South African Journal of Industrial Engineering Nov 2022 Vol 33(3), pp 55-68

USING ZERO-WASTE BASELINES TO IDENTIFY COMPRESSED AIR SYSTEM INEFFICIENCIES IN DEEP-LEVEL

MINES

A. van der Merwe'", A.G.S. Gous' & C.S.L Schutte’

ARTICLE INFO

ABSTRACT

Article details

Presented at the 33" annual conference
of the Southern African Institute for
Industrial Engineering, held from 3 to 5
October 2022 in Zimbali, South Africa

Available online 11 Nov 2022

Contact details
*  Corresponding author
arno.vandermerwe1998@gmail.com

Author affiliations

1 Department of Industrial
Engineering, Stellenbosch
University, South Africa

ORCID® identifiers
A. van der Merwe
0000-0001-5217-0915

A.G.S. Gous
0000-0002-3195-1146

C.S.L. Schutte
0000-0002-0119-720X

Inefficient compressed air systems in deep-level mines deteriorate
energy performance and increase operational costs. Leaks, wastages,
and misuse are common inefficiencies that necessitate an oversupply of
compressed air. It is therefore important to identify where the
opportunities for improvement are located. Underground mining
equipment can be used to develop a zero-waste compressed air demand
profile. This profile can then be simulated for the entire operation to
determine a theoretical baseline. Noticeable inefficiencies are then
identified by comparing the actual data with the zero-waste baselines.
The results of this study showed that the surface operations oversupply
compressed air by 15% (10 kg/s of air) per day. This requires an
additional 80 MWh of electricity (14.5% of the total) and costs
approximately R91 000 per day. The comparison with the zero-waste
baselines showed that 7.9 kg/s of air is wasted at the underground levels
during drilling periods, highlighting the areas that require mitigation
projects to improve the performance while decreasing costs and
wastages.
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Ondoeltreffende saamgeperste lugstelsels in diepvlakmyne verswak
energieprestasie en verhoog bedryfskoste. Lekkasies, vermorsing en
misbruik is algemene ondoeltreffendhede wat 'n ooraanbod van
saamgeperste lug noodsaak. Dit is dus belangrik om te identifiseer waar
daar geleenthede vir verbetering is. Ondergrondse mynboutoerusting
kan gebruik word om 'n geen-afval-aanvraagprofiel vir saamgeperste lug
te ontwikkel. Hierdie profiel kan dan vir die hele operasie gesimuleer
word om 'n teoretiese basislyn te bepaal. Opmerklike
ondoeltreffendheid word dan geidentifiseer deur die werklike data te
vergelyk met die nul-afval basislyne. Die resultate van hierdie studie het
getoon dat die oppervlakbewerkings saamgeperste lug met 15% (10 kg/s
lug) per dag oorvoorsien. Dit benodig 'n bykomende 80 MWh elektrisiteit
(14,5% van die totaal) en kos ongeveer R91 000 per dag. Die vergelyking
met die nul-afval basislyne het getoon dat 7,9 kg/s lug tydens
boorperiodes op die ondergrondse vlakke vermors word, wat die gebiede
beklemtoon wat versagtingsprojekte vereis om die werkverrigting te
verbeter terwyl koste en vermorsing verminder word.

1. INTRODUCTION

1.1. Compressed air usage in the mining industry

Compressed air is widely used in the mining industry because of its effectiveness, variability, and relative
safety in use [1], [2]. Compressors use electric energy, consuming up to 18% of the mine’s total energy [3],
to compress air into complex pipe networks supplying air where needed [2], [4]. The compressed air is then
used for numerous mining activities on the surface and underground operations [3], [5], [6]-
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Table 1 summarises the compressed air users in the underground operations in a deep-level mine. The flow
and pressure requirements indicated in the table below show the design specifications of the specified
compressed air users. These indicate the conditions that would allow the equipment to operate with
optimal efficiency.

