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ABSTRACT 

Deep-level mines have complex and dynamic ventilation systems to 
ensure that sufficient air is provided to underground workers. Certain 
changes to the ventilation systems are continually implemented to 
enable the deepening of these mines. The three main hazards in 
ventilation systems are high temperatures, dust pick-up, and gas build-
up. This means that avoiding hazards in these systems is important for 
the health and safety of workers. New technologies, such as digital 
twinning, can be used to simulate and plan the entire deep-level mine 
ventilation network with ease. In this study, a digital twin is used to 
identify high-risk areas in a deep-level mine that are susceptible to high 
temperatures, dust-pick-up, and gas build-up. The identified hazards 
can now be avoided by implementing various changes to help mitigate 
the possibility of their occurrence. This enables the mining industry to 
plan proactively and to manage the ventilation system for the entire life-
of-mine (LOM). 

 OPSOMMING  

Diepvlakmyne het komplekse en dinamiese ventilasiestelsels om te 
verseker dat voldoende lug aan ondergrondse werkers verskaf word. 
Sekere veranderinge word voortdurend aan die ventilasiestelsels 
geïmplementeer om die verdieping van myne moontlik te maak. Die drie 
hoofgevare in ventilasiestelsels is hoë temperature, skep van stof en die 
opbou van gas. Dit beteken dat die vermyding van gevare in hierdie 
stelsels belangrik is vir die gesondheid en veiligheid van werkers. Nuwe 
tegnologieë, soos digitale tweelinge, kan gebruik word om die hele 
diepvlakmynventilasienetwerk met gemak te simuleer en te beplan. In 
hierdie studie word 'n digitale tweeling gebruik om hoërisikogebiede in 
'n diepvlakmyn te identifiseer wat vatbaar is vir hoë temperature, 
stofophoping en gasopbou binne 'n diepvlakmyn. Die geïdentifiseerde 
gevare kan dan vermy word deur verskeie veranderinge te implementeer 
om die moontlikheid daarvan te verminder. Dit stel die mynbedryf in 
staat om proaktief te beplan en die ventilasiestelsel vir die hele lewe-
van-myn (LOM) te bestuur. 

 

1. INTRODUCTION 

Deep-level mining is present in various countries around the world, such as the Republic of South Africa 
(RSA), Germany, Canada, Poland, China, and Russia [1]. In 2006, RSA was the number one gold producer in 
the world, but by 2009 it has dropped to fourth behind China, Australia, and the United States of America 
(USA) [2] [3]. The search for gold in RSA has meant that deep-level mines have had to expand deeper into 
the earth’s crust, resulting in six of the top ten deepest mines in the world being located in RSA [4]. 
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Various challenges exist when mining at these depths (up to 4 km) [5] [6]. The biggest challenges are 
ventilating the working areas, mitigating the heat generated through mining practices, and dealing with 
heat radiation from the high virgin rock temperatures (VRT) [7]. Figure 1 illustrates the increase in virgin 
rock temperature with depth below surface. 

 

Figure 1: VRT increase as the depth below surface increases [7] 

As deep-level mines in South Africa start to mine deeper into the earth, the mitigation of the heat within 
the mine is imperative for the health and safety of the workers [6][7][8]. The primary system that is used 
to mitigate heat is the ventilation system [6][7]. 

The ventilation system is one of the most complex systems of a deep-level mine, given its dynamic nature 
with small operational changes occurring every day [6]. The main components of a ventilation system are 
airways, fans, and seals [6]. With such a system as this, which is large in scale and contains numerous 
components, effective planning becomes vital for the health and safety of underground workers.  

Ventilation planning in deep-level mining is revised regularly because of the continuous changes being 
implemented. The most important aspect of ventilation planning is to avoid certain hazards when changes 
to the system are implemented. The main hazards in deep-level mine ventilation systems are dust 
pollutants in the air, gas concentration build-up, and high temperatures [6]. There are various 
consequences when workers are exposed to these hazards: 

• Silicosis from excessive exposure to silica dust [9].  

• Combustion in underground working areas as a result of the concentrated build-up of gas such as 
methane [10]. 

• Heat stroke after being exposed to high temperatures for prolonged periods [8][11]. 

Various components in a ventilation system help to control and mitigate these hazards: 

• Auxiliary fans that assist with airflow through working areas [12]. 

• Secondary and tertiary cooling systems that help to mitigate the heat in the ventilation system 
[13]. 

• Gas detection instrumentation to detect the presence of dangerous gases [6]. 

• Dust suppression nozzles that reduce the amount of dust pollutants in the air [14]. 

