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Most deep-level gold mines use compressed air services that directly
influence production. However, compressed air planning is often
overlooked, leading to unforeseen problems and production losses.
Therefore, a need exists for a proactive compressed air planning
strategy to illuminate and solve these problems before they occur. This
would help to ensure that compressed air services meet the
requirements of planned mining.

This study developed a proactive planning methodology using digital
twin simulations to identify and solve future problems in mines’
compressed air systems. The methodology was applied to a case study
mine, successfully solving a problem in which the compressed air system
would have been unable to meet future pressure demands. The
implemented solution led to a 32% pressure increase, demonstrating the
potential of digital twin simulations in proactively planning and
optimising mines’ compressed air systems.

OPSOMMING

DoI
http://dx.doi.org//10.7166/35-3-3094

Die meeste diepvlakgoudmyne gebruik saamgeperste lugdienste wat
produksie direk beinvloed. Die beplanning van saamgeperste lug word
egter dikwels oor die hoof gesien, wat lei tot onvoorsiene probleme en
produksieverliese.

Daar bestaan daarom 'n behoefte aan 'n proaktiewe saamgeperste
lugbeplanningstrategie om hierdie probleme te belig en op te los voordat
dit voorkom om so te verseker dat saamgeperste lug verskaffing aan die
vereistes vir beplande mynbou voldoen.

Hierdie studie het 'n proaktiewe beplanningsmetodologie ontwikkel deur
digitale tweeling-simulasies te gebruik om toekomstige probleme in
myne se saamgeperste lugstelsels te identifiseer en op te los. Die
metodologie is toegepas op 'n gevallestudiemyn, wat 'n probleem
suksesvol opgelos het waarin die saamgeperste lugstelsel nie in
toekomstige drukvereistes sou kon voldoen nie. Die geimplementeerde
oplossing het gelei tot 'n drukverhoging van 32%, wat die potensiaal van
digitale tweeling-simulasies in die proaktiewe beplanning en
optimalisering van myne se saamgeperste lugstelsels demonstreer.

96



1. INTRODUCTION

In deep-level gold mining, the strategic planning of compressed air systems is essential for operational
efficiency and to minimise production losses. This article summarises a study on future mines’ compressed
air planning using digital twin simulations [1].

1.1. BACKGROUND

South African gold mines are among the deepest and most complex in the world . Despite global mining
growth, local gold production is declining owing to rising operational costs and unique difficulties [2-4].

Compressed air systems are vital for operations such as drilling and loading, and directly influence
production [5]. Compressed air offers benefits such as smooth power delivery, variable speed, torque
control, and low heat build-up, making it a safe and sustainable energy source when properly managed [6].
However, these systems are among the most expensive and inefficient utilities, often accounting for up to
21% of a mine’s total electricity demand [2, 7, 8]. Their inefficiency is result of their complex piping
networks, which extend over several kilometres [3, 9]. Wastages such as leaks, open ends, and other losses
contribute up to 70% of the total underground compressed air demand [10, 11].

Compressed air systems are complex, and need proper planning for continuous production and profitability.
Current mine planning strategies focus mainly on ore extraction, neglecting proper planning for compressed
air services [12, 13]. This inadequacy causes higher production costs and unforeseen pressure and flow
problems, resulting in production losses.

1.2. COMPRESSED AIR SYSTEMS IN DEEP-LEVEL MINING

Compressed air systems are crucial in deep-level mining, and support three main shifts: drilling, blasting,
and cleaning, each with specific air requirements [3]. The drilling shift, especially during peak periods,
demands the highest compressed air flow and pressure for drills and equipment. Figure 1 shows a typical
mine’s compressed air demand schedule [12].

Typical compressed air requirements
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Figure 1: Mining shifts and corresponding compressed air requirements

Compressed air systems comprise three main subsystems: the supply side, which includes compressors and
air treatment equipment (dryers and filters); the reticulation system, which distributes air between the
supply and demand sides; and the demand side, consisting of end-use equipment [2, 3, 12, 14, 15].
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The reticulation network serves as the distribution system, transporting compressed air from the
compressor house to end-users [16], and comprising a vast network of pipes that connect the supply and
demand sides [3]. In deep-level mine compressed air systems, different types of pipes are used, depending
on demand and location. Larger incoming pipelines are typically constructed from flanged pipe sections,
providing more permanent fixtures [17]. Conversely, construction at developing ends and working areas is
more dynamic, using quick clamp-on pipes. Various pipe sizes and couplings are available, being selected
on the basis of specific applications [3, 18].