Table 1: General compressed air users on a deep-level mine

Compressed air user Flow requirement Pressure requirement References

per unit
Refuge stations < 0.06 kg/s 150 - 300 kPa [3], [5]
Workshops < 0.0001 kg/s 200 - 250 kPa Adapted from [6]
Pneumatic rock drills Up to 0.12 kg/s 400 - 600 kPa [3]
Pneumatic cylinders Up to 0.14 kg/s 350 - 600 kPa [31, [5]
Mechanical loaders 0.8 kg/s 400 - 500 kPa [3]
Ventilation and cooling Up to 1.6 kg/s 100 - 650 kPa [5]

Refuge stations are underground areas that are designated as emergency areas [7], and that require a
constant flow of compressed air, based on their size, to keep the air pressure within the stations higher
than the pressure outside them [3], [6], [7]. The positive pressure difference prevents air flow into the
station from the surroundings. Workshops, however, do not require a constant flow of compressed air, since
the air is used for tools that are operated briefly and only when needed [6].

Pneumatic rock drills are large tools that are used to drill holes in preparation for the blasting shift [6].
They are handheld and operated with a large amount of compressed air to drill holes in the hard rock
panels. Pneumatic cylinders are used to open and close loading boxes and to load ore into ore-cars [3].
Track-bound mechanical loaders use compressed air to load rocks and ore into ore-cars [3], [6]. Pneumatic
drills are used during the drilling shift, whereas pneumatic cylinders and mechanical loaders are normally
used during the cleaning shift.

From Error! Reference source not found., it is evident that the compressed air demand relies heavily on t
he compressed air users and the designated shift, since the majority of air is used by the air consumers
listed in the table. Ideally, the demand should equal the supply, based on the law of mass conservation [8].
An ideal system would have no inefficiencies or wastages; therefore such a system could be defined as a
zero-waste system [6]. However, as a result of various inefficiencies, the compressed air system needs to
be oversupplied, wasting electricity and increasing operating costs.

The demand for compressed air should ideally be determined by the equipment used [8]. Therefore, in a
zero-waste system, the equipment should be the only consumers of compressed air. Based on the equipment
that is used, its specifications, and the time of use, one can determine a baseline indicating the lowest or
ideal demand on the system [3], [6]. This baseline can be defined as a zero-waste baseline. Deviations from
this baseline are then identified as inefficiencies and wastages in the system.

Electricity can account for up to 20% of a deep-level mine’s operating costs [9], indicating that any increase
in electricity usage can have detrimental effects on the profitability of a deep-level mine. Electricity tariffs
have increased by 510% over the past 16 years [10], and are a major contributor to increasing operating
costs [4]. To manage those increasing costs, mining companies have started implementing demand-side
management initiatives to reduce electricity consumption where possible [4], [11].

Demand-side management initiatives are applied to electricity-consuming systems of deep-level mines [4],
such as the compressed air system. Compressed air generation constitutes up to a fifth of a deep-level
mine’s electricity consumption [1], [9]. Reducing the electricity consumption of the compressed air system
would directly reduce the mine’s operating costs. To minimise the demand, inefficiencies such as leaks,
open-ends, inefficient control, and use wastages should be identified, located, and rectified [6].
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Furthermore, pressure drop occurs in the compressed air piping system because of friction and flow through
bends and valves [12]. Mass flow inefficiencies also decrease the total available pressure in the compressed
air system [6]. Therefore, identifying and locating inefficiencies would inevitably reduce compressed air
demand and increase the available pressure for production activities.

1.2. Existing methods to identify inefficiencies

Current methods to identify and locate these mass flow inefficiencies in a compressed air network can be
software-based or hardware-based [6]. Software-based methods use extensive datasets and data processing
to identify the inefficiencies, whereas hardware-based methods require sensors, sampling, and surveys to
identify them. Both methods can be time-consuming, expensive, and resource-intensive, and in some cases
require special training [13].

Software-based inefficiency detection methods include a range of computing and computer-based
processing [14]. These software-based methods can include formulas, monitoring, or even data analysis.
Most of these use mass/volume balances, deep learning, or cross-correlation with available data to locate
the inefficiencies [15]. Hardware-based methods normally require equipment to locate and identify the
inefficiencies [14], [15]. The hardware that is used can be optical fibre, hydrophones, radar systems, and
more; however, such equipment can be quite expensive to acquire and/or install.

A possible solution is to use simulation software to locate and identify the inefficiencies. This can be done
accurately, at a relative low cost, and with fewer resources by using calibrated simulations (digital twins)
[16]. The need for actual surveys, extra hardware, and continual data monitoring is then minimised.