• Ventilation stoppings that seal off certain airways to prevent hot air from flowing into the areas 
where personnel are working [6]. 
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In addition, guidelines from the Mine Ventilation Society of South Africa (MVSSA) outline the allowable 
limits of underground dust concentration, gas concentration, and temperature [6]. The Mine Health and 
Safety Act of 1996 also outlines actions to be taken if these limits are exceeded [15], and so ensure the 
safety of all the personnel working in the mine. The early identification and mitigation of hazards in deep-
level mines is therefore of the utmost importance. 

Current hazard avoidance methods entail the installation of sensors at strategic locations within the mine 
to monitor the system [6]. Specialised sensors can accurately detect when any of the above-mentioned 
elements exceed a pre-defined limit [16][17][18]. Unfortunately, this means that the hazard can only be 
addressed after it has been detected. 

Consequently, there is a need for an effective hazard avoidance methodology to be applied in deep-level 
mining ventilation systems whenever new projects and changes are implemented. Nel et al. [19] proposed 
that an appropriate solution for such a complex system would be a digital planning tool to help to evaluate 
system changes and proactively to identify problem areas – i.e., a calibrated digital twin of the mne’s 
entire ventilation network. Other countries have used software that can simulate ventilation systems [20]; 
but they do not have mines with the depth and complexity of South Africa’s deep-level mines. The deep-
level mine ventilation systems in South Africa require a more detailed approach in which every working 
area is simulated and illustrated. This means that ventilation planning in South Africa requires the use of a 
digital twin. 

The definition of a digital twin has evolved over the years. It could be described as a cyber-physical copy 
of a physical system [21]. There are also instances in which a digital twin is viewed as the monitoring 
platform of a system [22][23]. This study, however, refers to a digital twin as a calibrated model of a system 
that reacts in the same way as the physical system when changes are applied. The technology used in this 
study to create a digital twin is called Process Toolbox (PTB). It is a one-dimensional computational fluid 
dynamics (CFD) solver that solves complex thermo-hydraulic networks. The software can simulate 
incompressible, compressible, and two-phase fluids. PTB has the capability to simulate a transient, 
integrated cooling and ventilation network of an underground mine. It has been used in previous studies to 
simulate various deep-level mine ventilation systems accurately [19][24] [25]. 

This study aims to develop a framework to identify and mitigate hazards in deep-level mining with the use 
of a digital twin. This framework must be able to: 

• identify certain problem areas in a deep-level mine ventilation system; 

• determine the cause and the reason why the area is problematic; and 

• propose effective mitigation strategies/solutions for the identified hazards. 

The developed methodology is applied to a deep-level mine case study in South Africa. 

2. METHOD 

To address all the objectives, a case study methodology is applied [26]. To evaluate whether the case study 
methodology is sufficient for this study, Table 1 evaluates the criteria for using a case study.  

Table 1: Evaluation of case study methodology’s applicability [26] 

Case study methodology 
criteria 

This study Applicable 
(Yes/No) 

The objective of research is to 
find answers to the potential 
cause and reason of certain 
cases. 

To determine the cause and reason why an area is 
problematic so that hazards can be mitigated 
effectively. 

Yes 

It is not possible to control 
certain behavioural events. 

Behaviours of underground workers and the 
effects of natural events, such as seismic events, 
cannot be controlled. 

Yes 

The focus is on contemporary 
events. 

Events occur in real time, and will impact the 
outcome of this study. 

Yes 
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Table 1 shows that the case study methodology is applicable here. Figure 2 illustrates the case study 
methodology used to address the main objectives of this study. 

Define problem/
need

Literature 
review

Construct 
method/

Framework

Conduct case 
studies:

• Dust
• Gas
• Temperature

Report 
individually:

• Dust
• Gas
• Temperature

Cross-case 
conclusion

Compare 
with theory

Modify if 
needed

 

Figure 2: Illustration of the case study methodology applied to this study [26] 

The method constructed in the process of using the case study methodology (green block in Figure 2) is the 
main outcome of this study. The method can be used to identify and mitigate the various hazards in a 
ventilation system.  

Figure 3 illustrates the final developed method/framework, and describes the steps to identify and mitigate 
all potential problem areas in the mining ventilation system. The development of the method/framework 
is discussed along with the results in the Results section. 

Step 1: Develop a 

calibrated digital 

twin [24]

Step 2: Obtain 

relevant information:
• LOM stoping and 

development plan.

• Future mining area 

layouts.

• System requirements [6] 

[27].

Step 4: Detailed 

planning of LOM:
• Establish dedicated intake 

and return airways

• Close off all areas that have 

reached the end of their 

LOM.

• Remove all redundant 

ventilation appliances.