1.3. MINE PLANNING AND THE EFFECT OF COMPRESSED AIR ON PRODUCTION

Gold production is the primary determinant of a gold mine’s profitability, directly correlating with its
income, while production costs affect its profit [2]. Compressed air systems play a crucial role in drilling,
a critical aspect of gold mining [3], yet they are among the most inefficient and energy-intensive systems
in deep-level mines [2, 3, 17]. Inefficiencies have an impact on production by affecting service delivery in
active mining areas, leading to costly production losses owing to inadequate compressed air supply
pressure. These inefficiencies also increase energy consumption, thereby escalating production costs [19].
Typically, only 10% to 30% of the generated compressed air reaches the consumer [11, 20]. Poor service
delivery has a direct impact on drilling rates, resulting in missed production targets and decreased
production trends [3]. Insufficient compressed air pressure accounts for 4% of missed production shifts [21].

Deep-level mining in South Africa prioritises precious metals production, often allocating resources solely
to meet production targets [22-26]. Similar to other industries, compressed air systems receive attention
primarily when they fail to meet requirements, having a negative impact on production [22, 27]. Mine
planning typically focuses on ore extraction, overlooking proper planning for compressed air services [17,
22]. Mines use standards and other guidelines for planning compressed air infrastructure [17, 28]. Most
mines lack structured construction of compressed air systems, and often few to no people know the
complete layout of the underground compressed air reticulation network [3, 9, 22, 29]. To extend the life-
of-mine period, South African mines must delve deeper [30], requiring compressed air systems to supply
more air over greater distances than initially planned [9, 22, 31, 32]. The mining environment is dynamic,
with both service delivery and production areas constantly changing [11]. Deep-level gold mine compressed
air systems are complex, and undergo frequent non-project-related changes that affect system
performance [7, 15, 33]. Established standards and guidelines do not always account for the dynamic nature
of compressed air systems, leading to inefficiencies [3, 11, 16].

Other industries have avoided production losses and system inefficiencies through proactive planning
strategies and simulations [34]. Implementing similar strategies in mine compressed air systems could
prevent unnecessary production losses. While South African mines have shown success in deep-level mining,
there has been a lack of innovative thinking to develop new methods [11]. The mining sector’s future
depends on modernisation, as demonstrated by various studies on improving production strategies.

Vermeulen [34] investigated conventional systems for underground platinum mining, and addressed labour
problems leading to production losses; this led to developing a new mine production planning system [34].
However, it did not examine the effects of compressed air system planning on production.

Valery, Jankovic and Sonmez [34] developed a methodology using process integration and optimisation to
increase mine efficiency. While the study improved crushing and grinding operations, it did not consider
the impact of compressed air pressure on drilling and production [35].

Van Zyl [10] analysed the impact of compressed air services on drilling performance and production. In this
study, a practical holistic approach to analyse mine production outputs against pneumatic drilling
performance was successfully developed. However, it did not provide a solution to the identified production
losses [11].

Nell [2] addressed inefficiencies in compressed air reticulation networks and increased compressed air
delivery pressures and production; but the study did not explore proactive planning strategies [3].

While substantial research has aimed to enhance mine production, there has been a dearth of emphasis on
crafting a proactive planning strategy for mine compressed air systems to pre-empt production losses and
tackle inefficiencies before they arise.
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1.4. SIMULATION IN MINING

The concept of a digital twin is defined as consisting of a physical product, a virtual representation, and
data connections linking both [36, 37]. Digital twin simulations offer an innovative solution for compressed
air planning problems in deep-level mining. These simulations generate a virtual replica of the compressed
air system, facilitating meticulous analysis and proactive identification of potential issues. Through
simulating diverse scenarios and operational conditions, mines can devise strategies to mitigate
inefficiencies and optimise system performance [48]. Simulation software, which is used in the mining
sector for various issues, has shown significant potential in pinpointing problem areas in compressed air
networks [38].

