practice this means that in process there
are variables called manipulated variables, that can be, as name implies, manipulated with
PLCs, and these manipulated variables have an effect on controlled variables, which can
have effect to other controlled variable and so on, until end of these controlled variables,

there is the key variable that is need to be stabilized on certain level (Bascur 2019). A good
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example of this is presented in Bascur’s and Soudek’s (2019) paper which describes how
operational intelligence can be utilized in optimizing grinding and flotation process in or-
der to achieve the best metal recovery. In the paper Bascur and Soudek (2019) has identi-
fied metal recovery as the predominant factor in the economic return. The challenge is to
maximize the metal recovery without increasing variable costs, such as electricity, water,
reagents, and other consumables, too much, which means that the operations of biggest
energy and water consumer in the process, grinding circuits, need to be optimized (Bascur
& Soudek 2019). Bascur and Soudek (2019) presents that the key for best profit and eco-
nomic performance is to find optimal economic milling rate that ensures right particle size
and distribution, which enables best possible liberation in the flotation, which then results
in best possible metal recovery. After these values has been find out, by manipulating pro-
cess variables with process control and tracking results with operational intelligence over
and over again, there also need to be a system that tracks that process is kept between those
found values (Bascur & Soudek 2019). In the case of Bascur and Soudek (2019), this is
also done with mix of operational intelligence and process control, by setting meters and
soft sensors that follow the specified values. These metrics are then visualized with real-
time trends and dashboards (Bascur & Soudek 2019). Operational intelligence is also uti-
lized in alerts and notifications that are generated when the process is not operating at the

desired conditions (Bascur & Soudek 2019).

Traditionally mineral processing plant’s reporting has been a way of providing information
about plant’s ongoing status of operations in respect to historical performance, predicted
performance, and a road map for future improvements for senior, and corporate manage-
ment. These traditional reports have focused more on the numbers rather than visualiza-
tion, and thus those reports could have been just tables of data that showed how specific
production parameters have been performing against budget on weekly, monthly, or yearly
level. Prior to recent developments in technology, data were compiled by hand in logbooks
and then transferred manually into metallurgical reporting software by plant’s staff, but

nowadays even this more traditional reporting is executed automatically. (Malhotra 2019.)
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Strategy

Real-Time Operations Actionable Process Improvements Production and Operations
Usage Information Analysis Management Reporting
Frequency Real time to daily Daily to annually Daily to monthly
Type of tool Visualization tools Analysis tools Reporting tools
Audience Operators Process engineers Local managers

Craftsmen Production superintendents Regional and global managers

Supervisors Center of excellence experts Business leadership

(regional and global)

Objectives Achieve daily targets Detect excursions, root cause Understand grade performance
Resolve immediate issues analysis Adjust expectations
Maintain scheduled plan Maintain process stability Establish plans
Maintain safe operations Reduce operating costs Calculate forecasts
Achieve environmental regulations  Improve productivity Adapt for business long term
compliance Improve quality

Figure 5. Real-time analysis and reporting strategies for operational intelligence (Bascur 2019)

This more traditional way of reporting still has its place in modern mineral processing
plant management as a strategic reporting, which was briefly discussed earlier in Chapter 2
but alongside of it has developed operational reporting. Operational reporting utilizes oper-
ational intelligence more efficiently and it is aimed at a wider audience. Different utiliza-
tion strategies of operational intelligence are shown in Figure 5. For example, as men-
tioned before, operators and supervisors often need actionable information about real-time
operations so they can utilize operational intelligence in visualization tools, alerts, and no-
tifications in order to achieve daily targets, resolving immediate issues, and maintain a
stable and planned process (Bascur 2019). Also, the utilization of operational intelligence
in continuous improvement was previously mentioned, and according to Bascur (2019),
operational intelligence can be utilized by process stability and improvement teams, usual-
ly consisting of process engineers, production superintendents, and center of excellence
experts, in process improvements analysis that aim to detect excursions, improve produc-
tivity and quality, and reduce operating costs. Operational intelligence also adapts to the
needs of more traditional reporting, and according to Bascur (2019), different kind of man-
agers and business leadership, even corporate, whose objective is to calculate forecasts,
establish plans, and plan business in long term, can benefit from it via production and op-

erations management reporting.
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4.3 Economic performance

Economic performance is in many cases something that is measured with financial metrics
and KPIs that are based on monetary values, such as gross profit margin, working capital,
and quick ratio. Of course, this does not mean that economic performance should only be
measured with financial metrics. For example, an economical car is often seen as one that
consumes less fuel. In fact, in process industry environment measuring economic perfor-
mance solely based on “bookkeeping” values can be even misleading (Haméldinen &
Twrdy 2017). This does not mean that concepts such as monetary profit and cost should be
ignored. Instead of that, in order to find good economic metrics for processes, one must
look at the operations, inputs, and outputs behind these monetary costs and profits, in a
same way that fuel consumption is good economical metric for a car because the price of
fuel is significant expense that is related to driving a car. This thesis also focuses on the
utilization of data that is collected from processing processes, and therefore it is also logi-
cal that the presented metrics utilize process values rather than, for example, accounting

numbers.

It could be said that it is self-evident that from the perspective of economic performance of
a production process, it is important and valuable to track the production itself. For exam-
ple, in the form of the production amounts of the process’ final output. Even if the need for
tracking of production itself is self-evident, there is more than one way of executing this
tracking, and that is why it is good to look at how this should and could be done. For ex-
ample, in process industry environment, such as in mineral processing, raw material un-
dergoes conversion during a continuous process in order to become finished products,
which means that production modality is continuous outflow, production processes are
continuous, and the form of production is often quite “fluid-based” (Zhu et al. 2017). This
means that unlike in discreate production, where the production can be measured by track-
ing production of precisely defined discrete entities, in continuous production processes,
production is often measured as flowrates, so for example tons per hour, or as cumulative
result of that flow, for example tons produced between two points of time (Zhu et al.
2017). In the mining industry scope, these production flowrates are classically measured in

tons, so for example production could be measured as tons of process product per hour or
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cumulative tons of process product in some other time period, such as shift, day, or month
(Gackowiec, Podobinska-Staniec, Brzychczy, Kiihlbach & Ozver 2020). In mineral pro-
cessing, for example in the case of mills, production is often tracked with throughput or
throughput rate, also called production rate (Malhotra 2019). Throughput is used to meas-
ure volume of production over a specific period, and it is calculated simply by dividing the
production amount by specified period where this production has taken place (Jenkins
2022). Throughput is a pretty simple performance indicator, so it can be applied in many
different parts of the process, i.e. in almost all parts where there is some process output
flow. For example, in the case of mineral processing, in addition to tracking production of
plants final product, it can be used to track production rates of the primary operations,
comminution and concentration, separately. Throughput can even be applied at equipment
level and used to track production performance of some key equipment, such as mills and
magnetic separators. In order to use value as key performance indicator, there should be
some level that the value strives to achieve and against which it is compared (Hey 2017,
pp. 227-243). This means that throughput itself is fine for tracking production, but it
should be compared to target value, so that it can be put in the right context and used in a
more sophisticated way, such as in performance analysis. For this reason, throughput
should be compared to production target values such as a predetermined production plan or

capacity.

In addition to production amounts, the quality of the product is also important from per-
spective of economic performance. The importance of products’ quality can be seen from
at least two points. First, if the product’s quality is not in order, there is something wrong
with the process, so poor quality manifests itself as a performance issue. Secondly, if the
produced product is not of high quality, the customers do not want to pay for it, which
makes poor quality also an economic issue. Simply put, a well-performing production pro-
cess should be able to produce such a high-quality product that it meets the customer's re-
quirements. Typically, in the case of mineral processing, maximizing the recovery percent
of the most valuable mineral is seen as the predominant factor in the economic return
(Bascur & Soudek 2019). As presented before in Chapter 3.3 efficient recovery is im-
portant metric of performance of concentration activities, because efficient recovery is a

determining factor in terms of the grade of the final product. Grade, the concentration of
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the valuable minerals in the final product measured often in percents, is also important
quality value because it is generally one of the factors that strongly influence the price of a
metal commodity in the markets, as presented in Chapter 3.4 For example, in the case of
iron commodities, the benchmark for grade is typically 62 percent iron per dry metric ton.
It is also mentioned in Chapters 3.3 and 3.4 that there are physical characteristics such as
size and mechanical strength, and chemical characteristics such as levels of certain impuri-
ties, that influence the price of iron product. It is also presented in Chapter 3.3 that iron ore
processing activities should be able to control factors such as the size of the fines, pellets,
and lumps, the mechanical strength of the pellets, and the level of impurities in the final
product. Since processing activities should have control over these kinds of characteristics,
and these characteristics affect the customer's experience of final products quality, it could
be said, that also these kinds of characteristics can be seen as quality indicators in addition

to grade and recovery.

Apart from the recovery percent, the quality indicators mentioned above concern more on
the quality of the product itself, which of course is often an indication of the quality of the
process that the product is the result of. But, if there is a need for simple quality metric that
focuses more on the process, yield is a good example of such. Yield is measured in per-
cents, and it reflects how well realized production has taken place in relation to the theoret-
ical maximum production (Jenkins 2022). Yield is calculated by dividing the realized pro-
duction by theoretical amount of maximum possible production based off raw materials
input (Jenkins 2022). Yield basically presents how efficiently the process has performed in
relation to the maximum determined by the raw materials. This may sound simple, howev-
er, determining the theoretical maximum is not always an easy task. Decreasing ore grades
is a challenge that was discussed earlier in Chapter 3.6 From the point of mineral pro-
cessing, decreasing ore grades means that the quality of the one of the main inputs is de-
creasing, and at the same time, the variation in quality of that input is increasing. This pos-
es additional challenges for process quality management, but at the same time, increases its

importance.
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As presented earlier, mineral processing is a highly equipment-heavy and mechanized pro-
duction that relies heavily on automation. Since production equipment plays such a crucial
role in processing, it makes key production equipment also key assets of a processing
plant, thus making it more obvious why the performance of these key equipment is also
important from the point of economic performance. The importance is not limited to the
economical perspective, but also generally in the mining industry there is wider interest for
data related to the performance of machinery and equipment (Gackowiec et al. 2020). As
mentioned earlier, production metrics such as throughput rate are easy to apply even to the
equipment level, but following the production rate of the equipment does not always give
the best and whole picture of the equipment’s performance. For example, even at a very
simple level, an equipment's throughput can be seen as consisting of two basic components
(Visser 2020). The first is the production component, such as throughput rate, which is
often limited by the capacity of the equipment (Visser 2020). The second is the time com-
ponent, such as equipment's running time, which is determined by the equipment's availa-
bility (Visser 2020). For this reason, it is often good to track the performance of individual
equipment also from the point of availability, which should tell how well the equipment in
question has been available for production (Hey 2017, pp. 263-267). The ability of equip-
ment to be available for production can be tracked in several ways, but at a very simple
level this can be tracked with two basic metrics which are availability percent and utiliza-
tion percent. There are several interpretations of availability percent’s definition, but for
the purposes of the thesis, it means the proportion of time the equipment is able to be used

for its intended purpose (Dunn 1997).