Step 3: Expand 

digital twin:
• Expand according to the 

future mining layouts.

• Configure all airways:

• Heat pick-up [7]

• Tunnel sizes

• Blasting areas

Ensure LOM plan is 

implemented correctly

Step 4.1: Simulate 

implemented LOM 

plan

Step 4.2: Hazard 

identification:
High temperatures:

• Wet-bulb temperatures exceeding 

26 °C inlet to working areas [27].

• Dry-bulb temperatures exceeding 

35 °C in working areas [27].

Gas build-up:

• Areas with low airflows [6].

Dust build-up:

• Areas with sub-standard air 

velocities [6].

Verify that all 

hazards have been 

identified

Step 4.3: Mitigate identified 

hazards:
Low airflow quantities [6]:

• Improve ventilation controls.

• Reduce airway restrictions.

• Install additional fans.

High airflow quantities [6]:

• Improve ventilation controls.

• Increase flow area or divert air.

• Implement system changes.

High temperatures [5] [6]:

• Improve ventilation controls.

• Upgrade cooling system.

• Improve locational efficiency.

• Additional cooling capacity.

Verify hazard 

avoidance

Planning 

complete

No

Yes

No

Yes

Yes

Step 4.4: Simulation data analysis:
Simulate implemented changes.

Export simulation results:

• Summarise results.

Analyse results:

• Compare results to the system 

requirements.

No

 

Figure 3: Hazard identification and mitigation method 

3. RESULTS 

The method illustrated in Figure 3 has been implemented step-by-step in a case study of the life-of-mine 
(LOM) planning on a deep-level gold mine (Mine A). This method is discussed in detail by illustrating the 
key results for each step and how the results were obtained. 

Step 1: Develop a calibrated digital twin 

The process starts by developing a calibrated digital twin of the ventilation system. This step enables the 
accurate simulation of the actual ventilation system. The development and calibration of the digital twin 
follows the method developed previously by Jacobs (2020) [27]. The validation of the accuracy of the digital 
twin is conducted when comparing the results of the simulation under known conditions with the 
performance of the actual system [28]. This method yields results to within 95% accuracy of a real-time 
mining ventilation system, which is acceptable given the size and scale of the model [27][29]. Figure 4 is a 
graphical representation of the digital twin developed for this study. 
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Figure 4: Illustration of the calibrated digital twin of Mine A to help show the complexity of these 

vast underground systems 

This digital twin reacts in the same way as the current actual system, and now needs to be expanded 
according to the LOM plan. 

Step 2: Obtain relevant information 

The digital twin can only be expanded once the correct information is obtained. This information includes 
the following: 

Step 2.1: The LOM stoping and development plan 

The LOM stoping and development plan includes information such as the face length, face width, face 
advance, ore grade, and expected rock density for the entire LOM. This can then be used to derive the 
planned extracted tonnes during the LOM. Figure 5 illustrates the planned tonnes of ore extracted for the 
LOM of Mine A. 

Figure 5: Planned extracted gold ore during the LOM 

Figure 5 shows the planned tonnes of ore extratcted for each level during the LOM. This is very important, 
since this indicates where they plan to mine. However, the detailed stoping and development plan goes 
into more detail, and shows the planned tonnes per panel. The planning for each year is done for the period 
within the year in which they are at peak production. 
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Step 2.2: The layouts of the future mining areas 

The planned working areas of a mine should be designed by the mine’s planning department. This means 
that these layouts could be used to expand a digital twin and to simulate the performance of the working 
areas even before they are developed. Figure 6 shows an example of the planned expansion of a mining 
level. 

 

Figure 6: Example of planned mine layout 

The orange line in Figure 6 shows where the current digital twin ends. This means that all the non-orange 
areas are where the mine is planned to expand. 

Step 2.3: The requirements from the system 

The LOM layout and progression is now established, and the next information that is required is the effective 
ventilation requirements for the working areas. These are determined by evaluating the metabolic rates of 
the mining personnel completing certain tasks for an average full shift [30]. It has been determined that 
the metabolic rate of a driller and of a drill assistant is the highest at ± 180 W/m2 [30]. Figure 7 illustrates 
the metabolic rate of different work rates compared with the cooling power of air as a function of wet-
bulb temperature and time [30]. 