The mining industry grapples with outdated technology and equipment owing to expanding life-of-mine
periods [22, 30]. To address these challenges, improvement strategies have been identified through the
creation of digital twin models of various mine systems. Digital twin simulations have emerged as the most
effective method for forecasting the impact of system changes [14, 39]. Simulation software has been used
for various applications in mine compressed air systems, including assessing the viability of energy and cost-
saving interventions and exploring optimisation strategies. Using simulations to determine the effectiveness
of high-risk projects such as integration is encouraged, as seen in studies by Maré, Bredenkamp and Marais
[23] and Van Niekerk, Kleingeld and Booysen [40]. Previous studies have proven that mine compressed air
systems can be simulated accurately [41].

Upadhyay and Askari-Nasab [42] highlighted that simulation models are created to address specific issues,
typically focusing on resolving current, isolated problems before being discarded . There’s a notable
absence of using simulations to devise approaches that address similar future problems [38]. Therefore,
digital twin models need to be used to identify and address future problems in mining compressed air
systems. A compressed air network simulation can be a powerful tool for planning compressed air system
projects [43, 44]. Through digital twin simulations, various high-risk system alterations can be assessed
without posing any physical risk to workers or to the system itself [45], thus aiding in the development of
a more proactive planning strategy for mine compressed air systems.

2. DEVELOPMENT OF METHODOLOGY

This section provides an overview of the methodology that was developed to assist deep-level gold mines
in planning compressed air systems; for more information, please see the study by Burger [1]. The
methodology was developed by using the literature, data, system information, and simulation software to
create a digital twin model of the system. Figure 2 illustrates the methodology.
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Figure 2: Summary of the developed methodology
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2.1. Modelling

Several studies have outlined steps for developing digital twin simulation models that emphasise an
iterative approach [19, 38, 46]. This study drew from previous research by Maré et al. and Pascoe et al. to
establish steps for constructing a digital twin model for future mine compressed air planning [19, 46].
Figure 3 illustrates the process for constructing such a model for a deep-level gold mine compressed air
system with future planning objectives.

Digital twin construction

Gather Determine

information ST
requirements

Audit

Calibrate Evaluate Construct
model accuracy Model

4

Finished
digital
twin model

Figure 3: Steps for constructing a digital twin model for future mine compressed air planning

The digital twin model should include the supply side, reticulation network, and demand side. The supply
side includes compressors; the reticulation network comprises piping and valves; and the demand side
features refuge bays and other users. The demand side should be represented by compressed air demand
components that require the same demand flow and pressure represented by the compressed air users [47].
To simplify the modelling, the simulations in this study were constructed to simulate in a steady state under
peak drilling shift conditions. This shift is the critical time frame of the system. In addition, the models
extended only up to the cross-cut entrances of mining areas to reduce the costs and time for simulation
construction without sacrificing accuracy [19, 46].

System information-gathering

Prior to constructing a simulation model, all necessary data must be collected [38]. This includes details
on the supply and demand sides of the compressed air system, as well as information on the reticulation
network used for distribution [3, 19, 38].

Using DXF level layouts with accurate geographical coordinates is essential for constructing the model,
along with details of the compressed air system configuration and dynamic mining complex operations [23]
On the supply side, gathering data on compressor types, performance, supply pressure, characteristic
curves, efficiency, and other specs is crucial [39]. For the reticulation network, information on
configuration, pipe dimensions, valve specifications, and other characteristics must be obtained [39].
Regarding the demand side, comprehensive data on all compressed air users, from surface workshops to
underground operations, is necessary [9]. Audits will be required to gather additional information that is
not readily available from mine personnel or other sources [45]. Figure 4 illustrates the data and
information that is required, as well as possible sources from which the information could be obtained.
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Figure 4: System information-gathering process
Establishing system requirements

Defining the specific system requirements is vital before simulating various planning scenarios [45]. This
includes set points, system operating conditions, and compressed air requirements for continuous
production [45]. These requirements serve as the foundation for compressed air system planning.