Availability% — Total Hours—Downtime Hours x 100% (1)

Total Hours

Events belonging to downtime hours are also a matter of definition. These events should be
demarcated in a way that they follow uniform logic, so that different equipment can be
compared with each other (Hey 2017, pp. 263-267). Generally speaking, downtime hours
can be due to planned or unplanned maintenance, start-ups, stoppage, economic or contrac-
tual reasons, or other shutdown time (Hey 2017, pp. 263-267). There are also multiple in-
terpretations for utilization percent, but in the context of this work, it presents the propor-
tion in which the equipment is used for its intended purpose, of the time that the equipment

is available (Dunn 1997).
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Total Hours—Downtime Hours—Standby Hours

Utilization % = X 100% (2)

Total Hours—Downtime Hours

This basically means that in utilization calculations, the running time of the equipment is
compared to the time that the equipment is available for production. Both availability and
utilization results can also be reported in time units, such as hours. Often the simplest way
to track the time that equipment has been operating is by tracking the running time of the
equipment, but there are few reasons why it is beneficiary to track operating time with
more than one metric. Traditionally, it is thought that achieving high availability is the re-
sponsibility of maintenance and the achieving of high utilization is responsibility of pro-
duction (Dunn 1997). Dividing the operating time into availability and utilization empha-
sizes the idea that production is in this case a matter of maintenance, i.e. one cannot expect
better results from production than the maintenance allows. This kind of approach makes it
easier to locate problems in the operation, i.e. in this case to identify whether the problems
are at the maintenance’s or production’s end. For example, if equipment has high availabil-
ity but low utilization, it may indicate that there are issues with the process flow, such as
problems at the upstream of the process, or that the equipment is not being used to its full
potential. Vice versa, if equipment has high utilization but low availability, it may indicate
that the equipment is frequently breaking down or undergoing maintenance. Basically, the
reason for using both availability and utilization is, that even if both track operating time of
equipment, both track this little bit differently and offers little bit different insight, and thus

using both metrics, gives a more comprehensive view of the performance of an equipment.

Availability, utilization, and throughput are all good metrics for monitoring performance of
equipment from their own perspectives, but to get an even more comprehensive picture of
equipment performance, metric like Overall Equipment Effectiveness (OEE) can be used.
OEE could be compared to an accounting metric called return on assets, since it aims to
present how effectively an asset, an equipment, is being used (Dunn 1997). As the name
implies, OEE presents the effectiveness of an equipment, i.e. the degree to which the pro-
cess output conforms to the requirements, and it is used to improve equipment productivity
by identifying and measuring losses of important aspects of manufacturing (Muchiri &

Pintelon 2008). Traditionally OEE is calculated by using three aspects of manufacturing,
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namely availability, performance, and quality rate, and integrating them into one single

measurement (Muchiri & Pintelon 2008). Therefore, traditionally:
OEE = Availability rate (%) X Performance ef ficiency (%) X Quality rate (%) (3)
where:

Availabilivy rate — 00%ng Time (h) — Down time (h)
vatlaptlity rate = Loading Time (h)

Theoretical cycle time (h) X Actual output (units)

Performance ef ficiency = Operating time (h)

) Total production (units) — Defect amount (units)
Quality rate = - - x 100
Total production (units)

Unfortunately, this traditional way of calculating OEE is not so well suited to mineral pro-
cessing for a few reasons. For example, mineral processing is a continuous process where
the product of the process is often flowing through equipment as a process slurry instead of
precisely defined discrete entities. For this reason, it is harder to define output units for
specific equipment which makes calculating the performance efficiency with the traditional
formula less attractive. The same problem also hinders the measurement of quality rate.
This problem manifests itself especially when trying to find an efficient way for calculat-
ing defect amounts. For example, even though in the comminution phases of mineral pro-
cessing, there are operations such as screenings, which return some of the process output
back to processing based on the particle size, these screening are more a feature of the
crushing and grinding circuits rather than a direct sign of the poor quality. In addition to
this, there is no corresponding screening activities in concentration, so rejection rate in
screening cannot be used as uniform and comparable quality factor between these two key
areas. One option could be to use different quality factors in concentration, such as the
previously mentioned quality indicators, such as grade and levels of impurities, but using
them as quality factors for OEE is also challenging. Since there are so many quality indica-
tors, it is not desirable to try to form one unified quality factor from them. For these rea-
sons, it is probably better to use a slightly different calculation method from the traditional
definition of OEE, which nevertheless follows the fundamental ideas of OEE, but is more
suitable for mineral processing. Good example of this kind of OEE measurement is Dunn’s

(1997) interpretation:
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OEE = Availability (%) x Utilization (%) X Production Ef ficiency (%) (4)
where:

) . Total Hours — Downtime Hours
Availability = Total Howrs X 100%

. Total Hours — Downtime Hours — Standby Hours
Utilization = - X 100%
Total Hours — Downtime Hours

Actual Production
Total Hours—Downtime Hours—Standby Hours

Rated Capacity (Units per hr)

X 100 %

Production Ef ficiency =

This means that availability and utilization are calculated as presented earlier, and produc-
tion efficiency can be calculated by comparing the actual throughput flow of the machine,
for example in the form of tons per hour, to its specified capacity of throughput flow. The
benefits of tracking the performance of an equipment in this way are revealed especially in
situations where each individual performance indicator is at a fairly high level (Dunn
1997). For example, if the availability, utilization and production metrics of the equipment
are all at the 90% level, one can easily think that the performance of the equipment is at a
good level, but when the issue is examined through OEE, the overall result is only about
73%, i.e. more than a quarter of the equipment’s performance has been lost (Dunn 1997).
OEE is one more tool to improve the performance of the equipment, and thus to improve

the efficiency of the entire process and processing plant with the existing capacity.

The metrics presented so far have focused more on production, product, and equipment.
This is understandable when the purpose is to present metrics that utilize operational data
collected from the process to present the operational performance of the process from an
economic point of view. The metrics have focused more on the plant's ability to produce as
good results as possible, as efficiently as possible, which is of course important from an
economic point of view. However, when talking from a financial point of view, it is good
to not only look at the results, but also at the inputs, i.e. the cost side of the operations. The

factors typically contributing to the operating cost of mineral processing plant include:

e media and liner consumption in comminution

e reagent usage and cost
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e water consumption by type (fresh, reclaimed, recycled) and associated costs (acqui-
sition, pumping, pre-treatment, etc.)

e maintenance consumables and cost

e labor costs

e costs associated with transportation of supplies and products

o tailings and effluent treatment for disposal or discharge, as required

e gpare parts and maintenance supplies

e power and energy usage and costs (CIM 2022)

Data on the production process is available in many different units, but unfortunately less
often in currencies. For this reason, the focus of this thesis is not so much on cost meters,
which use currencies as units. Of course, costs can be monitored indirectly by tracking the
consumption that causes costs. For example, by tracking the consumption of some of fac-
tors listed above, i.e. tracking the use of important raw materials and other process con-
sumables by utilizing data of feed rates and such. Tracking the consumption enables de-
termining the variable costs of operating processing plant. The consumption of some re-
sources can also be a very significant cost item, as for example power consumption repre-
sents approximately 70% of the mining industry costs (Jdmsé-Jounela & Baiden 2023). In
addition to absolute consumption amounts, consumption should also be compared to the
amount of production, so that the results obtained at different times are comparable with

each other.

4.4 Environmental performance

In OECD’s (2011) sustainable manufacturing toolkit, environmental performance indica-
tors are divided into three categories, inputs, operations, and products (IOP). The idea be-
hind this IOP breakdown is that these are the categories where indicators, which monitor
operational environmental performance of the manufacturing operations, should be found
(OECD 2011). The indicators proposed by the toolkit are themselves mainly of a general
nature, as intended, so applying them directly to the mineral processing is not reasonable.
Nevertheless, the base idea of the IOP framework is well suited to the mineral processing
environment, with some modifications, of course. To evaluate the environmental perfor-

mance of mineral processing plant, with data that is gathered from the processes, it would
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be important to focus on inputs, operations, and outputs. This means that the focus should

be on tracking resource consumption, process activities, and process outputs that may have

significant environmental impacts. An IOP framework, which is prepared based on the

scope and findings of this work, is presented in Figure 6.

Inputs Operations Outputs ("Products”)
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Make-up Water Consumption Tailings Management

Figure 6. IOP for mineral processing

Tracking of energy use and power consumption is not only important from a cost perspec-
tive, but also from an environmental perspective. As mentioned earlier in Chapter 3.6 min-
eral processing is an energy-intensive industry that still relies heavily on fossil fuels. This
means that use of energy in mineral processing has high potential to have negative envi-
ronmental impact, such as in the form of greenhouse gases, and for this reason monitoring
the use of different forms of energy is important in evaluating environmental performance
of mineral processing plant. A large part of the energy is used in the form of electricity to
power process equipment. In the case of electricity consumption, environmental effects of
consumption are indirect, at least in theory, since the effects depend on the way that the
electricity is generated. Consequently, if the plant does not have its own power plant and is
dependent on the grid for electricity, there may not be absolute certainty of environmental
factors, such as the carbon footprint, of the electricity used. However, in this situation, the
responsibility should not be completely outsourced to the electricity producer, and it is
good to remember that it is probably better to consume less than more electricity. The SI-
unit for energy is joule, but especially for electrical energy it is often customary to use watt
hours (Wh) and its conversions such as kilowatt hours (kWh). The power of key mineral

processing equipment varies between kilowatts (kW) and megawatts (MW), so units used
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to track total electricity consumption depends on which kind of equipment are in the scope.
For example, if the scope is an entire grinding circuit, which includes high power equip-
ment such as mills, it is probably better to use megawatt hours (MWh) rather than kilowatt
hours (kWh). In addition to absolute consumption amounts, consumption should also be
compared to the amount of production, so that the results obtained at different times are
comparable with each other. This means that the energy consumption of the selected scope
should be compared to, for example, the corresponding throughput of same scope, so the

measurement unit used could be, for example, kilowatt hours per ton (kWh/t).

In addition to power generated by electricity, the other big energy need for mineral pro-
cessing process is often process heat (Farjana et al. 2019). Process heat is usually generated
locally by burning fossil fuels, such as natural gas or oil, in order to produce very high
temperatures for the needs of certain stages of the process, such as pellets induration pro-
cess (Farjana et al. 2019). Joules are probably not the right unit to use in tracking of the
consumption of fossil fuels either, at least at the operational level. Instead, it is probably
worth tracking the consumption in the unit in which PLCs communicate it and which can
be more clearly quantified. Thus, for example, natural gas consumption can be tracked in
cubic meters and oil consumption in liters and once again these amounts should be com-
pared to corresponding production. These amounts of locally consumed fossil fuels can be
then quite easily converted for more “environmentally focused” units, such as into CO-
equivalents, with right conversion factors, which can be then used in more comprehensive

and strategic reporting, such as corporate level responsibility reporting.

