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2.                              ABSTRACT 

Title:             Automated dynamic control philosophy for sustainable energy savings on mine cooling

            systems 

Author:             Mr J.A. Crawford 

Supervisor:      Prof. M. Kleingeld 

School:             Mechanical Engineering 

Faculty:             Engineering 

Degree:             Master of Engineering in Mechanical Engineering 

Keywords:  Automated control strategy; competitive; cost savings; dynamic; electricity; Energy 

Management System (EMS); mine cooling; operational costs; refrigeration;                     

socio-economic; sustainability.

Financial instability in the mining sector was identified as a significant reason for reduced production trends 

in South Africa. Coupled with increasing operational costs, the South African mining sector is confronted 

with a challenging financial situation. To remain financially competitive, on a global scale, mines are 

adopting significant socio-economic changes.  

Mineworkers require substantial cooling and ventilation to work in a safe and habitable environment. Deep-

level mine cooling systems were identified as substantial energy-intensive consumers to supply such 

cooling. Mine cooling systems can make up to 28% of a mines total electricity consumption. Electricity           

cost-saving initiatives were studied, implemented and recognised as a viable solution to reduce end-use 

electrical energy consumption on mine cooling systems. Little attention has been directed, however, to the 

sustainability thereof.  

Literature reveals a need for a simple, practical and integrated solution to optimise deep-level mine cooling 

systems dynamically for sustainable cost savings. Therefore, an automated dynamic control strategy was 

presented to optimise the control of mine cooling systems to reduce operational costs and improve system 

sustainability. An integrated Energy Management System (EMS) was identified as a suitable controller for 

the implementation of this strategy. The EMS analysed the theoretical impact with the aid of a verified 

simulation model. 

The control strategy was implemented on a case study, Mine A, situated at a South African gold mining 

complex.  An integrated dynamic temperature set point algorithm and ambient dry-bulb (DB) temperature 

prediction model was formulated, implemented and verified. The simulation results confirmed the accuracy 

of the automated dynamic control strategy with an average correlation error of 4%.  
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The feasibility of the automated control strategy was investigated and validated to identify                              

post-implementation cost savings. Implementation results showed a power demand reduction of 45.7%, or 

1960 kW during the evening peak time-of-use period. This translated to an annual cost saving of                 

R1.1 million and an operational efficiency improvement of 15%. The optimised dynamic control model, 

when compared to existing control practises, also attained a chiller coefficient of performance improvement 

and compressor power reduction of 7% and 4% respectively. 

An integrated performance monitoring daily report was established. Important KPIs were identified and 

included in the daily report. In addition to the implementation of automated cost saving measures, load shift 

savings were also reported for a period of 14 months; indicating the sustainable impact of this study. This 

strategy, demonstrated to be simple, showing significant performance improvements for South African 

mining industries. 
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ὯὡὬ 
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╣╪░╦║  Air inlet wet-bulb temperature Јὅ 

╣▀◐▪╪□░╬▼▄◄▬▫░▪◄ Dynamic temperature set point Јὅ 
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╣╛╜╣╓ Log mean temperature ὑ 

╣▼◄╪◄░╬▼▄◄▬▫░▪◄ Static temperature set point Јὅ 

╣►╪◄▄ Temperature rate ЈὅȾάὭὲ 

╣◌░ Water inlet temperature Јὅ 

╣◌▫ Water outlet temperature Јὅ 

◄ Time άὭὲ 

╤ Overall heat transfer coefficient ὯὡȾά ὑ 

╤▪▼╬╪■▄▀╫╪▼▄■░▪▄░
 Half-hourly unscaled baseline Ὧὡ 

╦╬ Compressor motor power Ὧὡ 

●╗  Water removal rate ὯὫȾί 
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9.                  L IST OF ABBREVIATIONS  