1.3. Simulations and digital twins

A simulation is an artificial representation of reality that can be used to predict or explain certain situations
or processes [17]. With this definition in mind, compressed air systems for deep-level mines can be
simulated to predict or explain occurrences in the system [18]. Currently, simulations are used to identify
opportunities for energy and operational improvements [16].

Simulations use mathematical and thermodynamic equations to calculate certain values, processes, or
states dynamically [16]. Using actual values from measured data in these equations can then produce
accurate answers that represent actual systems, forming the stepping stones to the creation of a digital
twin [19]. However, simulations are often inaccurate owing to inadequate calibration and/or estimations
being used instead of actual data for the calibration process [4]. It is therefore necessary to use actual data
for the calibration process and to determine the accuracy of the simulation. The evaluation of a simulation’s
accuracy is measured with identified key performance indicators [20]. When the simulation is an accurate
representation of the actual system, it becomes the digital twin used in the investigation [19].

Key performance indicators (KPIs) are quantifiable measures to compare the performance of strategic and
operational goals [20]. KPIs can be used to define objectives and to measure success [20], [21]. Common
KPIs focus on balancing the demand and supply of compressed air while establishing the impact of wastages,
allowing for an increased focus on the specific underperforming areas that would benefit from
improvements.

It is therefore necessary to develop a zero-waste baseline (1) to estimate the ideal demand, (2) to identify
and quantify inefficiencies, (3) to isolate the areas with inefficiencies, and (4) to assess the potential
benefits to be achieved.

1.4. Problem and objectives

The compressed air system of a deep-level mine contains many inefficiencies [22]. However, it can be time-
consuming and resource-intensive and, in some cases, requires special training to identify these
inefficiencies in a deep-level mine’s compressed air system [13], given its complexity and scale. The
objective of the paper is to use a zero-waste approach:

e to identify and quantify compressed air inefficiencies,
e to locate inefficiencies at a low cost and
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e to identify savings initiatives and opportunities.

The method thus developed will be applied to a case study mine, using the most recent stoping and
development plans and the most recent flow, pressure, and power data. Using the plans and crew
information, an accurate zero-waste baseline can be developed and applied to the actual system to quantify
the inefficiencies. With present flow and pressure meters, the various inefficient locations can be
determined, and the effectiveness of the method can be determined with the simulation.

2. ZERO-WASTE BASELINE DEVELOPMENT
2.1. Approach to develop the zero-waste baseline

The method followed to identify the compressed air inefficiencies using a developed zero-waste baseline
is shown graphically in Figure 1. From Figure 1, the first step is to identify the KPIs of the investigation.
The next major step in the strategy to identify the inefficiencies is to do a detailed site inspection; 58his
should include the surface operations, shaft column, active production levels [23], and the actual zero-
waste baseline development.

The zero-waste baseline is an indication of the ideal compressed air consumption on a deep-level mine [3],
[6], [8]. The zero-waste baseline should be developed from the equipment that is used and its time of use.
The baseline will then be implemented in the calibrated simulation. The actual data will be compared with
the zero-waste baseline to identify, quantify, and locate the inefficiencies with currently installed sensors.

The last two steps are to identify possible savings and initiatives and to validate the results by undertaking
another site inspection. One method of validation will be to determine the accuracy of the calibrated
simulation by comparing the performance with actual data, as an inaccurate simulation would render the
results invalid.

Site Inspection

- Reverse Zero-Waste
I g Active Production =
Surface Operationz Shaft Column Baseline
Levels ) )
Development

v

Identify and Quantify |Actual Data and Zero- Simulation
|n;].c=ifi=,—c1'é.- Yl Waste Baseline Development and

Comparison Calibration

v i ) v

Validate Results with Identify Savines
Another Site =L EIns - Locate Inefficiencies
: Initiatives
Inspection

Figure 1: Method for developing zero-waste baseline
2.2. ldentifying key performance indicators

An important step in the process is to identify the important KPIs to be able to determine the actual
performance of the simulation. Since the simulation is a significant factor in the entire method, the KPI
identification can be defined as equally significant.