As presented before, water can also be a really challenging and problematic production
resource from the environmental point of view. The consumption of process water can in-
deed have major effects on the local environment, for example, both in terms of the quality
of water bodies and the sufficiency of fresh water. Mineral processing uses significant
amounts of water, but most of this water is recirculated. Therefore, from an environmental
point of view, it does not make sense to monitor only the amounts of water flowing
through the processes, but the focus should be on how much new water is added to the pro-

cess. Water is added to the process either in the form of completely new fresh water or
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make-up water, which is freshwater substitute recovered from alternative sources, such as
treated wastewater (Rankin, Kelebek, Di Feo & Taylor 2023). Even if make-up water is
not really freshwater, so it does not have the same environmental impact that freshwater
has, it takes resources to produce make-up water. This means that from the environmental
point of view, it would be important to track consumption of both fresh water and make-up
water in the process, and separately if possible. In addition to tracking the total amount of
water consumption, consumption should also be compared to the amount of production, so

that the results obtained at different times are comparable with each other.

Controlling water consumption is important for the environment, so monitoring the effec-
tiveness of water management operations of the mineral processing plant is also important
for the environment. In order to use as little fresh and make-up water as possible, the water
already used in the process must be able to be reused and recycled as often as possible. In
order to recycle the process water, the water used in the process must be collected as effec-
tively as possible. This makes effective water recovery one of the most significant tasks of
water management operations, which also makes water recovery rate significant environ-
mental metric. As presented earlier in Chapter 3.3 although it is common for many stages
of mineral processing to have some sort of process water recovery, it is important to focus
especially on the actual dewatering operations, such as thickening and filtration processes.
Some process waste, i.e. tailings, are also an important focus point for process water re-
covery. The recovery of process water could be measured in total amount, for example in
metric cubes (m?), but it would probably be better to use something like process water re-
covery rate. Recovery rate indicates how much of the used water has been recovered, for
example in percentages. Recovery rate can be challenging to calculate since only new wa-
ter, fresh and make-up, appear as “input water”. This means that, recovery rate cannot be
only stated as the ratio between the new input water that entered the process, and the water
recovered from it. Instead of input/output -ratio, the focus should be on how much water
there is in the process slurry going through the process. For example, in the case of filtra-
tion, the process water recovery rate metric could be implemented by knowing the amount
of process slurry entering into filtration and the water content of it. With that information,

it would be easy to calculate how much water has entered filtration among process slurry.
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That amount of water can then again be compared to the amount of water recovered during

filtration, thus providing a process water recovery rate.

The management of waste from production processes is also significant for environmental
performance. In the case of mineral processing, this often means management of tailings in
particular, as it was previously presented in Chapter 3.6 Tailings management is an im-
portant function in mineral processing plant's operations (Lupo & Scharnhorst 2019). It
includes many significant activities, from designing and operating of tailings storage facili-
ties (TSF), to final disposal of tailings (Lupo & Scharnhorst 2019). In terms of operation of
TSF, it is important to track how much tailings is in TSF, rate that tailings are delivered to
TSF, and quality of the incoming tailings, for example, ratio of water to solids in tailings,
in order to be sure that the capacity determined by the facilities is not exceeded (Lupo &
Scharnhorst 2019). Tailings management is an important function, but too big to fit entire-
ly to the scope of this thesis, especially because most of tailings management take place in
TSF, which is part of mineral processing plant, but not that much actual part of mineral
processing process. For this reason, this work does not aim to present metrics for tailings
management, but rather tailings management metric that could be utilized in processing

side to track environmental performance of processing process.

Tailings delivery rate is this kind of metric. Tailings delivery rate presents the rate at which
tailings are delivered to the TSF, so basically the rate that processing process is producing
tailings (Lupo & Scharnhorst 2019). Tailings delivery rate is one the operating criteria of
TSF, and it is used to define the rate that TSF is able to receive tailings safely and sustain-
ably (Lupo & Scharnhorst 2019). Processing side often includes functions that prepares
tailings for TSF, such as thickening and filtration of tailings, which also aims to recovery
process consumables, such as process water, from tailings before tailings are delivers to
TSF (Lupo & Scharnhorst 2019). These kinds of tailings preparation operations could be
utilized to track the production rate of TSF-ready tailings, i.e. the tailings delivery rate.
This production rate could be compared to the production of the actual product to get com-
parable values of the tailings production. The most important thing would be to compare

this value with the capacity determined in the TSF, i.e. to the defined tailings delivery rate,
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in order to be sure that the capacity of the TSF is not exceeded and thus the safety of the

TSF is not compromised.
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5 Case: Reporting module for integrated iron ore beneficiation

and pelletizing plant

The purpose of this chapter is to introduce the reporting module that was designed and put
together as part of this thesis. The focus of the chapter is on the content of the module,
such as reports and dashboards, as they are most influenced by the research done in the
thesis. In addition to this, this chapter also presents background information for the mod-
ule, such as what kind of process and other circumstances the module is going to be oper-

ated in, as well as technical solutions that the module is built on.

5.1 Background of the module

The module is called “Financial Reporting Module”, and it is part of wider IMS reporting
system for integrated iron ore beneficiation and pelletizing plant. The whole IMS reporting
system is delivered as a part of plant’s production equipment and process control delivery.
The reporting module is intended to be used by the plant’s operators and middle manage-
ment, such as shift managers, to monitor plant’s production performance on day-to-day
level with couple of simple KPIs. The reporting module is part of plant’s operational re-
porting, and it utilizes data gathered from production processes. The module is intended to
be easy to use and simple enough so that users can easily and quickly use it in decision-
making situations, but at the same time comprehensive enough so that users can also use it
when reporting to senior management about the plant performance. The metrics used in the
module are selected on the basis of the findings of this thesis and expert interviews. There
were also some restrictions, such as technical and contractual, that had to be considered

when designing and implementing the module.

The plant is located in Northern Africa, and it is operated by a big global mining company.
Plant is so called off-site processing plant which means that it is not located near the min-

ing operations that provides the raw materials for processing. In fact, the plant is designed
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to use iron ore sinters from two different mining operations, one located in North America
and the other in West Africa. The plant’s production phases can be roughly divided into the
beneficiation stage, where iron ore sinters are processed into concentrate, and the pelletiz-
ing stage, where iron ore pellets are processed from said concentrate. The plant is designed
to produce 5 Mt of burned pellets per year, using 60% West African and 40% North Amer-

ican ore.

The beneficiation operations comprise two production lines. One processing line dedicated
to process sinter fines provided by the West African mine, from now on called WA line,
and another dedicated processing line, from now on called NA line, to process sinter fines
provided by the North American mine. The two separate beneficiation lines are needed due
to differences in ore properties between the two mines. The main iron bearing mineral
phases of the West African sinter fines is magnetite and for the North American sinter
fines it is magnetite and hematite ore. The differences in ore properties means that each ore
type needs a different amount of processing to achieve the desired level of recovery. A

simplified presentation of the plant's beneficiation operations is shown in Figure 7.
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Figure 7. A simplified presentation of the plant's beneficiation process
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As seen in Figure 7, NA line has more operations, but otherwise lines are pretty much
same. Both lines start with primary grinding where sinter fines and process water are added
to the wet ball mill grinding circuits to liberate the mineral phases for efficient separation
in the downstream process and to grind the ore to the right particle size. After ball mills the
ore slurry is classified in hydro cyclones from where the cyclones’ overflows are sent to
the concentration. Cyclones’ underflow, on the other hand, is sent back to the start of
grinding circuit. The main differences between NA and WA lines are in the concentration
part of the beneficiation. The main iron bearing mineral phase of the WA line ore is mag-
netite, which exhibits strong magnetism, so it is treated with only one type of magnetic
separation, wet low intensity magnetic separation (WLIMS), which separates the magnetic
particles from less magnetic. In the WA line, the magnetic output of WLIMS is sent to
concentrate thickeners, whereas the less magnetic output, tailings, are sent to the common
tailings thickeners. The main iron bearing mineral phases of the NA line ore are magnetite
and hematite, ratio approximately 44:56, and since hematite is not as magnetic as magnet-
ite it cannot be separated with WLIMS. For this reason, the process slurry of the NA line
goes first trough WLIMS, which captures the magnetite ore, which is then sent to thicken-
ing. Less magnetic output is sent to the second stage of magnetic separation, wet high gra-
dient magnetic separation (WHGMS). WHGMS is a two-stage process, which includes
rougher and scavenger phases. The combination of these enables even the less magnetic
hematite to be collected, using stronger magnetism. The tailings from WHGMS are sent to
the common tailings thickeners, and the concentrate is sent to concentrate thickeners. WA
lines and NA lines concentrates are thickened separately in their own concentrate thicken-
ers to increase a solids content of 65 to 70 weight- %. All tailings are pumped to the com-

mon tailings thickeners and are thickened to a solids content of minimum 60 weight-%.

After thickening, slurry is sent to filtration. The filtration is conducted using membrane
filter presses. Full filtration cycle includes following operations, filling, filtration, pressing,
air drying, core flushing, core blowing, and filter cake discharge. The target filter cake
moisture for concentrates is < 8 weight-% and for tailings < 15 weight-%. After filtration,
concentrate filter cakes are sent to common high pressure grinding rolls (HPGR) and the
tailings filter cakes are sent to the tailings storage facility (TSF). To reach the particle size

and specific surface, i.e. blaine, required for pelletizing, the concentrate has to undergo
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secondary grinding which is conducted by HPGR. The size reduction of the ore takes place
in a material bed between the rotation rolls of the HPGR. Due to the high pressure applied
on the material bed the particles are compacted and crushed against each other. After
comminution the ground concentrate is sent to the pelletizing. A simplified presentation of

the plant's pelletizing operations is shown in Figure 8.
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Figure 8. A simplified presentation of the plant's pelletizing process

The plant’s pelletizing process can be roughly divided into three “blocks”, dosing and mix-
ing, green pelletizing, and indurating and screening. These can be then further divided into
more activities and operations, as seen in the Figure 8. These blocks represent the “three
major processes of pelletizing”, mixing, balling, and indurating, mentioned in Chapter 3.3
When the ground concentrate arrives from the beneficiation process, it first ends up in
ground ore bin, where it is temporarily stored before it is dosed together with additives into
the mixer. The purpose of the mixing section is the intensive mixing of iron ore concen-
trate and the additives. The main additives used are limestone, to control the basicity; ben-
tonite, to improve the strength of the pellets; and anthracite, to better indurating perfor-
mance. Also, water addition is required for the final adjustment of the moisture content.
Additives are prepared, dosed, and distributed from the additive handling. From mixers the

concentrate is sent to pelletizing.
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The first stage of pelletizing is mixed material bins from where mixed concentrate is fed to
pelletizing discs. Mixed concentrate is fed to rotating discs on which the green pellets are
formed from the mixed concentrate by agglomerating, i.e. the rotation of the discs causes
the concentrate particles to stick to each other and slowly form round pellets of different
diameters. During the rolling movement a certain sorting of this agglomerated mix occurs
with the largest balls gathering on the surface of the ore charge, and the fines with the
highest frictional resistance accumulating towards the bottom layer. The actual classifica-
tion of green pellets happens on single deck roller screens (SDRS). On the SDRS pellets
pass over the rollers, the spacing of which varies so that pellets of different sizes fall be-
tween the rollers at different stages. After pelletizing disks, green pellets are sent towards
indurating machine, but before that, green pellets are sent through SDRS. Right after
pelletizing disks, are the first set of SDRS where under- and oversize green pellets are

trimmed out and sent back to start of the pelletizing.