In deep-level gold mining, determining the required pressure at specific points in the system and for
demand-side equipment is crucial [45]. Meeting the required pressure for drills is particularly critical, as it
directly affects the drill penetration rate and production [3, 48]. Given the model’s construction up to the
cross-cut entrance, establishing the requirements at this point was essential.

To determine the requirements of the compressed air system at the cross-cut entrances, several key factors
needed to be determined:

e What compressed air users are present in these sections?
e What are the requirements for these users?
e What is the standard layout of the compressed air system in these sections?

e What effect does the geography from the entrance to the stoping or development face have on
the compressed air supply?

Research and gathering specifications documentation from equipment suppliers can establish the
requirements of compressed air users in active mining areas. Completing a system audit will provide further
relevant information.

The standard layout of the compressed air system in these sections can be obtained from the mine itself,
as every mine has a standard for their infrastructure [22]. It is important to look at the manifold, valve
positioning, and pipe sizing in these sections, as these may influence the compressed air supplied to the
stoping and development faces. Assessing the effect of geography on compressed air supply involves
considering two factors: the distance over which air needs to be distributed in these sections, and the
minor head losses that are encountered over valves or in pipelines located in travel ways and raises.

In this study, a simplified simulation was used to establish the cross-cut entrance requirements for standard
stoping and development ends. Information on the geography of these areas was gathered and used
alongside other data to establish the cross-cut entrance requirements. Simulation software considers the
previously mentioned factors, and has proven to be accurate in evaluating their effects [19, 38].

101



Auditing

This study required a comprehensive walk-through audit of the entire compressed air system - a process
known to be difficult and time-consuming, yet crucial for constructing an effective digital twin model [22].
The audit comprises three parts: surface, shaft, and level audits. Conducting a walk-through audit involves
inspecting and recording the compressed air system by visiting its subsections and walking along the
pipelines [45].

Auditing the entire compressed air system is crucial, particularly concerning the reticulation network, as
mines may lack adequate information on pipeline sizing and network changes that might have occurred [7,
15, 33]. Special attention during the audit should focus on the level layout, pipeline configuration, pipe
size, valve type and location, and any splits in the pipelines [45, 49]. Figure 5 shows an example of a level
audit that has been digitised.
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Figure 5: Example of a digitised level pipeline audit

Model construction

The construction of the digital twin model begins with using the gathered system information,
requirements, and audit findings. A baseline simulation of the current system is essential for estimating
performance changes owing to production or infrastructure alterations [45]. This simulation validates the
model’s accuracy, and serves as the foundation for comparing various scenarios. The peak drilling shift was
chosen as the baseline period for this study.

Several software packages can simulate mining systems and processes [41, 50]. However, only a few allow
access to real-time system data and can simulate dynamic integrated systems [31, 51]. The simulation
software for this study was chosen according to the requirements specified by Watkins for constructing
simulations of deep-level mine compressed air systems [38]:

e The simulation software needs to be a transient simulation tool that can calculate the system’s
response to system infrastructure changes and mining demands.

e The simulation software needs to deliver various simulation outputs at a specified time step so
that it can be compared with actual data.

e The simulation software needs to be suitable and easy to use for the application at hand.
e The simulation software must be accessible.
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PTB, SolidWorks Flow Simulator, KYPipe Gas, and Flownex are potential simulation software packages for
mining activities [52]. After comparison, PTB emerged as the most suitable for this study because of its
alignment with all the specified requirements. The mine’s three-year mining plan and the standard mining
procedure for the compressed air infrastructure should be used to expand the digital twin model to include
future mining areas.

Calibration and validation

The baseline simulation must undergo comparison with the current system using a control dataset, ensuring
that all parameters are measured and verified against the digital twin’s outputs. Verification and
calibration are crucial for simulation accuracy [3, 45]. Calibration should adhere to component and system
design specifications and requirements [38]. Mean absolute error (MAE) is the preferred method for
validating simulations and for assessing accuracy by comparing major outputs such as system flow and
pressure with actual system data [38, 52].