It is important that the KPIs be aligned with the objectives of reducing the compressed air wastages. Noting
that the study’s emphasis is on energy, mass flow, and pressure losses, the KPIs will be directly related to
these.
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The KPIs for the study were identified to be [1], [6]:
e Compressor power consumption, mass flow, and delivery pressure.
e Shaft mass flows and pressures.
e Underground level station mass flow and pressures.
e Identified flow and pressure where meters are available on each underground level.

The accuracy of the simulation will be measured by comparing the performance of the KPIs of the simulation
model with measured values. The error will be calculated with Equation 1:

) __|Simulated Value-Actual Value| x
- Actual Value

Error (% 100 (1)

2.3. Simulation setup and calibration

Next, a digital twin of the entire compressed air system is developed. This digital twin should consist of all
the compressed air suppliers and consumers on the surface operations, shaft columns, and levels. The
simulation calibration process is divided into four steps. These steps will assist in identifying inefficiencies
in certain sections of the compressed air network by using the basic principle of mass conservation and the
locations of currently installed flow and pressure meters. These steps are representative of the different
areas indicated in Figure 2.

Step 1

l‘l r“‘ D Compressor

Processing Plant

Underground Operations

Iy
14

Underground Levels Compressed Air

Column

LA
ﬁ\ Mine Shaft
—

Compressed Air
Step 2 Step 3 Pipe

-

Step 4

Figure 2: Simplified compressed air system layout
These steps, as represented in Figure 2, are:

Step 1 - Surface operations. First, the surface operations will be investigated. The most important of
these is the calibration of the compressors. These simulated compressors should be accurate
representations of the supplied flow, pressure, and power requirement of the actual compressors.

Step 2 - Shaft column. When the surface operations have been investigated and the simulation has been
calibrated, the shaft column can be investigated. Shaft column losses should only be caused by friction
losses and flow restrictions. Any other losses can then be identified as system inefficiencies. Any
inefficiencies identified during this step will also indicate the various locations of these inefficiencies.

Step 3 - Active production levels. The shaft column then supplies the various levels with compressed air.
The production levels consume air based on the equipment used, the amount of equipment used, and its
time of use. The general equipment used on these production levels is indicated in Table 1. During this
step, the proposed zero-waste baseline is developed, based on the equipment, time of use, and employee
movement on the level.
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Step 4 - Reverse zero-waste baseline development. The last step is to implement the zero-waste baseline
in the entire operation. The zero-waste baseline is inserted as the demand on the various levels at the
identified stoping and development areas. The simulation results are then compared with the actual
performance of the operation. Using the results from the comparison, the inefficiencies can be identified
and located.

2.4. Zero-waste baseline

The zero-waste baseline will be developed on the basis of the specific requirements of the operations. An
abundance of data and information is needed to be able to build an accurate zero-waste baseline that
represents the operation’s compressed air demand. According to [1], [3]-[6], the use of equipment is
directly related to the time of day or shift. Figure 3 is a general indication of how the shifts are allocated
in a normal business-as-usual day.

=

ng;
s -
hange

) 4
£ £ £ =
- < < %)
(%) (%] 00
téo o0 o) =
— c c o=
S = = =
© = 17}
@ o o @
O =3 O

Shift €

0 L O L L L L L LSS LELSLO®®

LPEILLELELELSSPSELELLLELPLESPSPPPESESPS S S

AP I FE E QA E @ B RNQ G NN R A S AN AV S
Time [hh:mm]

Figure 3: Standard business-as-usual day shift allocation, adapted from [3]

The highest pressure and flow demand is experienced during the drilling shift, when many pneumatic drills
are used for stoping and development. The shift is also an indication of the number of workers underground,
which is another indirect indication of the compressed air demand.

Normally, no mechanical loaders or pneumatic cylinders are used during the drilling shift. This is done to
ensure that the available compressed air flow and pressure is used for the pneumatic drills alone. This
increases drilling efficiency [7], and therefore miner productivity. However, some mines or mining levels
continue to use other equipment during the drilling shift, depending on the availability of air and the type
of work to be done.

Determining the location of active areas on each crosscut and the number of working crews would be
necessary for calculating the demand of each level. So surveys will be done to determine the equipment
used by each crew in each working area. This will then also be compared with data collected from each
level.