The second set of SDRS are right before the indurating machine. The main purpose of
these SDRS is to achieve an even layer of green pellets over the entire pallet that is head-
ing to the indurating machine, but also to screen out off-sized green pellets. The on-size
green pellets will be heat treated and indurated in the indurating machine. The complete
pellet induration process takes place in multiple stages where pellets are first hardened by
heating them up to 1200 degrees, after which the pellets are cooled to about 35 degrees.
Natural gas burners are used for heating. In the indurating process, exhaust gases are gen-
erated which are directed to the electrostatic precipitator (ESP) where they are cleaned.
The dust generated during indurating is also directed to the ESP, from where it is led back
to the process for reuse. After indurating machine, undersize fired pellets, < 6.3 mm, are
screened out in product screen, and sent to the pellet fines regrinding mill. Before storage
and transport, pellets are coated to prevent them from disintegrating during the journey and
to reduce the amount of dust generated during transportation. A mixture of bentonite and

limestone slurry is used as coating material.



70

5.2 Content of the module

Even though the name of the module is “financial reporting module”, the module uses data
that is collected from the production process almost exclusively, so the module is produc-
tion oriented. The name was set by the customer and the term “financial” refers more to the
“theme” of the module, i.e. the content of the module is intended to highlight aspects of
production that can be easily linked to monetary performance of the production process.
Another theme affecting the content of the module is the principles of operational report-
ing, which the module aims to utilize. This means that the module focuses on clarity, easy
to understand metrics, and graphic expression, such as graphs and figures. From the user's
point of view, the module contains four “basic elements”. These elements are index of the
module, shown in the Figure 9, manual inputs sheets, example of shown in Figure 10, re-

ports, and dashboards.
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Figure 9. Index of the module.

The index of the module, shown in Figure 9, works as the front or main page of the mod-
ule. It allows the user to navigate to the different functionalities of the module. The content
of the module is listed in the index, and by clicking on the names and icons, the user is
directed to the desired function. For example, if the user wants to view the production re-
port of beneficiation operations, they can press the "beneficiation production" text, which
opens the production report. When user opens the report, it is run with default parameters

to create “default view”, but in in addition to these “default views”, also other “preset
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views” are available for reports straight from the index. For example, if the user wants to
view the same production report, but with the "month-to-day" principle, he can directly

press the "monthly view" icon.
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Figure 10. Example of manual input sheet

Manual input sheets, example of shown in Figure 10, are the primary way users are able to
manually input data to the reports. Even though almost all of the data used in module is
gathered straight from the process via process PLCs, some data, such as some lab sample
values and production targets and other reference values, need to be inputted manually to
the IMS. For example, in the case of this example, WA lines production targets are filled
into the IMS via manual input sheet. Input sheets are also used to change and delete values
that have already been filled in, as the input sheet also shows all values that have been

filled using the chosen input sheet in the set time interval.

Even though the index and manual input sheets are a big part of the module’s user experi-
ence, and provide needed functionalities for the module, the informational value of the
module comes from the reports and dashboards. Reports and dashboards are used to pre-
sent the information in a way that users can utilize that in monitoring and decision-making.
The module contains six reports and three dashboards. Both reports and dashboards utilize
the data gathered from process but quite differently. The reports are meant to function as a
kind of operational intelligence tool, which utilizes data historian functionalities of the
IMS. Reports allow users to easily view, search, and present data related to a specific func-
tion of the process, and also make their own reports according to the possibilities created
by the “frames” of the reports. The purpose of the reports is to serve more as a standard-
ized basis or reporting frames for presenting certain KPIs. This means that users can influ-
ence the reports by changing the report parameters. The dashboards, on the other hand, are

for presenting the live performance of the desired process KPIs. This means that where
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reports rely more on the data historian functionalities of the IMS, the dashboards utilize
more live data processing functionalities of the IMS. There are also less functionalities in
dashboards than in reports, but dashboards are more suited for monitoring live perfor-

mance than reports.

5.2.1 Reports

There are six reports in this module. These reports deal with three themes, which can be
used to monitor the economic performance of the process. From these three themes, there
is one report per plant's main processing operation, i.e. beneficiation and pelletizing, and

thus there are six reports in total. These three themes are:

e Production amounts
e Production quality

e Key equipment operability and availability

These themes were derived at on the basis of this thesis, expert interviews, and the limita-
tions, technical and contractual, set by the IMS delivery. The reports are intended to pre-
sent these themes through selected KPIs. The used KPIs have also been selected based on
the findings of this thesis and expert interviews, which enable the application of the find-

ings to this particular case example.

Start Time 12/7/2023 i End Time 12/12/2023 i) View Report
Interval Day v Use factory day @ True O False

Production line | Total, Line NA, Line WA |~

Figure 11. Example of parameters and functions of the reports

Each report has its own parameters, by changing them, users can change the view of the
report. The example set of parameters is shown in Figure 11. Even though each report has
its own set of parameters, there are many “common parameters” which are used in multiple
reports, and which function the same way in every report. For example, changing the time
frame of a report is a function that is available in every report. The time frame is changed

by changing the start time parameter, which determines the start point of data query, and
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the end time parameter, which determines the end point of data query. Another “common
parameter” is the interval parameter, which determines the aggregation of the data. Com-
mon interval options are hour, shift, day, week, and month. For example, if a user wants to
present last week’s production in the report, they can affect the grouping and aggregation
of the production data by changing the interval parameter. The day interval presents seven
data rows, one for each day of the week, but the hour interval creates 168 rows, one for
each hour of the week. “Use Factory Day” parameter is also used in all the reports. This
parameter simply sets the start of the day from start of the calendar day, i.e. 12 AM, to the
start of the first shift of the day, for example 6 AM. This is used to better present the actual
circadian rhythm of the plant. In addition to common parameters there are often some re-
port specific parameters. These parameters may affect, for example, the number of meas-
urement points presented in the report. For example, the beneficiation process is divided
into two lines, so by using report specific parameters, the user can choose only one of the
lines to be presented in the report. Although each report is its own, the reports follow a
very similar format to form a coherent whole. In Figure 12 “Concentrate production re-
port” is presented as an example. This report brings out the basic parts of the reports well,
i.e. the reports present operations with graphs, in addition to which the reports have a data
table that breaks down the data presented in the graph. In data tables each metric has its

own column, and every row presents a wanted time interval.
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Figure 12. Concentrate Production report
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The concentrate production report serves as “production amounts” report of beneficiation
operations. Based on the interviews and the purpose of the module, it was concluded that
the report should monitor the production of iron ore concentrate and compare it to the set
target values, as iron ore concentrate is the single most significant output of the beneficia-
tion operations from an economic point of view. In addition, it was stated that in order to
achieve a better overall picture, it would be good to be able to monitor not only the total
production, but also the production of the two main lines, WA and NA, separately. Based
on the interviews, the points where production can be measured were also determined. It
was determined that the best measurement points for WA and NA lines would be lines’
filters throughput rates to the HPGR. Filters’ throughput rates can be acquired from filters’
PLCs. Correspondingly, the best measurement point for total production is the throughput
rate from HPGR to pelletizing, which can be acquired from HPGR’s PLC. These meas-
urement points were chosen because they were seen to represent the end point of a given
production, i.e. from the point of concentrate flow, filters are the last part of both WA and
NA lines and HPGR is the last part of the whole beneficiation operations. These through-
put rates are the main data source of this report. This means that they are the only produc-
tion values that this report utilizes, and all of the values presented in the report are either
calculated based on those throughput rates or acquired other ways. The throughput rate was
chosen as a base measure of production precisely because it can be easily utilized in sim-
ple, yet informative, production amount and rate related meters and plant has good tech-
nical capabilities to measure it reliably. “Production rate” columns present the average
throughput rate over a specified time period in tons per hour. The “production” columns,
on the other hand, represent the cumulative amount of production in the same period in
tons. Both “production rate” and “production” values are calculated by the IMS based on
throughput rate data from process. “Production targets” are manual inputs which are ac-
quired via manual input sheets. The “difference” columns present the difference between

actual production and the target, which is automatically calculated by the IMS.
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Figure 13. Pellet Production report

The pellet production report, presented in the Figure 13, serves as “production amount”
report of the pelletizing operations. This report follows mostly the same guidelines and
logic as a concentrated production report, with the difference that this report is made to
serve the needs of the pelletizing operations. This means that this report follows production
operations of pelletizing and has different measurement points than concentrate produc-
tion. Based on the interviews, it was determined that the scope of the report should be on
production of iron ore pellets, since those are the main product of the pelletizing opera-
tions. Unlike beneficiation, pelletizing consists of only one production line and thus it was
decided that one measurement point would be sufficient for the needs of this report. Based
on the interviews it was determined that the measurement point would be the throughput
rate from fire pellets screening to pellets coating station. This was seen as the best option
because there is a technically easy and reliable way to acquire throughput information from
PLC of fire pellets screens, and also the amount of pellets does not change after the
screens. The values presented in the report follow the same logic and guidelines as in the
case of concentrate production report. This means that “production rate” and “production”
columns are calculated by the IMS based on throughput rate values from the production,
production targets are manual inputs which are acquired via manual input sheets, and “dif-
ference” column presents the difference between actual production and the target, which is

automatically calculated by the IMS.
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The beneficiation product quality report, presented in Appendix 2, serves as “production
quality” report of beneficiation operations. Production quality is not as self-evident a con-
cept as production amount since it can be used to describe, among other things, the certain
performance related dimensions, but at the same time it can be used to describe the quality
of the production product. Based on the interviews, it was concluded that in this case the
quality of the production should describe the quality of the product itself, i.e. in the case of
beneficiation, the quality of the iron ore concentrates, because it is the main product of the
beneficiation operations. This decision was made because it was thought that the perfor-
mance dimensions should be covered with other reports. Based on the interviews, it was
once again concluded that it would be good to present the quality of the end product of
both main lines, from now called “line product”, in addition to the product going to
pelletizing, from now on called “final product”. It was determined that the quality of the
product should be examined with six quality parameters. Four of these would be “common
quality parameters” that would be used for both line products and the final product, and
two would be used only for final product since it would not be possible or necessary to use
these two for line products. It was decided that the four common quality parameters would
be iron (Fe), silica (Si0z), alumina (Al>2O3), and moisture content of the iron ore concen-
trates. These quality parameters were selected because they often affect the value of iron
ore products, as has already been mentioned earlier in this work. Although the plan is not
to sell the concentrate itself, the chemical properties of the concentrate affect the composi-
tion of the pellets made from it, which are intended to be sold. Values for these quality
parameters are not obtained via PLCs, but instead via concentrate samples, which are gath-
ered from different stages of process, and then analyzed in the on-site laboratory. These
laboratory results are recorded to the laboratory information management system (LIMS)
which is part of the IMS. In the case of line products, the samples are gathered from filters,
and for the final product the samples are gathered from HPGR. The last two quality param-
eters are exclusive for the final product. These two quality parameters are particle-size dis-
tribution (PSD) and blaine, which is a property of the surface of the product. These two
have an effect on how good pellets can be produced from the concentrate and therefore
affect the quality of the pellets, for example to the strength of pellets. Blaine is determined
like common quality parameters, by laboratory analysis, and its samples are collected from