According to Maré et al. and other studies [19, 38, 45, 52], the model should undergo calibration until the
simulation outputs are within a 5% error margin compared with the actual data. Simulation accuracy relies
on the availability of data for precise comparisons and predictions; thus it is crucial to have sufficient
accurate data during model calibration [53]. Inputting known data of the day’s supply side, including the
number of running compressors and their capacities, is essential. The three-year mining plan can determine
active mining areas and their locations for the demand side of the model. Calibration and validation should
be repeated until the desired model accuracy is achieved.

2.2. Data analyses and forecasting

The analysis was used to forecast the mine’s future compressed air system requirements, using key
performance indicators (KPIs) for effective performance measurement. KPIs - statistical values - are crucial
for informed decision-making [54, 55]. The initial data analysis involves collecting and formulating data
into KPlIs.

Total production output is a standard KPI that mines use to determine productivity, and it is usually
recorded as tonnes mined or hoisted [11]. The historical production of the mine in this study was evaluated
by analysing the historical three-year mining plan. The historical data on tonnes of ore mined from each
level and for the mine in total was captured and analysed. The compressed air used during the peak drilling
shift is the peak production compressed air KPI [11]. During the peak drilling shift, the demand on the
compressed air system is at its highest, as can be seen in Figure 1. The high compressed air consumption
has a negative effect on the compressed air pressure because of friction losses in the reticulation network
[11]. Thus the system is under the greatest stress to meet its requirements during this period. The
compressed air consumed during the peak drilling shift is also the most closely related to shaft production
[22, 24, 54, 56]. Therefore, the peak drilling shift requirements should be used for designing and planning
the mine’s compressed air system.

The data analysis should be completed by evaluating and comparing the historical production and
compressed air use of the mine. The compressed air usage compared with the output production in the
form of tonnes mined is an applicable KPI for identifying and evaluating system inefficiencies [11, 30].
These factors should be compared to establish the correlation between the compressed air flow
requirements and production. The correlation can be determined by using a black box method, which is
also known as a data-dependent model. The black box method uses statistical regression models and offers
superior accuracy and ease of use [57, 58]. Any R"2 value greater than 0.5 is considered a strong correlation
for compressed air models [58, 59]. The correlation between these factors can then be used to forecast
the future requirements of the compressed air system. Simulation techniques can be used to quantify the
relationship between system parameters [38]. The forecasting model is completed by using the digital twin
model and the established correlation between the peak drilling shift compressed air flow and production.

The three-year mining plan should be used to establish the future production in each section of the mine
and the mine in total. This data with the established correlation can then be used to estimate the future
compressed air demand requirement for all underground mining activities during the peak drilling shift in
the form of a total compressed air flow.
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2.3. Proactive solution development

Digital twin simulations have been instrumental in proactive solution development, preventing disruptions
and production delays in manufacturing industries [60]. Depending on the identified problem, a solution
can be developed to solve it by upgrading or changing the system infrastructure. Leveraging existing mine
infrastructure and making minimal adjustments to address inefficiencies can significantly reduce project
implementation costs [3]. Solution development should proactively address identified problems to minimise
their impact on mine production. This study implemented a proactive approach by scheduling solution
implementation based on forecasting model results, aiming to mitigate the effects of the identified
problems on the compressed air system and mine production.

The developed solution had to be simulated using the digital twin model, making relevant adjustments and
updating the model according to the planned mining timeline. These simulations assessed both the system
changes and the planned production effects. Proactive simulation-based procedures leveraged the speed
of computer simulations compared with real-life production [61]. This allowed for a fast assessment of the
solution’s effectiveness. The simulation results could then be analysed to determine the solution’s impact
on the compressed air system performance.

3.  METHODOLOGY IMPLEMENTATION AND RESULTS

The methodology was implemented at a deep-level gold mine in the North-West province of South Africa,
referred to as ‘Mine A’ owing to a confidentiality agreement.

3.1. Case study background

Mine A has a complex compressed air system that is expanded continuously as the mine goes deeper to
increase its life-of-mine period. The system includes two compressor houses with five active compressors,
totalling a capacity of 210,000 CFM. A standard piping reticulation system supplies compressed air to three
shafts and three plants. Figure 4 illustrates the surface layout of Mine A’s compressed air system.