Symbol Description 

ACU Air cooling unit 

ARS Ammonia-absorption refrigeration cycle 

BAC Bulk air cooler 

BEP Best efficiency point 

CCD Cold confluence dam 

CEO Chief executive officer 

CFD Computational fluid dynamics 

COP Coefficient of performance 

CWC Chilled water coolers 

DB Dry-bulb 

DEM  Design equipment manufacturer 

DSM Demand Side Management 

EMS Energy management system 

ESCO Energy service company 

GDP Gross domestic product 

GUI  Graphical user interface 

HCD Hot confluence dam 

HDI  Human Development Index 

IDM  Integrated Demand Management 

IGV  Inlet guide vane 

KPI  Key Performance Indicator 

LCC  Life-cycle costs 

M&V  Measurement and Verification 

MTR  Manual to remote 

NIRP National Integrated Resource Plan 
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NPV Net present value 

OPC Open platform communication 

PA Performance assessment 

P Proportional 

PCM Performance-centered maintenance 

PI Proportional-integral 

P& ID Proportional-integral-derivative 

PLC Programmable logic controller 

PRT Power recovery turbine 

PTB Process Toolbox 

RTS Ready to start 

SCADA Supervisory control and data acquisition 

SLA Service level adjustment 

SMTP Simple mail transfer protocol 

STP Stop 

STR Start 

TOU Time-of-use 

UG Underground 

VCR Vapour-compression refrigeration  

VSD Variable speed drive 

VRT  Virgin rock temperature 

VUMA  Ventilation of Underground Mine Atmospheres 

WB Wet-bulb 
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10.                                 GLOSSARY 

ñAutomated cost saving measuresò Computerised procedures implemented for cost 

savings 

 

ñBaselineò Original performance point used for comparisons 

 

ñDry-bulb temperatureò Air  temperature measured by a thermometer that 

captures atmospheric conditions 

 

ñDemand Side Managementò Procedures implemented to reduce the demand for 

electricity 

 

ñDynamic controlò Determine the behaviour of a system and/or process 

by monitoring and adapting to real-time 

characteristics 

 

ñDynamic control modelò Summarised representation of the behaviour between 

control input and outputs 

 

ñEnergy-intensiveò Process utilising a substantial amount of electricity 

 

ñEnergy Management Systemò A system of computer-aided tools used to control, 

monitor and optimise the performance of a process 

 

ñFissure waterò Water collected through narrow cracks, open fractures 

and man-made underground workings 

 

ñGross domestic productò The value of services and goods provided in a country 

during one year 

 

ñLife-cycle costsò Recurring and non-recurring costs involved over the 

total lifespan of an asset 

 

ñOperational costsò Costs incurred for production 

 

ñNet positive suction headò The minimum required pressure at the suction inlet of 

the pump to prevent cavitation 
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ñProgrammable logic controllersò Hardware and software elements that control 

processes locally or remotely 

 

ñRefrigerationò Process of removing heat from a confined space and 

rejecting the unwanted heat into another environment 

  

ñService deliveryò Sets of actions and measures implemented to aid with 

production 

 

ñSustainabilityò Maintaining a process at a specified rate for a 

prolonged period of time 

 

ñSupervisory control and data acquisitionò Industrial computerised system that monitors and 

controls field instrumentation 

 

ñVirgin rock temperatureò The change in temperature of subsurface rocks at 

varied depths 

 

ñWet-bulb temperatureò Adiabatic saturation temperature measured from a 

thermometer with the bulb wrapped in a wet cloth 
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1.           CHAPTER 1: INTRODUCTION  

 

 

1 

 

 

This chapter summarises the socio-economic crisis in the South African gold mining sector. Production 

trends, labour relations and increased operating costs are discussed and critically evaluated. Sustainable 

cost savings policies are introduced and explored. The need for the study is formulated and discussed. 