HPGR. PSD is also measured from HPGR, but unlike for other quality parameters, there is
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PLC data available, because there is an online analyzer that measures PSD. PSD results are
practically obtained as a continuous data flow, while other results are measured approxi-
mately once per shift. The values presented in the report are average of analysis results
over the selected interval. Since most of the results used in the quality reports are more like
discrete measurement events than a continuous dataflow, for quality reports there is also
special user selectable interval called “RAW?”. This “RAW” interval enables user to view
all of the laboratory analysis results. This interval is called “RAW” because it presents the
results without any calculations performed by the IMS i.e. results are not aggregated to the

interval groups.
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Figure 14. Pelletizing Product Quality report
The pelletizing product quality report, presented in Figure 14, serves as “production quali-
ty” report of the pelletizing operations. Based on the interviews, it was determined that it
would be worthwhile to follow the same principles as for the beneficiation operations, i.e.
the quality report focuses on the quality of the produced main product. For pelletizing this
main product is of course the pellets. In the interviews, it was pointed out that quality pa-
rameters already reported in beneficiation quality report, such as iron content and the
amounts of the most important impurities, are also important quality characteristics in
terms of pellets, but they really cannot be influenced much in pelletizing. Therefore, in the
pelletizing quality report, it was decided to focus on those quality characteristics that are

specific to pellets and that can be controlled by the pelletizing process. Cold compression
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strength (CCS), abrasion index, and tumbler index were chosen as such quality characteris-
tics. All of these are measures of hardness and strength of pellets. CCS refers to the com-
pressive load that fired pellets can withstand before breaking. Abrasion index is a measure
of the resistance of iron ore pellets to degradation by abrasion, and tumbler index is a
measure of the resistance of iron ore pellets to breakage. Also, size and moisture of pellets
were talked about in the interviews, but it was stated that there were so effective methods
to manage them, screening to manage off-size pellets and indurating machine to manage
moisture, that there would not really be point for using those measures. The variation in
size and moisture is expected to be very small, at most. Selected quality parameters are
measured in laboratory analyzes, in which fully finished pellets are used as samples. In the
case of pelletizing product quality report, recording the results and presenting them in the
report takes place according to the same principles as in the case of beneficiation product
quality report. This means that the "RAW" interval is also available. In the interviews, it
was also brought up that in addition to the fact that the quality of the product affects its
marketability, monitoring the quality parameters also gives the plant’s operators some ad-
ditional insight about the performance of the process. The quality parameters have refer-
ence values that should be able to be reached by the normal operation of the processes, but
at the same time the operators try to run the process at the highest possible capacity. When
trying to find the right capacity, a negative deviation of the quality indicators from the ref-

erence values indicates that the process is being used incorrectly and something is wrong.

The beneficiation operability and availability report, presented in Appendix 3, serves as
“key equipment operability and availability” report of beneficiation operations. In the case
of this report, the first step in configuring the content of the report was to determine which
equipment are key equipment. Some sort of operability and availability data were available
in a different form from many different equipment, but in the interviews, it was stated that
reporting of the operability and availability of all equipment would not be in line with the
purpose of the module. This being the case, it was decided to choose equipment that reflect
the different operations of the beneficiation processes well. Both lines’, NA’s and WA’s,
ball mills were chosen to represent comminution and filters to represent concentration. In
addition to these, HPGR was chosen to represent feed to the pelletizing and tailings filter to

represent the part of the tailings operations that is linked to beneficiation. The equipment in
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question have been chosen so that they describe the status of the operating area in question
as well as possible. For example, if the ball mill on the WA line does not rotate, there is
practically no comminution taking place in the WA line. The second step of configuring
this report was to decide how the “operability and availability” should be reported. Based
on the interviews, availability and utilization were chosen as measurements used in the
report. Availability is intended to represent the time when the device is ready for produc-
tion, i.e. not stopped, and utilization is intended to represent the time when the device is
actually in use. Based on the interviews, it was concluded that these values could be calcu-
lated by utilizing the status data obtained from PLCs of the equipment. This status data
tells which operating mode equipment is in. These meters were also chosen because they
were easily applicable to all the selected equipment, even though the PLC status messages
of each equipment differed from other. However, the PLC status messages of all the select-
ed equipment could be roughly divided into three categories, stopped, ready, and running.
These three categories could be used to determine the values for availability and utiliza-
tion. It was determined that equipment is available if its status message belongs to the cat-
egories running or ready, i.e. when the equipment is in production use or ready for it. Utili-
zation, on the other hand, only corresponds to the time when the equipment's status mes-
sage is in the "running" category. Roughly presented, the calculation formulas used for

availability and utilization are:

Time in "Ready” +Time in "Running”

Availability % = X 100% (5)

Total time

Time in "Running"

Utilization % = x 100% (6)

Time in "Ready” +Time in "Running”

Availability and utilization are reported in percentages, but in addition to this, availability
is also reported in hours. In addition to realized values of availability and utilization, target
value for availability is also presented in the report. This value is manual input which is
obtained via manual input sheets. One could think that the target of availability should al-
ways be 100%, but target values are reported so that, for example, pre-planned downtimes
are more noticeable in the report. In the interviews, it was also brought up that the report-
ing of availability and utilization is important, because by monitoring them, it is possible to

examine how efficiently and economically the equipment is used.
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Figure 15. Pelletizing operability and availability report

The pelletizing operability and availability report, presented in Figure 15, serves as “key
equipment operability and availability” report for the pelletizing operations. Based on the
interviews, it was concluded that this report should probably follow the principles and log-
ic of corresponding beneficiation report also, i.e. the beneficiation operability and availa-
bility report. Of course, some things need to be changed to make this report fit the needs of
pelletizing. The biggest and most significant thing was to choose the right key equipment
for pelletizing report. Determining this key equipment was, however, considerably easier
for pelletizing than for beneficiation, because in the interviews it became clear that the
heart of the pelletizing process is the indurating machine, i.e. if it is not running, then there
really is not any pelletizing happening. In the interviews, it was discussed that there are, for
example, several pelletizing discs that generate green pellets simultaneously and one of
them is often stopped due to maintenance or some another reason, but this does not stop
the whole production. But if the indurating machine is stopped, fired pellets are not pro-
duced, and the whole pelletizing process will most likely be in a stand still. Availability
and utilization are also used in this report to report the “operability and availability” of
indurating machine. The data for availability and utilization are obtained and calculated
similarly as in the case beneficiation equipment, i.e. indurating machine’s status is moni-
tored from the equipment’s PLC and this status is used to determine if the machine is either

stopped, ready, or running. This information is then used to calculate availability and utili-
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zation percentages. Availability target is also used in this report and it also manual input
that is obtained via manual input sheets, and it used for the same reason as in the case of

beneficiation equipment.

5.2.2 Dashboards

As mentioned before, reports enable users to view trends and create reports using the data
historian capabilities of the IMS. However, the reports are not that capable for monitoring
live data, because the reports are not updated automatically, but must always be "run" sep-
arately to perform data query. For this reason, the module also includes dashboards that
utilize the IMS's ability to collect, process, and present live data. Reports are good for
summarizing process data, for example in aggregating data into intervals, but dashboards
can be used to present "raw" live data, i.e. process data that practically comes directly from
the PLCs located in the process. Dashboards are meant to complement the module by ena-
bling users to view the metrics presented in the reports, but in live time. It could be said
that dashboards have been developed more for monitoring than for reporting. The dash-
boards have been developed with AVEVA PI Vision, which offers the user, among other
things, the possibility to also browse time data and filter data using the dashboards. How-
ever, one of the designing principles in the dashboards’ design has been that the users

would not have to interact with the dashboards that much.

There are three dashboards in the module, two for beneficiation and one for pelletizing,
and they deal with the same themes and metrics as the reports. Dashboards have been de-
veloped so that the user can find out what is happening at the moment and what has the
trend been like recently, even with a quick glance. In practice this means that a lot of clear
trend graphs and simple icons have been utilized in the dashboards. In addition, the design
of the dashboards has aimed to ensure that the layout of the dashboards works in such a
way that the right information can be found quickly with a few glances. In practice this
means that dashboards are designed to fully fit on one screen, and clear colors and fonts

are used in the design.
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The dashboard that presents “production amount” and “key equipment availability and
operability” aspects of the beneficiation operations is shown in Appendix 4. As mentioned
above, it was determined in the interviews that it would be good if dashboard could use
similar metrics as the reports, but, if necessary, the meters could be applied so that they are
more suitable for presenting live data. Production amounts are presented via gauge icons
and trend graphs. Gauge icons show the current throughput rate values, and the graphs pre-
sent the recent trend of said throughput rates. Dashboard’s production meters utilize the
same measurement points as the “concentrate production” report. This dashboard is also
accommodated with “key equipment availability and operability” meters of beneficiation
so it also utilizes measurement points of the “beneficiation operability and availability”
report. Key equipment availability and operability was measured in the report side with
availability and utilization. Unfortunately, these metrics do not lend themselves terribly
well to the presentation of live data since they describe values in a certain time interval.
Because of this, changes had to be made to the presentation of availability and operability
aspects. Based on the interviews, it was determined that the dashboard should present the
current mode status of the equipment and a trend about how the status has been lately,
since this is the kind of information that the operator could utilize to check how the benefi-
ciation operations are, and has been, running. For this reason, there is an icon and trend for
every key equipment, in the dashboard. Icon shows the current mode status of the equip-

ment, and a trend follows a change in said status.

There are two dashboards for beneficiation operations because everything did not fit into
one dashboard. So, to follow the design criteria of the dashboards, metrics were divided
into two dashboards to avoid one too big or too cramped dashboard. The second beneficia-
tion dashboard of the module is presented in Appendix 5. This dashboard aims to present
“product quality" perspective, and it is based on the "beneficiation product quality" report.
This dashboard utilizes the same measurement points as the said report. Also, some visual
design aspects of the report, such as the color coding of the trends and layout of the graphs,
have been adapted to the dashboard. Almost all of the reported values, all except particle
size distribution, are acquired via laboratory analysis, which does not provide the same
practically uninterrupted data flow of measurement results as the values obtained from the

PLC. To emphasize this “discrete and fragmentary” nature of the laboratory results, the
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trend of the values obtained by the laboratory analyzes is presented in the graphs as a

stepped trend.

In the case of pelletizing, there are fewer meters than in the case of the beneficiation, so in
pelletizing, all the reporting can be fitted into one dashboard. This dashboard is presented
in Appendix 6. The pelletizing dashboard is based on the pelletizing reports, i.e. it uses the
same measurement points as the pelletizing reports and also mostly the same metrics. To
represent “production amounts” the same throughput rate measurement is utilized than in
the “pellet production” report. The live value of the throughput rate is presented with pro-
duction rate gauge icon and the recent trend of said throughput rate is shown on graph. To
present the quality aspects of pellets, the same laboratory analyses are used as in the
"pelletizing product quality" report, i.e. cold compression strength, tumbler index, and
abrasion index, which are presented as stepped trends in their own graphs. As already stat-
ed in the case of the first beneficiation dashboard, the availability and utilization meters
used in the “pelletizing operability and availability” are not really suitable for the module’s
dashboards. For the same reason, in this dashboard the “key equipment availability and
operability” perspective is presented by the indurating machine's mode status and its

change as a trend in a graph.