9 Shaft 2
|
A i

@] @] @]

E&r ulzer L%e-r

. 5.9 MW 5.9 MW 5.9 MW
| |40 000 CFM {40 000 CFM; 40 000 CFM|

Gold Plant 1

Shaft 3 O

(& £
§ LEGEND
| @ Surface PLC
= Automatic actuated
@(R)))" 6 ---------- valve
"""""" E Air station
VK100 Sulzer
Gold Flam 2 50000 CFM. 30 600 CFM ¢ Mass flow meter and
old Plan i ]
i pressure transmitter
[
- ((cg))) Radio communication

=) Compressor

<(( ))> i cuntruliruum ___________
s N

——— | Compressed air pipe

Instrumentation cable

L

Figure 6: Mine A - compressed air system overview
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3.2. Modelling

This section discusses the implementation of the methodology from Section 2.1 to construct a digital twin
model of Mine A’s compressed air system.

System information-gathering

All possible information was gathered for Mine A’s compressed air system by following the system
information-gathering process, and by researching the relevant literature.

All the necessary information for the supply side, including compressor specifications and characteristic
curves, was collected. Information sources for the reticulation network were investigated, and discussions
with mine personnel provided a basic understanding of the layout. However, owing to an incomplete
knowledge of the entire network, audits were necessary to verify pipeline sizes and other details. Data for
the demand side, including underground and surface compressed air users, was gathered from mine
personnel and other sources. The three-year mining plan was used to determine the exact number of stoping
and development ends that were active each month. Refuge bay locations were also obtained. This
information was crucial for constructing Mine A’s digital twin model.

The information-gathering process was one of the most difficult aspects of the implementation of the
developed methodology. Given the old age and large size of the mining organisation, no single person knew
the full details of the compressed air layout, and some data sheets for compressors and other equipment
were not available. The auditing process and contacting the original suppliers helped to overcome these
issues, but required a lot of effort and time.

System requirements established

This section discusses the process followed to determine Mine A’s system requirements, used as planning
parameters for the compressed air system. The first step was to identify targeted pressure requirements
at critical points. The minimum pressure for all equipment and plants was gathered, with the stoping and
development faces needing at least 400 kPa for drills to operate effectively. During the peak drilling shift,
the main compressed air users were the drills; thus 400 kPa at the stoping and development faces was used
as the minimum requirement for the compressed air planning. The digital twin model was constructed up
to the cross-cut entrances, and did not extend to the stoping and development faces. Thus the next step
was to determine the compressed air requirements at the cross-cut entrance to deliver 400 kPa to the
stoping and development faces. A simulation using Process ToolBox was built to determine these
requirements. Figure 13 shows the completed standard stope compressed air simulation, constructed
according to the standard sizing for these sections as provided by Mine A.
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The number of active panels found in an active cross-cut for stoping was varied between one and four
with different cross-cut inlet pressures. They were simulated to determine the pressure available at the
drills. The results can be seen in Figure 6; from these results it was established that an inlet pressure of
450 kPa was required to provide the drills with 400 kPa for stoping. The same process was followed for the
development ends. It was found that the required pressure at the cross-cut entrance for a development
end was 425 kPa.
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Figure 8: Mine A - compressed air requirements for standard stoping
Auditing

Completing the audits helped to provide a good understanding of the system and the required information
that could not be obtained from the information-gathering process. The surface compressed air system was
audited by visiting the compressor houses and verifying previously gained compressor information. The
compressed air reticulation network was followed to the shafts and plants on the surface and mapped. The
proper arrangements were made, and shafts were examined for the reticulation network descending in
these sections. Layouts of the underground levels with known information were drawn up, which made
navigation during the level pipeline audits easier. The level pipeline audits were completed and the
pipelines on each individual level were mapped using pen and paper. During the auditing process, refuge
bays and other compressed air users on the demand side of the compressed air system were identified and
their locations were pinpointed and recorded. The handwritten auditing documentation was digitised and
stored.