 

Figure 7: Cooling power as a function of wet-bulb temperature and wind speed [30] 
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Figure 7 shows the point at which a driller will operate at the design face wet-bulb temperature of 28.5 
°C. This indicates that the airflow requirement at the face of a working area will be an airflow velocity of 
2 m/s. It should also be noted that only areas with a stagnant flow would be at risk of gas build-up from 
blasting. This means that, for a stoping width of 1.2 m and a distance from face to support of 5 m (which 
equates to a flow area of 6 m2), the required quantity into a working area should be a minimum of 12 m3/s. 
However, this study assumes a worst-case scenario, and uses a design airflow quantity of 15 m3/s and stope 
intake of wet-bulb temperature of 26°C to ensure sufficient air supply to all working areas. This ensures 
that no working area is at risk of high temperatures or a gas build-up.  

The current infrastructure is evaluated to determine whether it can supply the amount of air required for 
the LOM plan. This is done by quantifying the amount of air required for all planned working areas in peak 
production in the planned year, and comparing it with the current quantity that can be supplied by the 
fans installed in the mine. 

The design airflow quantity is used, therefore, to determine the airflow requirements for the next ten years 
of the LOM plan. Each year is evaluated at peak production, meaning that the worst-case scenario is always 
considered. Figure 8 illustrates the air requirements during the LOM compared with the amount of air that 
can be supplied by the current infrastructure. 

 

Figure 8: Air requirements during LOM of Mine A 

Figure 8 shows that the current installed infrastructure will be able to accommodate the air requirements 
during the LOM of the current system, and that the future expansion project will take over from 2027. This 
means that no upgrades will be required to the main ventilation infrastructure of Mine A.  

The next step is to determine whether enough cooling is installed to accommodate the heat load of the 
mine during Mine A’s LOM. The heat load is assessed by determining the heat added to the system by the 
auto compression of the air, mining practices, fissure water, and the metabolic heat from underground 
workers. This heat load should then be compared with the cooling capabilities of the current infrastructure. 
Figure 9 illustrates the cooling capabilities compared with the heat load during peak production in each 
year in the LOM plan. 
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Figure 9: Cooling capabilities and heat load comparison 

Figure 9 shows that the current infrastructure will be able to accommodate the heat load for the next ten 
years in the LOM plan. This means that no changes have to be made to the main infrastructure of Mine A. 

Step 3: Expand the digital twin 

The calibrated digital twin is now expanded by using the obtained information. This step mainly focuses on 
building the planned working areas that are not in the current digital twin. This includes the configuration 
of the airways to simulate accurately the heat pick-up, air velocities, and blasting areas. Figure 10 
illustrates the current and expanded planned working areas respectively. 

Future mining areas

Expanded digital twinOriginal digital twin
 

Figure 10: Digital twins of Mine A’s original and expanded planned working areas 

Figure 10 shows how the digital twin is expanded. The planned areas are shown in black. These areas are 
then configured to the correct size, VRT, moisture exposure, heat pick-up, and friction factors. The digital 
twin is then expanded, and the next stage of the planning method can begin. 

Step 4: Detailed planning of LOM 

This section follows steps 4.1 to 4.4 in Figure 3. The results from Step 2.3 illustrated that there is enough 
cooling and air supply for the LOM plan, which means that the next step is to distribute the existing 
ventilation capacity effectively to the planned working areas. This step, however, focuses only on the next 
three years to limit the amount of detail presented in the results. The first iteration of the simulation is to 
close the working areas that are not part of the plan during peak production and to open the areas that are 
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set to be active. This illustrates the natural distribution of the air without the interference of additional 
ventilation controls. It is also important to see that there is a dedicated intake and return airway for each 
working area. 

The system is then evaluated to determine the air flow distribution on each level, and where air might be 
wasted or short-circuited to the return airways. The naming convention used to identify each working area 
is a level-working area-number (Lx WA y), with level 1 being the upper level and level 5 being the deepest 
level. The working areas are then numbered in ascending order according to their distance from the shaft. 
Figure 11 illustrates the natural flow and wet-bulb (WB) temperature of air to the working areas of 2023. 
The bars indicate the air flow quantity to each working area, where green indicates that the target has 
been reached and red indicates that there is an insufficient quantity of air flow. 

 

Figure 11: Natural ventilation performance at each working area for 2023 

Figure 11 shows the seven problem areas that can easily be identified. It should be noted that most of the 
areas with sufficient airflow and temperature were already active in 2022, which meant that they already 
had sufficient ventilation controls. It is also important to take the cost of each of the primary ventilation 
controls into account when deciding which changes to implement. Table 2 shows the estimated cost-per-
unit of the primary ventilation controls. 

Table 2: Estimated cost of primary ventilation controls 

Description Cost per unit 

Ventilation door / regulator R24 000 

45 kW fan R110 000 

500 kW cooling car R520 000 

Table 2 shows the estimated cost of each of the primary ventilation controls, although these vary depending 
on the supplier. Taking this information into account, the problem areas are then investigated in the digital 
twin, and it is determined that the best way to improve the quantity is to install a 45 kW fan at the entrance 
to the working area to help to overcome the resistance through the working areas, and so increase the 
airflow quantity. It should be noted, however, that no areas are at risk of gas build-up. 