5.3  Technical implementation of the module

The aim of this chapter is to present some of the solutions that enable this reporting sys-
tem. The purpose of the chapter is also to present those parts of the information technology
infrastructure of this IMS that are relevant for the scope of this work. However, this means
that this chapter does not serve as a fully accurate description of the entire IMS system,
because the financial reporting module is only a part of the entire IMS delivery, in which
case, a part of the IMS system naturally remains outside the scope of this work. However,
it is worth mentioning that other modules of this IMS also use some of the solutions de-

scribed in the chapter.
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Figure 16. Basic components of the reporting system

Basic components of the reporting system are presented in the Figure 16. The starting point
of the reporting system is the collection of the data which happens in the data sources. The
main data sources are PLCs that collect process data, such as flow rates, and the results of
laboratory analyses, such as iron content of the concentrate. Process PLCs are not directly
linked to the IMS, instead IMS 1is reading process data from data servers of the process
control system (PCS). PCS is used to manage the whole manufacturing process and PCS
data servers are used to manage all of the process data. Modern process control strives
from data, so vast amounts of data is often collected from modern production processes.
This data is used in process management, and in this case, most of this data is irrelevant for
reporting, so only the data needed for the needs of reports and dashboards is sent to the
IMS. PCS operates in a separate manufacturing network for security reasons. The manu-
facturing network is protected, among other things, by firewalls, and the IMS only has read
rights to the data servers, i.e. the interface between the manufacturing network and the IMS
is unidirectional interface and the data only moves from the data servers to the IMS. The
laboratory also operates in its own laboratory network. The laboratory data is collected for
reporting needs with laboratory information management system (LIMS), which is its own

separate IMS module.
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The middle point of the reporting system is the IMS, which function is to store and en-
hance data. The term “IMS” can be used to describe really big information management
solutions, such as the whole organization’s information management system, but also
smaller ones. In the case of this delivery, it is used to describe an information management
solution that is used mainly for the purposes of reporting. The purpose of this IMS is to
process and manage process-related data and produce reportable information for end users.
This IMS is run on its own servers that are in IMS network. The IMS consists of different
reporting modules. There are process modules that focus on reporting about process and
machines, LIMS module that focus on laboratory information, and the main focus of this
work, the financial reporting module. These modules have different focus points and func-
tions, but they largely utilize the same reporting solutions. The backbone of the IMS is
AVEVA PI System data management solutions, especially AVEVA PI Vision and
AVEVA PI Server's data archive (DA) and asset framework (AF) features. In addition to
AVEVA PI System, the IMS utilizes many other solutions, for example, Microsoft's SQL
Server and SQL Server Reporting Services (SSRS) play crucial roles. The roles and func-
tions of different solutions in the IMS are best understood when looking at how data flows
into IMS and becomes reportable information for end users. A conceptual model of this is

shown in Figure 17 below.
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Figure 17. The conceptual model of the formation of reports and dashboards

As mentioned earlier, only a fraction of data recorded from the process is used in IMS and
only relevant data crosses the interfaces between data sources and IMS. In this context, this
data can be called PI data, because its management is conducted mostly with PI solutions
in the IMS. In data sources, such as on PCS data servers, the data is organized and separat-
ed with tags that tell about the source and nature of the data. In practice this means that

each measurement of each device has its own tag, so a tag can be seen as an address and
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identification information of data. To ensure that only relevant data ends up in the IMS,
data is sent to the IMS only from relevant tags. Figuratively speaking, once the PI data
arrives at the IMS its first destination is PI Data Archive (DA). The role of the DA is to
archive data, as the name implies. DA also utilizes tag-based structure in archiving, but
instead of tags, data is stored and managed in PI points. PI points indicate the location of
the data in the DA, and in practice PI points are really similar to tags, so they are also often
called PI tags. The difference between data source’s tag and PI points is basically that PI
point is the tag that PI solutions uses. Also, multiple data source tags can contribute to one
PI point if needed, but usually one PI point corresponds to one data source tag. Often these
PI points even have the same, or at least really similar, name than the name of the tag in a
data source. In addition to data source-based tags, often called raw tags, there are also so-
called internal PI points that are PI systems own tags. These internal PI points are used to
store data that is produced in the PI system. In DA, the PI data is thus organized according
to PI points, but a clearer organization of PI data is done with the help of the PI Asset
Framework (AF).

AF is used to organize PI data into hierarchies and data structures. AF is also useful in
identifying the components or elements that make up a process and in specifying relation-
ships between these objects. In practice, this is done by building data model of production
where there is an “asset” for each equipment or production area, or some other important
production entity or object. This asset is then placed in its place in the model according to
designed hierarchy. This is useful because, for example, there are several similar produc-
tion assets that are located in different places in the process. For example, there are multi-
ply pumps all around the process. To better organize PI data, an asset for a pump can be
created, which is then placed under the asset of bigger equipment this pump is linked to,
which is then placed under of asset that represents specific production line and so on. This
pump can also have multiple measurements, i.e. process tags, related to it, for example
flow, power consumption, pressure etc. All of these measurements can be linked to that
pump by creating “attributes” for that pump which are linked to those PI points that are
used to manage data of those measurements. AF is not only for organizing data, but AF
also have features that are used to transform and enhance data. For example, a feature

called “Asset Analytics” plays a key role in the financial reporting module. Asset analytics
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can be used to perform simple or complex calculations, which can be used to perform vari-
ous useful analyzes on the raw data stream. For example, in the case of a pump, automatic
analyses can be run that measure min, max, and average values of power consumption of
the last hour of that pump every hour. This information is then stored in its own “internal”

PI point in the DA.

In the case of dashboards there is also one more notable solution from AVEVA PI System,
PI Vision, which is PI’s own business intelligence tool that is used to build, manage, and
present the dashboards of the module. As a solution from the same product family, PI Vi-
sion works tightly with AF and DA as a single package. In this package, DA works as a
data source for dashboards and AF offers a data model which defines what kind of infor-
mation can be presented in the dashboards. This means that in PI Vision, all the attributes
defined in AF can be used in the dashboards, and the values of those attributes can be pre-
sented on the dashboards with graphic representations such as gauges, trends, and graphs.
These PI Vision dashboards are also interactive, and users can, for example, filter data
shown in the dashboard and browse data by time. However, PI Vision could not be utilized
in the reports, because there was not a way to develop reports that met the requirements of
this module with PI Vision. For this reason, the reports were developed using Microsoft’s

SQL Server Reporting Services (SSRS).

SSRS is a server-based report generating reporting solution, which is used to prepare and
present a variety of interactive and printed reports (Microsoft 2023). SSRS is used to build
frames for reports. As mentioned before, the module’s reports are interactive, so the infor-
mation content of the reports depends on the parameters that users choose, but the “report
frames” define where and how this information is presented. In practice, this means that
report frames define appearance and structural aspects of the reports. In the appearance
side, frames dictate aspects such as what kind of graphs are used, which font are used, and
color schemes of the reports. In the structural side, frames dictate how the data is sorted,
where and how information is placed in the reports, and which kind of interactive functions

user can utilize.
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The data is obtained into the reports from PI using SQL data queries. Microsoft’s SQL
Server enables these data queries. This SQL Server solution is kind of the heart of the re-
ports, because it is not only for executing data queries, but SQL Server is also used as the
backend database for SSRS, which means that most of the data related to the reports is
stored there. Basically, SQL server is used to store and manage all of the report related data
that is not recorded from process, because that is stored in DA in the case of the IMS. PI
environment and SQL environment are not “naturally compatible", so in order to query
data from PI into the reports, a PI add-on is installed on the SQL server that enables data
queries between PI and reports. Since process data can be queried straight from PI, there is
no need to store any process data in the SQL server. Reports and dashboards are intended
to be available to the user in a browser and this is made possible by Microsoft’s Internet
Information Services (IIS). IIS is a general-purpose web server that runs on Windows sys-

tems to serve requested HTML pages or files (Rosencrance 2019).

At the end of the reporting system, the information is delivered to end users. For cyber
security reasons, the end user has also been isolated from the IMS, and end user operates in
so called client networks. Client network is a general term for networks with an IMS inter-
face and where the reporting system's receivers, 1.e. client terminals, are located. The client
network has protected and limited access to the necessary reporting functions, i.e. reports,
dashboards, and manual input sheets. This means that unlike in the case of the IMS and the
data sources, the interface between the IMS and a client network is bidirectional. The end
users can use a browser of their devices to access a precisely defined part of the IMS,
where the users can then, for example, browse reports or dashboards. Configuring the cli-
ent network is the responsibility of the system’s owner, but often the client network in-
cludes networks such as the site’s local office network. Nowadays, with the help of VPN
solutions, end users can access client network even if they are not physically in the sites
location. In addition to browsing reports and dashboards and filling manual input sheets,
user is also able print reports, and save and export them in some popular file formats such

as .pdf, .csv, .docx, .pptx, and .xIsx.
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6 Conclusions

The flow-based manufacturing in the process industry increases the value of operational
information as it is needed in fast paced operational decision making to maintain and im-
prove that production flow. However, operational information does not appear out of thin
air for the decision makers to access, but rather it often follows a very similar path from
process data to utilizable knowledge. This path starts from the manufacturing process
where process data is collected with measurement equipment. After this, process data is
stored and enhanced in information management systems (IMS) to convert it to infor-
mation. This information is then further processed into knowledge in IMS by combining it
with other information and giving it more context. Lastly this knowledge is delivered to the
decision makers. In this path, reporting often plays a key role in the two last steps. In order
to facilitate effective decision-making by reporting, it must be tailored to the recipient, i.e.

different user groups often benefit from different types of information and reporting.

Regardless of the user group, it is important for decision makers that the information is of
high quality, i.e. information is delivered to the decision maker in the right form, it is ac-
cessible when needed, and it is stored in such a way that the decision makers have access
to it. These are characters of utility dimension of information quality and these are im-
portant in the context of the thesis because these are also important tasks of IMS. IMS, on
the other hand, is a collective term for such information systems that conduct the infor-
mation management of organizations. IMSs benefits organizations by supporting decision

making and improving information management.

IMSs are responsible for managing information, and one of the key tasks of it is to share
information to the right people. The sharing of information can be conducted via reporting.
There are different types of reporting that differ from each other, for example by focus
points and groups. Operational reporting focuses on current events and offers decision
makers insight into organizations day-to-day operations. There are many types of operative

reporting but there are some common characteristics. For example, the nature of infor-
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mation presented in operative reports is often operative and the data that the information is
based on is current or even live. Other common characteristic among operative reporting is
that operative reports often relays on visual expression such as the use of dashboards,

trends, and other graphs.

By integrating operational reporting with IMS, a reporting structure can be formed that
focuses on producing operational information for decision makers at the middle and opera-
tional levels of the organization. The data flows through this kind of reporting structure,
turns into usable information, which then turns into a process improving actions, in the

hands of decision-makers.