  

 

 

1 

 

                                                           
1 Photograph courtesy of Planet KB, http://www.planetkb.co.za/portfolio-detail.php?Mining-Photography-4 



AUTOMATED DYNAMIC CONTROL PHILOSOPHY FOR SUSTAINABLE ENERGY SAVINGS ON MINE COOLING SYSTEMS 

   

       | CHAPTER 1: INTRODUCTION 2 

 

1.1. Preamble 

1.1.1. The South African power grid  

Eskom, the state-run national electricity utility in South Africa, is struggling to remain financially stable. 

In addition to increasing electricity prices, end-users are finding cheaper alternative energy sources and 

solutions which is placing Eskom under extreme financial strain [1].    

Sustainable and cost-effective energy resources are fundamental for the economic development and 

sustainability of Eskom. South Africaôs primary energy generator, which is dominated by the coal 

industry, is depleting its coal reserves [2]. If radical changes are not implemented, Eskom will be faced 

with significant challenges to reduce spiralling operational costs and mitigate depleting coal reserves.  

Eskom generates nearly 95% of the total electricity consumed in South Africa and 45% of the total 

electricity used in Africa [3]. Energy-intensive industrial users, such as mines, consume 16% of the total 

electricity generated [4]. Therefore, Eskom plays a critical role in meeting consumer demand.  

Between 2008 and 2011 electricity prices increased by 78% [5]. It was during the period of 2005 to 2013 

that Eskom initiated its expansion programme to increase its electricity generation capacity. The total 

capital expansion programme, from 2005 to completion in 2018, is estimated at R340 billion [3]. 

Expansion will increase the nominal generating capacity and is likely to make a substantial improvement 

in economic growth in South Africa.  

South Africa demands in excess of 51 000 MW of energy, which is more than the generating capacity of 

Eskom [6]. In recent years, the demand for electricity increased by 100 MW per annum [7]. Due to a 

rapid increase in electricity consumption, Demand Side Management (DSM) initiatives have established 

a noteworthy focus.  

In conjunction with the capital expansion programme, the National Integrated Resource Plan (NIRP) 

suggested with the inclusion of DSM initiatives, a displacement target of 57 MW can easily be achieved 

[7]. NIRP suggested further that the implementation of DSM initiatives in the industrial sector would 

improve machine efficiency [7].  

Although, DSM assisted in alleviating the financial strain on Eskomôs electricity supply network; 

increasing operational costs, depleting coal reserves and the costly expansion programme are collectively 

surpassing sales and revenues. 

Figure 1-1 illustrates the Human Development Index (HDI) versus annual electricity energy usage per 

capita. Significantly, there lies a threshold of approximately 4 000 kWh per capita that corresponds to an 

HDI of 0.9 or larger. South Africa, which has an HDI of approximately 0.69, lies above the threshold of 
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4 000 kWh per capita. According to the suggested relationship between HDI and electricity usage per 

capita, South Africa abuses energy.  

 

Figure 1-1:  The United Nationsô HDI and Electricity use per capita [8] 

The sample of 60 populous accounts for 5.7 billion people that are forecast to use 90% of the worldôs 

total electricity in the year 2020 [8]. Countries with low HDIs who lie close to- or above the 4 000 kWh 

per capita threshold, include; South Africa, Kazakhstan, Saudi Arabia and Russia. Of the four, South 

Africa has a lower energy intensity capability and earns less per unit of electricity produced. 

To ensure global sustainable energy reserve margins, it is important that countries such as South Africa 

with an HDI of 0.69, as discussed in Figure 1-1, reduce their energy usage to below the threshold of              

4000 kWh per capita.  

1.1.2. The importance of gold in South Africa 

South Africa is a country steeped in minerals and natural resources that are mined, processed and 

exported. South Africa is home to the world-famous Witwatersrand gold basin, which accounts for 

approximately 40% of the worldôs gold output [9]. Gold is considered an essential resource that 

contributes extensively to the economy of a developing country like South Africa [10].   