The areas that have had temperature and quantity issues have been improved by moving existing heat 
exchangers closer to those areas, and using the 45 kW fan already attached to the heat exchanger to 
increase the quantity. This is done by ensuring that the heat exchanger discharges through a ducting or 
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pipe through a wall at the entrance to the working area. This also ensures a reduced recirculation of air 
through the heat exchanger, and lowers the cost of the changes that are to be made to the actual system. 
These steps are then simulated to quantify the impact on the working areas. Figure 12 illustrates the 
improvement to the system by implementing these actions. 

 

Figure 12: Mitigated ventilation performance at each working area for 2023 

Figure 12 shows that all the problem areas have been addressed and the hazards have been mitigated. 
Figure 13 illustrates the natural flow and WB temperature of air to the working areas predicted for 2024. 

 

Figure 13: Natural ventilation performance at each working area for 2024 

Figure 13 shows that various areas have insufficient airflow quantities and that there are two working places 
where return air is pushed out into the intake airway, resulting in high temperatures. It could also mean 
that the carbon monoxide (CO) produced from blasting these areas could flow back into the intake airways.  
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It should be noted that L5 WA 1, L5 WA 4, L5 WA 5, and L5 WA 9 are not connected to the upper levels, 
which means that they are not under the negative pressure supplied by the upper booster fans. Thus air 
should be supplied to these areas by means of force fans. This is done by installing two 22 kW fans and a 
ventilation door. The airflow quantity at L1 WA 1 is improved by implementing an improved sealing plan on 
level 1. The L4 WA 9 and L4 WA 10 reverse flow is solved by installing two 45 kW fans and ventilation doors 
to overcome the resistance through the working areas. Figure 14 illustrates the improvement to the system 
as simulated by the digital twin. 

 

Figure 14: Mitigated ventilation performance at each working area for 2024 

Figure 14 shows that all the problem areas are addressed and that a sufficient airflow and WB temperature 
is supplied to the working areas. Figure 15 illustrates the natural flow and WB temperature of air to the 
working areas for 2025. 

 

Figure 15: Natural ventilation performance at each working area for 2025 

Figure 15 shows that the requirements of most of the working areas are met; however, some problem areas 
are still identified by the digital twin. No areas present the risk of gas build-up, since none of the areas 
have stagnant airflow. L2 WA 8 has insufficient cooling, and so a 500-kW heat exchanger is installed near 
the entrance to the working area. L5 WA 2, L5 WA 3, and L5 WA 9 have the same issue as previously 
mentioned: those working areas are not holed with the upper levels. This too is solved by installing two 22 
kW force fans to help ventilate the working areas. Figure 16 illustrates the improvement to the system as 
simulated by the digital twin. 
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Figure 16: Mitigated ventilation performance at each working area for 2025 

Figure 16 shows that the problem areas have been addressed effectively and that a sufficient airflow and 
WB temperature is supplied to the working areas. It is now important to evaluate the airflow velocity for 
each working area intake to ensure that the 6 m/s limit for dust control is not exceeded. Figure 17 
illustrates the air velocity at the intake tunnel of each working area. 

 

Figure 17: Air velocity per working area 

Figure 17 shows that none of the working areas exceed the limit, indicating that no areas risk having 
significant dust control issues. It is important to note that regular floor treatment and other mandatory 
dust control devices remain in place. 

The results obtained in this case study show the value of having a calibrated digital twin. The digital twin 
was able to identify areas that were at risk of experiencing high temperatures and low airflows. This is 
valuable in the planning phase, since it shows that hazards can be proactively avoided or mitigated, 
ensuring that the health and safety of all underground workers is protected and prioritised. This process 
can be expanded to the rest of the LOM plan. 
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4. CONCLUSION 

The expansion of deep-level mining in South Africa leads mines ever deeper into the earth. This presents 
various challenges in ventilating them effectively, and emphasises the importance of proper ventilation 
planning. A calibrated digital twin of a deep-level mine can be used in planning such a mine’s LOM. 

The case-study methodology was used to obtain an effective method that could be used in planning the 
LOM ventilation strategy. This method was then implemented on a deep-level mine to demonstrate its 
feasibility. 

The method proved effective, and was able to identify potential problem areas where hazards might occur. 
These hazards were then mitigated, and all working areas throughout the three-year LOM plan would be 
sufficiently ventilated. 
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