From the mining industry perspective, the path of ore start from mine where ore is extract-
ed from the earth’s crust. From mine, ore is transported to the processing plant where ore is
processed. In the mineral processing, also called beneficiation, a series of actions are taken
to achieve mineral separations in order to process material extracted from a mine into a
mineral product. The specific actions of mineral processing used to achieve this depends a
lot on the ore, but generally speaking, the primary operations of mineral processing are
comminution and concentration. In comminution, ore is crushed and grinded to physically
liberate the minerals from their interlocked state to ease the separation of valuable minerals
and thus maximize recovery of the valuable minerals in the concentration. In practice this
often means aiming for a certain particle size. In concentration, the goal is to create con-
centrates of valuable minerals by separating valuable minerals from other raw materials
received from the comminution. This is done by exploiting different properties of the min-
erals to be separated. In practice this means that properties, such as specific gravity, mag-
netic susceptibility, and hydrophobicity, are exploited to extract valuable minerals in con-
centration methods such as gravity separation, magnetic separation, and flotation. In addi-
tion to comminution and concentration, there are also other important mineral processing

related operations in processing plants, such as dewatering and sampling and analysis.

In the mineral processing, ore is turned into a mineral product. This mineral product is then

sold in the markets, as a metal commodity, or more traditionally, in a trade between the
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manufacturer and a buyer. Practically all of iron products end up being used by the steel
industry. The price of an iron ore product is affected by the product’s iron (Fe) content, i.e.
grade, and the physical form of the product, and the impurities it contains. The most com-
mon benchmark for grade of iron product is 62 percent iron per dry metric ton, and some
significant impurities, which can negatively affect the price of an iron ore product, are sili-
ca, alumina, phosphorous, sulfur, and “loss on ignition” impurities. In terms of physical
form of iron ore product, forms that are more suitable for furnaces of the steel industry,

such as lumps and pellets, are more valuable.

The fourth industrial revolution, also called industry 4.0, has had significant effects on the
mining industry. Industry 4.0 can be seen in the mining industry as the increasing im-
portance of automation, digital technologies, and data analytics. Automation has been an
important part of the mining industry even before industry 4.0 as the mining industry is
really equipment heavy industry, but industry 4.0 has increased its importance even more.
The combination of increased level of automation and increased level of interest towards
digital technologies, such as internet of things (IoT), leads in a situation where large
amounts of data are collected from the mining industry processes. Different data analytics

and information management solutions are then needed to utilize this large amount of data.

Megatrends like Industry 4.0 create new opportunities, but there are also fundamental chal-
lenges, which need to be solved, to keep the whole mining business viable in the future.
Challenges such as decreasing ore grades will lead to an increase in resource use if the ef-
ficiency of processing operations does not keep increasing. Production resources such as
energy and water are especially challenging from the sustainability perspective. For this
reason, it is important to keep developing new solutions that enable more efficient use of
energy and water in mineral processing. In addition to use of production resources, sus-
tainability challenges can also be found from the other end of the production chain, i.e. in
the handling of mineral processing waste. Especially tailings management is important
from the environmental perspective as tailings can be extremely hazardous for the local

environment.
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By combining the principles of operational reporting and IMS, operational intelligence can
be formed to provide a better insight into operations and operational data. Operational in-
telligence can be useful in improving reporting of a mineral processing plant, on multiple

levels of reporting.

To measure economic performance of a mineral processing process from an operational
perspective, it is important to focus on manufacturing dimensions such as production, qual-
ity, and production asset efficiency. Production dimension can be measured by measuring
production flows of the process with metric such as throughput or throughput rate. When
measuring the quality dimension, it would be good to focus on the two sub-dimensions of
the quality dimension, i.e. the quality of the product and the quality of the production. The
quality of the mineral processing product, such as concentrate, can be measured with quali-
ty metrics such as grade and content of significant impurities. These also give insight into
the quality of the production, but it is still good to use metrics that focus solely on that,
such as yield. To monitor the efficiency of important production assets, such as key
equipment, metrics such as availability, utilization, and overall equipment efficiency
(OEE), could be used. In addition, it would be good to monitor variable costs of produc-

tion, for example, trough consumption of important production resources such as energy.

To measure environmental performance of a mineral processing process from an opera-
tional perspective, it would be good to focus on use of environmentally significant re-
sources, such as energy and water, and operations, such as waste and water management.
From the resource use viewpoint, especially important energy metrics are the consumption
of electricity and fossil fuels, and for water, the consumption of fresh and make-up water.
From the operations viewpoint, the monitoring of waste management should at least focus
on tailings management, which can be monitored through metric like tailings delivery rate.
The water management, on the other hand, could be monitored trough process water re-

covery rate.

The case example presented in the thesis is an operational reporting module called “finan-

cial reporting module” and it is meant for integrated iron ore beneficiation and pelletizing
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plant. The module is developed based on the findings of the thesis and expert interviews.
Especially findings about the economic performance metrics and principles of operational
reporting are utilized. Through expert interviews, it was ensured that the developed solu-

tion fits exactly the case in question.

The aim of the reporting module is to help plant’s operators and middle management to
monitor plant’s production performance on day-to-day level from economic perspective.
The main content of the reporting model is six reports and three dashboards. The aim of
the reports and dashboards is to cover three themes, which are production amounts, pro-
duction quality, and key equipment operability and availability. The reports are meant to
function as a kind of operational intelligence tool, which utilizes data historian functionali-
ties of the IMS, and thus enables user to create their own reports according to the reporting
frames set by the reports. The dashboards, on the other hand, utilize the IMS's ability to

collect, process, and present live data.

The reporting module presented in the thesis is part of the larger IMS delivery. This IMS
receives data from data sources, such as the plant's process control system’s (PCS) data
servers, stores and enhances it into information, and delivers it to end users, such as deci-
sion makers. The information is delivered to the end users mainly via reports and dash-
boards. The reporting and data management solutions of the IMS are mainly based on

AVEVA PI System and Microsoft SQL Server solutions.

6.1 Answers to the research questions

1. How a combination of IMS and operational reporting can be utilized in process in-

dustry environment?

By combining IMS and operational reporting, a reporting system, which provides infor-
mation especially for middle and operational level decision makers of an organization, can
be formed. In the process industry environment, this kind of reporting system can be uti-
lized in fulfilling of middle management’s, such as supervisors’ and managers’, and “front-

line” staff, such as process operators’, needs of operational and tactical information.
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This kind of combination of IMS and operational reporting utilizes process data to form
knowledge and insight for decision makers. Basically, the data is first collected from the
manufacturing process, then stored, processed, and enhanced in IMS, and finally delivered
to the decision makers via ways of operational reporting. This kind of arrangement utilizes
the benefits of both IMS and operational reporting. IMS provides an automated way for
informational management, thus often reducing working hours related to information pro-
cessing. IMS also provides a good base for automated process data collection, which is
really important in fast paced process industry environment. Operational reporting, on the
other hand, provides insight into operations of manufacturing processes in a user-friendly

way via operational reports and dashboards.

2. What kind of metrics could be used in operational level reporting for mineral pro-
cessing process from the perspectives of economic and environmental perfor-

mance?

Operational level reporting is often used to provide insight into recent or even live perfor-
mance of a process. For this reason, operational reporting often utilizes data that is collect-
ed straight from the process, since process data can be often seen as the most recent data.
Also, because operational reporting utilizes process data, the metrics and performance in-
dicators used in operational reporting are also those that are designed to utilize process
data. In addition to process data utilization, other common characteristics of metrics and
performance indicators that are used in operational reporting are that they are simple and
user-friendly, yet informative, thus following the fundamental ideas of operational report-

ing.

Economic performance basically tells how well the process creates value. On an operation-
al level this value creating is not measured or examined trough financial metrics, but in-
stead metrics that utilize current process data, are used to provide economic insight about
the operations of the process. The focus points of these kind of metrics should be on pro-

duction, quality, and production assets.
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In mineral processing metrics, throughput is a metric that can be used to measure and mon-
itor production. Throughput is a simple production metric that fits well to the “fluid based”
production of the mineral processing. Throughput metrics can also be utilized on multiple
levels of the operations, i.e. they can be used to follow production of a single machine, but
also production on an entire processing plant. Throughput can be used to present produc-
tion flow and total production over specified time period. In order to get more value out of
throughput measurements, measured values should be put into context by comparing them

to target values.

Quality metrics can be divided into two groups, the quality of the product and the quality
of the production. In mineral processing, the product can be, for example, concentrate that
is produced in concentration operations. This kind of product often have some chemical
and physical characteristics that should be measured. In particular, such product quality
features that affect the product's valuation and price are significant from an economic point
of view. For example, in the case of iron ore products, grade is an important economical
character of the concentrate because grade is a significant factor in terms of the price. In
addition to grade, products content of specific impurities is also often an important factor
in the terms of price. For example, in the case of iron ore products, impurities such as sili-
ca, alumina, phosphorous, sulfur, and “loss on ignition” impurities, can have an effect to

the price.

Grade can also be seen as production quality metric since it somewhat indicates the per-
formance of recovery activities of concentration operations. On the other hand, grade only
tells about the quality of one function. For this reason, a metric like yield, which can be
applied to several different functions or operations, could be used to measure the quality of
production. Yield is an easy-to-interpret, but possibly difficult-to-produce metric. The rea-
son yield can be difficult-to-produce is the fact that yield is calculated by comparing real-
ized production to the theoretical maximum production. The theoretical maximum may

often be difficult to determine reliably.
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In mineral processing, production relies heavily on machinery and equipment thus making
these machines and equipment important production assets. For this reason, it is important
from the economic perspective to measure and monitor the performance of equipment and
machines. This can be done with metrics such as availability, utilization, and overall
equipment efficiency (OEE). The aim of availability is to present how well equipment has
been available for production, i.e. it presents the proportion of time the equipment is able
to be used for its intended purpose. The aim of the utilization is to present the actual run-
ning time of the machine, i.e. it presents the proportion in which the equipment is used for
its intended purpose of the time that the equipment is available. These two metrics should

be used together, as they often complement each other.

There are multiple ways of calculating OEE, but the version that fits to the mineral pro-
cessing operations consist of three factors, availability, utilization, and production efficien-
cy. Availability and utilization were described above and production efficiency can be cal-
culated by comparing the actual production to the equipment’s production capacity. OEE
gives a better picture of equipment’s overall performance and this is especially useful in

situations where each individual measurement area is at a fairly high level.

In order to measure environmental performance on a mineral processing plant, there should
be metrics that measures inputs, operations, and outputs of said plant from an environmen-
tal perspective. The inputs metrics should focus on consumption of environmentally signif-
icant production resources such as fossil fuels, electricity, and water. In the case of water
consumption, it is especially important to monitor consumption of “new water”, i.e. fresh
and make-up water. In addition to absolute consumption amounts of these resources, con-
sumption should also be compared to the amount of production, so that the results obtained
at different times are comparable with each other. This means that the resource consump-
tion of the selected scope should be compared to, for example, the corresponding through-

put of same scope.

When consumption of energy and water are compared to production, it can be used to de-

fine the water and energy intensity of operations. In addition to these, other important op-
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erations that should be measured to monitor environmental performance of mineral pro-
cessing plant are water and waste management. Water management activities play an im-
portant role in terms of the plant's environmental performance, as the processing of miner-
als consumes a lot of water. Process water recovery rate is a metric that can be used to
monitor the performance of water management activities as it indicates how much of the
water used in the process can be collected, i.e. how much of the water fed into the process
can be reused. In mineral processing, waste management operations are often related to
management of tailings. The most important aspect of tailings management is to ensure
that the capacity of tailings storage facilities is not exceeded as it can lead to catastrophic
results for the surrounding areas. Tailings delivery rate is a metric that can used to monitor

this from the mineral processing side of waste management operations.