The South African mining industry contributes to approximately 18% of the Gross Domestic Product 

(GDP) and just over 50% in foreign exchange earnings [11]. Due to harsh economic environments, the 
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South African mining industry is struggling to remain financially competitive. South Africa, which was 

once ranked as the leading gold producer, has dropped to a seventh-place ranking in 2017 [12]. 

1.2. Financial instability in the South African mining sector 

Mines utilise an integrated network of people, capital and infrastructure to function. These networks are 

complex and require large operating costs to remain profitable. The financial burden to comply with large 

operating costs has been brought to light. Large mining companies are struggling to remain competitive. 

South African mines are implementing alternative measures to cut back on operating costs [13]. 

During June 2017, AngloGold Ashanti announced that it planned to curtail cash losses with a questionable 

restructuring process. The restructuring process would involve the retrenchment of approximately 8 500 

employees [14]. In light of the unfavourable restructuring proposal, AngloGold Ashantiôs chief executive 

officer (CEO) stressed the importance of protecting the long-term sustainability of mining operations 

[13]. In addition to the suggested restructuring process, AngloGold Ashanti planned to place the Savuka 

mine on ñplanned care and maintenanceò [15]. To maintain economic viability, industry is forced to 

abandon existing mines to reduce operational costs.    

The retrenchment massacre continued as Sibanye Gold announced the retrenchment of approximately 

10 200 mining personnel [16]. Although the retrenchment process is deemed viable, Sibanye Gold are 

considering alternative solutions. Economic strain on the mining sector has affected the GDP adversely 

by reducing investments, which negatively impacts the economic growth of South Africa. 

South Africa is faced with a dynamic socio-economic crisis. To sustain profitability and competitiveness, 

the mining industry is forced to restructure. Mining companies are, however, engaging with all the 

relevant stakeholders in an effort to reduce the risk of unemployment [16]. 

1.2.1. Gold production trends in South Africa 

Gold production contributes considerably to the socio-economic development of South Africa. Because 

gold is considered a finite resource, it is sought after due to its increasing value. Figure 1-2 illustrates the 

increase in global gold production from 2007 to 2017. Although the gold price increased for nine 

consecutive years, in 2017 the gold price dropped by R31 580 per kilogram (ZAR/kg) [17]. Without the 

adoption of drastic cost reducing measures, the mining industry is vulnerable to insolvency.  

Decreased gold prices indicate that South Africa is under massive financial strain to remain globally 

competitive. It is suggested that reducing operating expenses can alleviate the financial strain on the 

mining industry. Despite these economic challenges, mines are curtailing production costs to maximise 

profitability. 
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Figure 1-2: Global gold production and gold price [17], [18] 

Increased global gold production indicates that gold resources are increasingly diminishing. It is therefore 

essential that gold production is maximised at low operating costs. Figure 1-3 illustrates the South African 

mining contribution to the GDP and production decline in gold mining for the past 10 years. Although 

local gold production has declined, mining is still a significant contributor to the GDP [19].  

 

Figure 1-3: Mining contribution to the GDP versus Gold production in South Africa [19], [20] 

A decline in South Africaôs gold production suggests that gold reserves are diminishing, although South 

Africa was ranked third in the global gold reserve ranking in 2017 [21]. Therefore, although gold 
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production is declining, gold reserves remain available in South Africa, indicating that decline is more 

likely due to the significant financial cost of doing business.   

A decline in gold production has prompted South Africa to reconsider the viability of gold mining. The 

gold mining industry is forced to adopt alternative measures to reduce operating expenses and maximise 

profitability. The following sections will investigate other financial challenges in the mining industry.  

1.2.2. Increasing labour costs 

Mining is a substantial provider of both direct and indirect employment. The mining industry is 

committed to contributing to the socio-economic development of mining societies by providing job 

creation for a considerable number of people in the country [22].  Figure 1-6 illustrates the annual 

remuneration versus number of employees hired in the gold mining industry. 