Model construction

The previously gathered information from the compressed air audits and other sources was used to
construct the base line digital twin model of the current compressed air system for Mine A. Figure 7 shows
the finished compressed air digital twin model of Mine A’s compressed air system. The three-year mining
plan obtained from Mine A’s planning department was used to expand the digital twin model to include
future mining areas.
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Figure 9: Mine A - finished compressed air digital twin model
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Calibration and validation

A day with adequate data on system conditions was chosen as a reference data set to determine the model’s
accuracy. The model was simulated and recalibrated until the error margins were sufficient. The results
showed that the digital twin model accurately estimated the compressed air pressure with an MAE of 3%.
The same process was followed for the compressed air flow, and was equal to 5%. This was within the
specified 5% error margin required to validate the model.

3.3. Data analyses and forecasting

The data analysis was completed by first gathering the required information about the mine’s production
output and compressed air usage. The acquired data for Mine A was formulated into the required KPIs. The
historical flows down the shafts during the peak drilling shift were obtained from the mine’s Supervisory
Control and Data Acquisition (SCADA) system. The data was formulated into a peak production compressed
air KPI. Mine A’s three-year mining plans provided information on the future and historical tonnes to be
mined for the mine in total and for each level and cross-cut. The total historical tonnes mined was analysed
and captured, and this data was used to formulate the total production output KPI.

As stated in Section 2.2, the compressed air usage to the output produced in the form of tonnes mined is
an applicable KPI for identifying and evaluating system inefficiencies [10]. Thus the historical compressed
air flow during the peak drilling shift and the total tonnes mined for Mine A were analysed and compared
using a black box method to formulate this KPI. The regression analysis of the data revealed an R*2 value
of 0.646, which is considered a strong linear correlation for compressed air models [58].

The forecasting model was completed using the developed digital twin model and the established
correlation between compressed air flow and production. The three-year mining plan was used to establish
future production in each section and for the mine in total. The established correlation and the data gained
from the mine’s three-year plan were used to estimate the future average compressed air flow
requirements for all underground mining activities during the peak drilling shift. The flow during the peak
drilling shift was further analysed to determine how much the maximum flows varied from the average
flows during the peak drilling shift.

The analysis of the data showed that the maximum flow did not vary more than 15% from the average flow
during the peak drilling shift. The analysis provided a good safety factor that was incorporated into the
forecasting model. The developed model was used to estimate the future total compressed air demand
requirements for underground mining according to the total planned tonnes in the three-year mining plan.
The estimated upper flow limits were divided between the different production levels to estimate the
future compressed air flow demand requirements for each level, as shown in Figure 8.
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Figure 10: Mine A - estimated future compressed air demand
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Figure 8 shows that the total required demand for compressed air remained reasonably constant and started
to decrease slightly. At the same time, the compressed air demand for 98L drastically increased over the
same period. This was an indicator that 98L was a potential problem area, as the originally installed
infrastructure was not intended to supply such large compressed air demands. Using the digital twin model
developed in Section 3.2.5 and simulating Mine A for each month of the three-year mining plan, it was
identified that 98L was going to struggle with insufficient compressed air pressure for mining activities, as
98L East Haulage fell below the 450 kPa target from July 2021 onwards. The 98L Inlet pressure also fell
below 450 kPa from October 2021 onwards.

3.4. Proactive solution development

The results of the data analysis and the forecasting model clearly indicated that the compressed air
reticulation network would experience problems with supplying adequate compressed air pressure to 98L
for the necessary mining activities. 98L forms part of the middle mine of Mine A. Figure 9 shows a
representation of the compressed air system of the middle mine. The shaft supplies compressed air to 85L
and 95L; 85L supplies 88L; and 95L supplies 92L and 98L.

Figure 8 demonstrates that the compressed air demand for 98L would increase over time, while the demand
for compressed air on 88L, 92L and 95L would decrease. The decrease in demand on 88L, 92L and 95L
provided the opportunity for these levels to supply other sections of Mine A with the surplus compressed
air their infrastructure could support. The pipeline supplying 98L from 95L was a 6" pipe, which was too
small to supply the level with the required compressed air flow and pressure. Considering this, a solution
was developed to create ring feeds between the levels of this section. This would help to distribute the
surplus compressed air from the levels where the demand decreased to 98L where the demand increased.