The environmentally significant outputs are also closely related to the production aspects
highlighted for inputs and operations. The use of fossil fuels causes greenhouse gases, and
by using conversion factors it is possible to calculate how much greenhouse gases plant
produces directly, based on locally used fossil fuels. Another environmentally significant
process output is waste, and especially in the case of mineral processing, the amount of

tailings produced should be measured.

3. What are the KPIs suitable for the case example?

There are three factors that were used to determine what kind of metrics should be used in
the case example. The first one was the findings of thesis’ literature review. These findings
were utilized to discover what kind of metrics could be used in the case example. The sec-
ond one was the limitations set by the case example. There were some contractual and
technical limitations that had an effect in choosing of metrics. The third one was expert
interviews and workshops. In these interviews and workshops, there were people who had
the best knowledge of this specific case, and thus, by utilizing their knowledge, it was pos-
sible to ensure that the selected metrics are suitable for this particular case and that the se-
lected metrics can be implemented in this case. Based on these factors, three themes for
metrics were chosen. These themes are production amounts, production quality, and key

equipment operability and availability. The metrics from these themes were integrated into
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actual context, i.e. actual purpose and context was added to the theoretical metrics thus

creating actual KPIs that can used monitor the actual performance of an actual process.

Throughput is used to form KPIs that covers production amounts theme. Throughput is
used to form total production metric, measured in tons, and production rate metric, meas-
ured in tons per hour. In addition to these, production target metric, presented in tons, is
used, and also metric that presents the difference between total production and production
target is used. These metrics are used to measure the production amounts of both beneficia-
tion production lines, the whole beneficiation operations, and the whole pelletizing opera-

tions.

Production quality is covered with a wide variety of KPIs that are related to the character-
istics of process products. In the beneficiation operations, the process product is iron ore
concentrate. The quality of concentrate is measured by measuring its iron (Fe), silica
(S102), alumina (Al>0O3), and moisture content. In addition, particle size distribution (PSD)
in concentrate and its Blaine are also used to measure the quality of concentrates. The qual-
ity of concentrates are measured for both lines separately but also for whole beneficiation.
For pelletizing, the process product is pellets. Pellets quality is determined by measuring
cold compression strength (CCS), abrasion index, and tumbler index of pellets. Each value

of concentrate and pellet quality characteristics is compared to their own target values.

Availability and utilization metrics are used to cover key equipment operability and availa-
bility theme. Availability is presented in hours and percentages. Availability hours presents
the number of hours equipment has been available for production and percentages show
the ratio of that time to the total time. Utilization is presented only in percentages and it
presents the proportion in which equipment is used for its intended purpose of the time that
equipment is available. In addition, also availability target is used and it is presented in
percentages. In the case of beneficiation operations, these metrics are implemented to mul-
tiple equipment in different operation areas. In terms of grinding and crushing, metrics are
used for ball mills of both production lines and for high-pressure grinding rolls (HPGR). In

terms of concentration, these metrics are used for filters of both production lines and tail-
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ings management. In the case of pelletizing operations, the scale of implementation is a bit

narrower, and these metrics are only used for the indurating machine.

6.2 Limitations and further research

The guidelines set for the metrics were deliberately quite strict. The strictness of the guide-
lines was due to the fact that it was already known in advance what kind of operating envi-
ronment the metrics would be implemented in. For this reason, for example, only metrics
that use production process as the main data source were selected, as this was the known
situation regarding the case example. These limitations were also set to not increase the
general scope of the thesis too much. However, as a subject of further research, it would be
worth to explore what kind of other metrics could be obtained in a similar environment, if
other systems used in similar environments were added as data sources. For example, what
kind of metrics of operational economic performance could be formed if IMS could use
ERP as one of the data sources. Or what kind of metrics that reflect social performance

could be used by utilizing EHS software as data sources.

Unfortunately, the case example did not include its own “environmental module”, but at
least some of the environmental performance metrics were utilized in some way in the pro-
cess modules of the IMS. For further research, it could be worth to explore how an envi-
ronmental reporting module could be implemented to IMS using environmental perfor-
mance metrics, in the same way that economic metrics were used to develop the “financial

reporting module”.

The experts interviewed for the case implementation are most definitely the best people for
this specific case. They have the best knowledge of this specific case and extensive experi-
ence in similar deliveries. However, it must be pointed out that the case example of the
thesis was conducted almost entirely with the help of the plant’s supplier parties, so the
supplier's point of view is emphasized in the case example of the thesis. This was done
mainly due to scheduling reasons. For this reason, it could be worth to explore the custom-

er’s, i.e. the operators of the plant, point of view in the in further research. In further re-
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search, it could be examined what the module users' opinions are about the module and

how they think it could be developed and improved.
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Appendix 1. Structure of the interviews

Key performance indicators for “Fi-
nancial Reporting Module”

Production tons

KPI: Throughput

e How Throughput should be measured?
o How many throughput meters are needed?
= Do we need only one for the whole process (for both beneficiation and
pelletizing) or should we have some “in-process” meters also?
= So, is there a need for reporting production of different parts of the pro-
cess?
o What is the main meter used to report production tons? / What are the main me-
ters used to report production tons?
= So, for example:
e Pellet production
e Concentrate production
e Anyother?
o What are the reporting units?
= There should be shift, day, and month reports and also “real time” meter
for dashboard. What are the right units to use in each report and meter?
=  For example:
e Throughput tons for monthly report
e Throughput tons and average t/h for shift and day reports
e Real time t/h and trend from last X hours for real time meter
e What are the benefits of using this meter (opinion)
o What does the KPI tell about the operations?
o How and where the meter values can be used?
=  For example, could the meter support process management and devel-
opment?

Any other ideas for this metric type?



Key equipment operability and availability

KPI 1: Availability

“Availability is the percentage of time that
operate”

e How to measure?
o Which equipment are the “Key Equipment”?
o How to define “Availability”
=  For example:
e Availability % = 100 * (1 — [maintenance + downtime] / total time)
e Availability hours = Total time — (maintenance + downtime)
e Do we need to somehow separate planned and unplanned
maintenance and downtime?
o What are the reporting units?
= There should be shift, day, and month reports and also “real time” meter
for dashboard. What are the right units to use in each report and meter?
=  For example:
e Availability % for monthly report
e Availability % and hours for day and shift reports
e Status of “running state” (running or not) and trend of “running
state” from last X hours for real time meter
e What are the benefits of using this meter (opinion)
o What does the KPI tell about the operations?
o How and where the meter values can be used?
=  For example, could the meter support process management and devel-
opment?

KPI 2: Utilization
“Utilization is the percentage aocft uailniey tohpaetr ayt

e How to measure?
o Which equipment are the “Key Equipment”?
o How to define “Utilization”
=  For example:
e Utilization % = 100 * (Equipment running time / total time) OR
Utilization % = 100 * (Equipment running time / Availability
hours)
e Utilization hours = Running hours of the equipment
o What are the reporting units?
= There should be shift, day, and month reports and also “real time” meter
for dashboard. What are the right units to use in each report and meter?
=  For example:
e Utilization % for monthly report
e Utilization % and running hours for day and shift reports



e Status of “running state” (running or not) and running time from
last X hours for real time meter
e What are the benefits of using this meter (opinion)
o What does the KPI tell about the operations?
o How and where the meter values can be used?
=  For example, could the meter support process management and devel-
opment?

KPI 3: Percentage maintenance planned (PMP)

“Compare the total number of hours spent repairing and maintaining production machinery with
the time expected to be needeldMP = (# of planned maintenance hours / # of total maintenance
hours) x 100.

e How to implement?
o Which equipment are the “Key Equipment”?
o How to track maintenance hours?
=  For example, Operator writes down time used in maintenance after every
shift using manual input, and at the end of the reporting period, sum of
these input values are compared to time reserved for maintenance for
same time span in maintenance plan.
o What are the reporting units?
= [f the reporting period is a month, this KPI could be used in monthly re-
port.
e What are the benefits of using this meter (opinion)
o Is this necessary?
o What does the KPI tell about the operations?
o How and where the meter values can be used?
=  For example, could the meter support process management and devel-
opment?

Any other ideas for this metric type?



Product Quality (Off-line values from Laboratory)

KPI: Product Quality

e Whatis “The Product”?
o Should we only report characteristics of the pellets or is it necessary or useful to
report properties of other “process outputs” such ass concentrate?
e Whatis “Quality”?
o For example, what are the key properties that needed to be reported when re-
porting quality of pellets?
= % ofiron?
= Key impurities?
= Size?
=  Moisture?
= Surface smoothness?
=  Tumbler Index?
= Abrasion Index?
=  Cold compression strength?
=  Any other?
e What are the reporting units?
o There should be shift, day, and month reports and also “real time” meter for
dashboard. What are the right units to use in each report and meter?
o For example:
=  Averages of the quality properties for month, day, and shift reports
= Trend of quality properties from last X hours for real time meter
e What are the benefits of using this meter (opinion)
o What does the KPI tell about the operations?
o How and where the meter values can be used?
=  For example, could the meter support process management and devel-
opment?

Any other ideas for this metric type?



Additional KPlIs

Extra KPI 1. Yield

“Yield = (Actual # of pr odu cmasimumpasgibfe gieldbasede d /
of f raw materials input) X 100. So, basically

e Isitrealistically possible to define a theoretical maximum?

o This KPI would be pretty easy to execute from the technical perspective because
it could be just throughput tons per theoretical maximum, where theoretical max-
imum would be filled to the system via manual inputs just like target values will
be. | think the biggest problem would probably be calculating this theoretical
maximum. Would it be realistically possible?

e What are the benefits of using this meter (opinion)

o Is this necessary?

o What does the KPI tell about the operations?

o How and where the meter values can be used?

=  For example, could the meter support process management and devel-
opment?

Extra KPI 2. Process storages

e Does the process include any storages which status would be useful to track?
e st technically possible to track the status of these storages?
o This could be implemented for example with meters that track levels of the stor-
ages or with meters that track inflow and outflow of the storages.
e What are the benefits of using this meter (opinion)
o Is this necessary?
o What does the KPI tell about the operations?
o How and where the meter values can be used?

=  For example, could the meter support process management and devel-
opment?

Extra KPI 3. Production cost per ton

e Inthis context, the term “cost” can reflect more than monetary value, for example:
o The amount of resources used per ton of pellets, such as energy or sinter fines
e What would be important and useful resources to compare to whole production?
o Would it be for example useful to have “MWh / ton of pellets” or “tons of sinter
fines / ton of pellets” KPI in the monthly report?
e What are the benefits of using this meter (opinion)
o Is this necessary?
o What does the KPI tell about the operations?
o How and where the meter values can be used?

=  For example, could the meter support process management and devel-
opment?



Appendix 2. The Beneficiation product quality report
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Appendix 3. The beneficiation operability and availability report

/ﬁ\\ BENEFICIATION OPERABILITY AND AVAILABILITY
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BENEFICIATION OPERABILITY AND AVAILABILITY
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/’ﬁ\ BENEFICIATION OPERABILITY AND AVAILABILITY
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Appendix 4. Beneficiation Dashboard 1 — Production and key equipment O&A
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Appendix 5. Beneficiation Dashboard 2 — Product quality
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Appendix 6. Pelletizing Dashboard
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