 

Figure 1-4: Annual remuneration versus number of employees in the South African gold mining industry [19], [22] 

Due to increased labour costs, mines are forced to restructure and retrench employees. The rapid decline 

in employees and increase in annual remuneration has negatively impacted labour costs which further 

exaggerates the economic strain. 

Figure 1-2 through to  Figure 1-4 elaborates on how financial instability in the mining sector has 

negatively impacted production trends and the resultant socio-economic challenges. The mining sector, 

which was one of the largest revenue-generators for South Africa, is in a financial feud with labour unions 

with devastating consequences. 
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1.2.3. Electricity consumption in the mining sector 

Electricity is an essential resource for both surface and underground mining activities. Important systems 

and thermodynamic processes that include ventilation and refrigeration are energy-intensive. The gold 

mining sector is considered the largest user of energy, consuming approximately 15% of South Africaôs 

total energy generation [23].  Recently, many studies were completed to successfully correlate these 

energy-intensive processes to the tonnes of gold mined [24].  

Figure 1-5 demonstrates the typical energy-intensive systems utilised at a deep-level gold mine. The 

largest electricity consuming subsectors include; ventilation and refrigeration, and compressed air. Both 

subsectors consume approximately 28% and 19% respectively. If these electricity subsectors are not 

managed efficiently and effectively, mines with a depth larger than 1 600 m can consume more than 25% 

of the total electricity generation in South Africa [25]. 

 

Figure 1-5: Allocation of energy usages within a typical mine [26] 

Historically, Eskom was considered one of the worldôs most cost-effective electricity providers. As such, 

electricity costs were not a major concern for the mining sector [27]. Due to harsh economic 

circumstances, mines have established a massive focus to curtail increasing electricity costs.  

1.2.4. Contribution of mining to the South African economy 

In the past 100 years, the mining industry has played a vital role in securing a stable South African 

economy [19]. In 2017, the mining industry contributed to 6.8% of the economic growth of South Africa 

[19]. Although marginally lower than 2016, the South African gold mining industry still contributed a 
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total of R312 billion to the GDP in 2017 [19]. The gold mining industry was said to expand by 3.7% in 

2017, prompting increased future revenue. Figure 1-6 displays the South African GDP growth at sectoral 

level. 

 

Figure 1-6: GDP growth at sectoral level [28] 

South African gold mines were identified as a significant stakeholder for the economic growth of South 

Africa. Financial instability in the mining sector is attributed to increasing operating costs. Without 

effective interventions, the South African GDP will decline in rapid alignment with the decline in mining 

production. To mitigate the financial crisis, mines are endeavouring to curtail costs by adopting radical 

socio-economic solutions.  

1.3. Energy management prospective on mine cooling systems 

A typical mineshaft consists of several interconnected components that include pumps, compressors, fans, 

valves and steel pipe networks. The integrated network of these components is referred to as a cooling 

system. Mine cooling systems provide cool water and air for mining processes.  

Globally, the energy systems with the highest potential saving capabilities are motor-driven systems that 

include pumps, ducting, fans and compressors. Motor-driven equipment accounts for approximately 60% 

of the total electricity usage in the mining industry [29]. According to Els, cooling underground relies 

solely on refrigeration systems [30]. Subsequently, the thermal capabilities of mine cooling systems are 

further dependent on virgin rock temperatures (VRTs) and mining depths [25].  
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VRTs represent the temperature of the rockface and geothermal gradient in °C/m due to auto-compression 

and geothermal heat. The required refrigeration capacity is generally dictated by VRTs. To meet the 

stringent legislation, cooling installations on mines are dependent on mining depths. Figure 1-7 displays 

geothermal temperature gradients of VRT regions in South Africa. 

 

Figure 1-7: VRTs at different mining depths of regions in South Africa (adapted from [31]) 

Deep-level mine cooling systems utilise an abundance of electrical energy to manage steep geothermal 

gradients. Regions in the bushveld, whose geothermal gradient is very steep, require larger cooling 

capacities at shallower depths [32]. According to Nel, it is suggested that deep-level mine cooling systems 

require a cooling load capacity of 32 MW to accommodate for VRTs at depths of 3 km [33].  