The first step of the solution developed entailed installing an additional 8” pipeline between 95L and 98L,
which would distribute the surplus compressed air from 95L to 98L. The second step of the solution,
installing a 14" pipeline from 88L to 92L, would distribute the surplus air from 85L and 88L to provide for a
portion of the compressed air demand on 92L. In turn, this would reduce the amount of compressed air
that had to be supplied from 95L to 92L. It would further assist 95L by providing more compressed air at
higher pressures to 98L. Figure 9 shows the compressed air system after implementing the proposed
solution. The mine personnel established that the fastest time frame for the solution to be implemented
was by 12 July 2022.
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Figure 11: Mine A - middle mine with the installed solution

The developed solution was simulated as discussed in the methodology to determine the effect of these
changes on the system. The simulations took into account both the changes to the system and the changes
in production according to the three-year mining plan. Figure 12 shows the results obtained from the
digital twin simulation for the completion of both steps of the solution. The results showed that the
implementation of the solution would increase the pressure at the 98L Inlet and at the 98L East Haulage by
56 kPa. This would provide 98L with the required pressure to meet the target pressure of 450 kPa.
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Figure 12: Mine A - estimated compressed air pressures pre- and post-implementation

3.5. Results of implementation

The second part of the solution was implemented on 12 July 2022. The data from the relevant pressure
sensors was collected from the mine’s SCADA system pre- and post-implementation and analysed and
compared. The results, as presented in Figure 13 showed that the implementation of Step 2 of the solution
increased the pressure at the 98L Inlet and at the 98L East Haulage by 58 kPa and 59 kPa, respectively.
This ensured that 98L had sufficient compressed air pressure to meet the target pressure of 450 kPa.
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Figure 13: Mine A - actual compressed air pressures for completing both steps of the solution

Table 1 compares the results for the compressed air pressure on 98L pre-implementation and post-
implementation, and the estimated pressure if there had been no intervention. The pressure at 98L Inlet

is 21% higher and the pressure at 98L East Haulage is 32% higher than it would have been if no intervention
had been done.

Table 1: Mine A - actual results for the completion of the project

Position Pre-intervention No intervention Solution implemented
98L Inlet pressure [kPa] 422 410 495
98L East Haulage pressure [kPa] 378 353 465

The implementation of the solution was successful, as it improved the compressed air pressure for 98L and
ensured that all the levels had sufficient compressed air pressure for all mining activities. The simulation
proved to be accurate, as the outcome predicted by the simulations was correct. It should be noted that
the actual pressures for the implementation are slightly higher than the simulated pressures owing to the
safety factor included in the simulation, which increased the size of the compressed air flow demands used

in the simulation. As pressure is inversely proportional to flow, this made the simulated pressure a bit lower
than the actual pressures.
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4. CONCLUSION

Mine compressed air services suffer from poor future planning and outdated infrastructure, causing
inefficiencies and production losses. Standards and guidelines used for planning do not account for the
dynamic mining environment, where service delivery and production areas frequently change, leading to
shifting system requirements. Simulation software in mining has effectively identified problem areas in
compressed air networks, but has focused on solving current issues rather than on proactive planning. This
study developed a methodology using digital twin simulations to identify and address future problems and
inefficiencies in mine compressed air systems.

The methodology was tested and validated through a case study at Mine A, a deep-level gold mine in South
Africa. A digital twin model of the mine’s compressed air system was created and expanded to include
future activities. A potential issue was identified in the main production level’s compressed air system,
which would have failed to meet the required pressure for stoping. The methodology was applied, resulting
in a proactive solution. The simulation results indicated that the solution would enable the system to meet
future requirements. The project was handed over to mine personnel for implementation, increasing the
compressed air pressure at the problem level by 32% and preventing production losses.

This research demonstrated that the compressed air planning methodology effectively identified and
resolved issues in mine compressed air systems. Implementing this methodology in other deep-level mines
could reduce downtime and unscheduled maintenance, thereby increasing production and profitability.
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