3. IMPLEMENTATION ON CASE STUDY MINE

3.1. Case mine digital twin

A site inspection is done at the case mine to understand the compressed air system. The system, as
indicated in Figure 4 (left), consists of seven compressors feeding a large system consisting of three mining
shafts and three processing plants. Only five of the compressors are used to feed the compressed air system.

The mining shaft in question is also fed by another shaft on an underground level, as indicated in Figure 4
(right).
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Figure 4: Case mine surface (left) and underground (right) operations layout

The digital twin is built by doing surveys of the entire system, including the surface and underground
operations. These surveys are then used to build an accurate simulated representation of the actual system,
and thus the digital twin. Data on the compressors, mining shafts, processing plants, and production levels
was also gathered to calibrate the simulation.

3.2. Case mine zero-waste baseline

During the site inspection, the active production levels are identified. Further investigation into the active
production levels reveals discrete working areas and allocated crews to each of the working areas. Table 2
summarises the findings from the site inspection. There are 10 levels in total that tap from the main shaft
column. For three of these levels, either they are fed from another shaft, or the level valve is closed,
preventing flow on to the level.

Table 2: Identified active areas and crews per active production level

Active production level Active areas (#) Allocated crews (#)
70 Fed from elsewhere

73 Only refuge stations No mining
76 Fed from elsewhere

85 Only refuge stations No mining
88 3 3

92 10 13

95 4 4

98 7 15

100 No compressed air flow

101 11 12

Two of the remaining seven levels only feed refuge stations, as no other mining activity is currently taking
place on these levels. The last five levels have a total of 47 crews, divided into the different discrete
working areas. These are further divided into stoping and development working areas. Development is done
to enlarge the main haulage or crosscuts to a point where stoping starts. Stoping is mining done along the
ore-containing vein.
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It is determined by surveys and data collection that each working crew is given three pneumatic drills. And,
using stoping and development plans, it is also determined where and how many loading boxes are used
that require pneumatic cylinders. Last, it is also determined how many mechanical loaders are used on
each of these levels.

4. RESULTS, VALIDATION, AND IDENTIFIED INITIATIVES
4.1. Simulation performance

The entire simulation was calibrated, and the accuracy of the simulation calculated with Equation 1. The
results are summarised in

Table 3. The entire simulation accuracy was 98.1%; so the results from the simulation could be presumed
to be accurate and representative of the actual values and of how the system would perform. It could
therefore be defined as a digital twin. The least accurate of the key performance indicators were the
pressures taken from the ends of the production levels.

Table 3: Calibrated simulation accuracy

Key performance indicator Measured variable Accuracy [%]

Compressors Power [kW] 98.7
Flow [kg/s] 99.6
Pressure [kPa] 99.4
Surface operations Flow [kg/s] 97.5
Pressure [kPa] 99.7
Column Flow [kg/s] 97.8
Pressure [kPa] 97.6
Active production levels Flow [kg/s] 96.5
Pressure [kPa] 97.6
Identified meters Pressure [kPa] 96.1
Overall 98.1

The simulation was calibrated using actual data on a business-as-usual day that was representative of the
average performance of the system. Throughout the day, level-feed valves were controlled, based on the
demand and on how much air the compressors supplied to the system. During the evening blasting shift,
most of the valves were closed and fewer compressors were run, since no mining activity occurred during
the blasting shift.

4.2. Surface operations

During the calibration of the surface operations simulation, it was discovered that the compressed air
system was oversupplied by an average of 10.1 kg/s (855 tonnes per day) of air, which was about 14.5%.
Figure 5 indicates the difference between the compressed air supplied to the system by the compressors
and the measured demand.

62



Supply Demand

70
— 60
50

O PN PP ST NPT I E NSNS NSNS INSENSNNEISSISENINIS S
QQQQQQQQQQQQQQQQQQQQQQQQQ
ORI NN N N N BN SN N RN N N RN R RN DS SR RN
Time of day [hh:mm]
Figure 5: Surface operations supply and demand

To determine the amount of energy wasted with the lost compressed air, the following equation was used:

Energy Consumed [kWh] (2)
Compressed Air Generated [kg]

Efficiency [kk—w;h] =

Using Equation 2, it was calculated that the system consumed 0.094 kWh to generate 1 kg of compressed
air. Therefore, 855 tonnes of air consumed 80 MWh of energy to be compressed. This was the amount of
energy wasted on the surface operations. Based on the April 2022 Eskom power tariff, the wasted energy
was equal to about R 91 000 per day.