South African gold mines extend to depths of approximately 4 km, with VRTs of 60°C [34]. Therefore, 

extensive mechanical processes and machinery are required to mine in a safe and habitable environment. 

According to the South African mining legislation, deep-level mine cooling systems must provide 

operating conditions of less than 27.5°C WB or 32°C DB [35]. At mining depths of deeper than 3 km, 

refrigeration plants will typically supply 375 kW of cooling per kiloton per meter (kt/m) to provide 

adequate operating conditions [25], [33].  

Deep-level mine cooling systems face a mammoth undertaking to achieve comfortable working 

conditions.  A promising effort to adapt to thermal heat loads and underground temperature constraints is 

the implementation of an enhanced control strategy [36]. Cost-effective energy management measures 

have been implemented to mitigate the need for hefty cooling loads [37]. Energy saving measures on 
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mine cooling systems have also proven to be feasible without adversely affecting productivity and mine 

safety.  

1.4. Implementing sustainable cost-saving policies 

1.4.1. Demand Side Management (DSM) in South Africa 

Within recent decades, the demand for electricity in South Africa exceeded the total capability to supply 

electricity [38]. South Africaôs utilities are able to alleviate tension on the national power grid, while 

sinking the economic and environmental costs of electricity [39]. 

DSM provides a unique solution for reducing operational costs on deep-level gold mines. To sufficiently 

realise the electricity cost saving potential, DSM projects necessitate hefty sums of resources and assets 

to upgrade equipment for improved efficiency [40]. In addition, these strategies are implemented without 

affecting production intensities [41]. 

DSM projects have revealed prosperous reductions in electricity demands [42]. Figure 1-8 demonstrates 

the amassed demand savings after the implementation of DSM initiatives between 2005 and 2015 [43]. 

DSM strategies were considered the fastest, most viable tactic to reduce power consumption to 

accommodate for socio-economic development [44]. 

 

Figure 1-8: DSM demand savings from 2005 to 2015 [43] 

The implementation of modern technology and DSM initiatives is crucial for the sustainability and 

economic growth of South Africa. Modern technology is essential for efficient energy management in the 

mining industry [45]. DSM has proven to provide support where needed and consequently complements 

the feasibility of energy projects for Energy Service Companyôs (ESCOs) [46]. 
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1.4.2. Evaluating sustainable energy saving policies 

Industrial sectors are adopting energy management and energy efficient policies to sustain financial 

competitiveness [47]. Sustainable energy saving practices have become the priority of large corporations 

nationwide [48]. Similarly, energy efficiency practices are deemed cost-effective for sustainable        

growth and development [49].  

Implementing sustainable energy saving practices is challenging. Although sustainable measures have 

attained immense focus, several obstacles have prohibited the implementation of such policies [50]. 

Sustainable energy saving measures are best achieved through adapting to behavioural alterations [51]. 

A lack of awareness and unwillingness to change from mine personnel has prevented the application of 

sustainable energy management practices.  

The application of sustainable energy saving measures is halted by poor maintenance [52].  Sustainable 

practices are largely dependent on maintenance and monitoring of key performance indicators (KPIs) 

[53], [54]. To enhance sustainability, Maré suggested training important stakeholders to increase the 

probability of sustainable energy savings [36].  

Sustainable energy saving practices can be implemented to reduce the long-term financial strain on mines. 

Although industry has adopted sustainable energy saving measures, various challenges were identified. 

Application of sustainable energy saving technologies by the relevant stakeholders can efficiently reduce 

operating costs and improve total system performance.  

1.5. Problem statement and study objectives 

South Africaôs gold production has shown no adequate improvement in the last decade. A decrease in 

gold production is attributed to a variety of socio-economic challenges. To remain financially 

competitive, mines are adopting radical socio-economic solutions.  