Using the digital twin, it was also determined that most of the losses occurred near the northern-most
compressors. The location was determined by trial-and-error, by comparing the digital twin data with the
actual data and finding the area where the data was the most accurate with the loss incorporated.

4.3. Shaft column

During the calibration of the shaft column, it was discovered that even more losses were occurring there,
regardless of the surface operations. The shaft column was oversupplied by an average of 1.1 kg/s (95
tonnes per day) of compressed air, or by 4.6%. Figure 6 shows the flow into the shaft and the different
levels’ flows. The difference between the shaft flow and the sum of the level flows was the compressed
air lost in the shaft column’s compressed air column.

70 Level 73 Level mmm 85 Level mmm 88 Level mmm 9?2 Level
mm 95 Level 98 Level 100 Level mmm 101 Level Shaft Column

P O O L L L L LSS LLELELELE SISO ®

R S R R R S A R S A
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Figure 6: Shaft column flow and respective level flows
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The amount of energy wasted in the shaft column alone was calculated to be 8.9 MWh per day, or R9 900
per day. Excluding the active production level, about 90 MWh of energy was wasted on the surface and the
shaft column alone. This was a loss of R100 900 per day.

4.4, Active production levels

The method followed to determine the zero-waste baseline on each active production area was to
determine accurately what equipment was used when and where on that specific level. Each level was
investigated, and the equipment was noted along with its time-of-use. The air that was used more than
proposed by the zero-waste baseline could be categorised as a loss to the system.

Table 4 summarises the equipment identified on each of the active production levels. Refuge stations
consumed air throughout the day. Pneumatic drills were used during the drilling shift, from about 06:30
until about 12:00. Pneumatic cylinders and mechanical loaders were used during the cleaning shift and
after the drilling shift but not during the drilling shift or the blasting shift. During shift changes, less
equipment was used for a limited time.

A zero-waste baseline was developed for each of the active production levels, based on the location of the
active working areas and the number of crews allocated to these working areas. Using the mine’s missing
persons locator data, the number of miners underground and on specific levels could be determined and
used to determine when the compressed air could be decreased to the specific level.

Table 4: Equipment used on each active production level

Level Refuge stations Pneumatic drills Pneumatic cylinders Mechanical loaders

73 7 0 0 0
85 2 0 0 0
88 8 12 4 1
92 7 39 9 4
95 8 12 3 1
98 5 45 8 5
101 9 36 4 3

Figure 7 shows how the zero-waste baseline was developed and how it compared with the actual use of
compressed air specifically on 101 level. The movement to and from the level, as well as the activity on
the level, was indicated on the graph to assist with developing the zero-waste baseline. It can be clearly
seen that, during the drilling shift, the activity on the level was very high, which correlates with the
increase in demand for this period. During the blasting shift no miners were underground; therefore, the
only compressed air to be consumed during this period should have been the refuge bays, which required
a minimum pressure of 150 kPa.
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Figure 7: Zero-waste baseline of 101 Level compared with the actual compressed air usage and the
workers on this level

The same method was applied to all the levels. On each level, the air wasted, the energy wasted, and the
cost of the wastages were calculated. 95 level and 98 level did not cut back during the blasting shift, even
though no workers were underground. This, in turn, increased the compressed air wastages significantly on
these levels. Most of the levels had open ends, especially near the hot areas, to increase ventilation and
cooling. However, this wasted compressed air.

It was also determined that, on some of the levels, there were compressed air pipes that went through
closed-off areas, but that the valves had not been closed. This wasted large amounts of compressed air,
and was unnecessary. Using the zero-waste baseline, the wastages were quantified and located on each
level.

Table 5: Summary of air and energy waste, and the costs of the wastages

Level Air wasted [t] Energy wasted [kWh] Cost of wastage [R]
73 0.0 0.0 0.0

85 117 10 974 12 319

88 21 19 734 22 153

92 98 9138 10 258

95 25 2343 2 631

98 189 17 650 19 814

101 41 3816 4284

Total 680 63 655 71 459

In an ideal scenario, the system could use 63.7 MWh less energy, which in turn would save about R71 500
per day. The compressed air system would never be able to run at 100% efficiency; however, with the zero-
waste baselines, the most troublesome levels could be identified, and the problems, leaks, and wastages
rectified. It has previously been shown that at least 35% of energy is wasted as a result of compressed air
leaks and inefficiencies [16]. It has also been calculated that improvements to compressed air efficiency
could save between 30% and 40% of the total energy [16]. A mine should strive to run the system as close
to ideal as possible, which would increase energy savings.
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4.5. Reverse zero-waste baseline implementation

The final step in the process was to implement the zero-waste baselines in the entire system by inserting
the baselines into the digital twin at the respective discrete working areas. This would then determine the
demand required by the system, and the compressors would adjust the supply accordingly. This would
ultimately determine what the actual energy savings could be if the system were run according to ideal
performance.

The zero-waste demand was inserted into the digital twin; the resultant power decrease can be seen in
Figure 8. There was a decrease of 130.8 MWh (23.7%) per day if the system were to perform as indicated
by the zero-waste baseline. It should be noted, however, that the energy saved was only on one shaft, and
that there were two other shafts and three processings plants on the same compressed air system. The
saved energy equalled R146 816.60 per day, which was being lost through wastages. Throughout the day,
an average of 5 500 kW was wasted, indicating that an entire compressor could be switched off throughout
the day, thus saving further maintenance, running, and labour costs. This would reduce the energy
consumed by a further 13.2 MWh per day.

Actual Digital Twin = «cceeeeee Zero-Waste Digital Twin
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Figure 8: Actual system power consumption compared with the digital twin and the zero-waste
baseline adjustment

Given the lower demand on the levels, the pressure also increased at the production ends. This pressure
increase ranged from 20 kPa to 50 kPa, without changing the setpoint on the level feed valve controllers.
This could then be further increased with optimised level feed valve control.

However, it is recommended that flow meters and pressure meters be installed near active areas to
determine on a more micro-scale where the air is wasted and where possible leaks are. The zero-waste
baseline was able to locate most losses on the system on the respective levels; but without more flow
meters, the precise area where the leaks are cannot be determined.

4.6. Savings initiatives

Eskom has a time-of-use tariff, which means that the tariff increases at certain times of the day [1]. During
the evening blasting shift the tariff is higher than normal, which suggests that any cut-back on the
compressed air would ensure more savings during this period. Furthermore, it was seen with the missing
persons locator data that there is a period before the blasting shift when very few people are underground.
If there is sufficient scope, the valves can be closed even earlier, saving more air and power.
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Most compressed air leaks and inefficiencies are located in abandoned crosscuts, and these will remain a
problem while no-one enters these crosscuts to find the leaks and inefficiencies. It is recommended that
valves to the entry of these crosscuts be installed if further work in that crosscut remains possible;
otherwise, the compressed air into that crosscut should be blanked off. This would reduce the area to be
monitored and surveyed to ensure that leaks are fixed.

5.  CONCLUSION AND RECOMMENDATIONS

Compressed air inefficiencies in deep-level mines could be successfully identified and quantified by using
zero-waste baselines in combination with simulation software. Major savings opportunities were identified
when the actual performance of the system was compared with the zero-waste baseline. Also, quantifying
the wastages identified the most problematic areas, somewhat localising them.

The surface operations were the source of approximately 80 MWh of wastages; the shaft column was the
source of 8.9 MWh of wastage; and on the levels, about 64 MWh of energy was wasted, with 88 level being
the largest contributor, followed closely by 98 level. A total of 153 MWh of energy was being wasted in the
deep-level mine. If the system were to perform ideally, the pressure at the production areas would increase
as well, increasing drill performance and efficiency.

This method is suitable for quantifying the losses in a system and localising the problematic areas to a
general area; however, with more meters on levels, the accuracy of the localised location of wastages
could be improved. To ensure that the system performs better, the identified inefficiencies should be found
and rectified. Thereafter, the system should be continually monitored to identify immediately when its
efficiency decreases.

Further savings initiatives include level feed valve optimisation and time-of-use management, to increase
the savings from power savings. This is emphasised because some of the levels do not have their flow
reduced during the blasting shift, even though there are no workers on these levels during these times.
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