Ineffective control and mitigation of increasing operational costs will, in the near future, increase the 

financial burden on the mining sector. It is essential that a sustainable solution is adopted to ensure South 

Af rican gold mines remain globally competitive.  

Refrigeration and ventilation was identified as one of the largest single consumers of electricity in the 

industrial sector. Without sufficient cooling, mines are critically challenged to produce gold effectively.  

Managing heat loads in a cost-effective manner will alleviate the financial strain on the mining industry.  

DSM initiatives have been considered as an alternative approach to reducing operating costs. DSM has 

yielded significant cost savings potential. Literature, however, has indicated long-term challenges such 

as underperformance and sustainability.  
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Need for study 

Electricity serves as an essential resource for both surface and underground mining activities. Mines rely 

heavily on energy-intensive thermodynamic processes to reduce heat stresses. To remain financially 

competitive, there exists an opportunity for the implementation of a sustainable cost-effective strategy on 

mine cooling systems. This identified solution enhances profitability and alleviates challenges such as 

underperformance, sustainability and increasing operating costs.  

Problem objectives 

To alleviate the rapidly increasing socio-economic crisis in the South African mining industry, 

operational costs such as electricity can be reduced by achieving the following study objectives:  

¶ Identify, evaluate and review mine cooling cost saving strategies. Addressing such strategies will 

identify energy saving measures and service delivery improvements to enhance total cooling 

system performance.  

¶ Develop a simple, practical and integrated energy saving strategy for sustainable savings on mine 

cooling systems. A simple and practical strategy can be easily adapted and implemented on    

multi-industrial cooling systems to significantly reduce the financial burden on South Africa. 

¶ Quantify the financial impact of energy saving measures on mine cooling systems.  

1.6. Overview of sections 

Herewith includes a brief overview of the dissertation. The dissertation is split into six chapters with 

several subsections clarifying important research methodologies and assumptions. An overview of each 

chapter is explored below.  

Chapter 1: Introduction  - This chapter provides an introduction to the study. Gold mining and the costs 

associated thereof are included.  Financial instability in the mining sector is critically explored and 

reviewed. Factors including production, ore reserves and labour costs are evaluated. Finally, the problem 

statement and study objectives are defined and discussed.  

Chapter 2: Literature study - This chapter provides an overview of cooling systems in the gold mining 

industry. Important machineries, infrastructure and existing energy saving optimisation strategies are 

identified and analysed. The limitations and constraints of existing state-of-the-art optimisation strategies 

are discussed.  

Chapter 3: Development of an automated dynamic control philosophy - In this chapter, a case study 

is identified and evaluated. Existing applications of DSM control strategies are examined and reviewed. 
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Assumptions and system limitations are developed to adapt existing optimisation strategies for 

sustainable energy saving measures. The development and authentication of an automated dynamic 

energy saving measure is discussed in detail.  

Chapter 4: Strategy implementation and assessment monitoring - The chapter discusses the results 

obtained from the implementation of an automated dynamic control strategy on mine cooling systems. 

The feasibility of the study is discussed and reviewed. Measured results are compared to the simulated 

results for strategy verification. Post-implementation results are analysed and discussed to identify any 

limitations of the control strategy.  

Chapter 5: Conclusion and recommendations - This chapter serves as a conclusion that summarises 

the findings of the study. Recommendations are provided to assist with future research and improvements 

to the control strategy. Study limitations and constraints are also evaluated in detail.  

Chapter 6: References - This chapter provides a summary of the various citations used within this 

dissertation. The list of references summarises the relevant authors, titles and locations that will assist the 

reader in finding the sources.  

1.7. Conclusion 

Gold was identified as a finite resource that contributes largely to the economic growth of South Africa. 

Research indicates that South Africaôs energy usage per capita exceeded the minimum threshold for 

developing countries, suggesting it overexploits energy. 

Financial instability in the South African mining sector was accredited to socio-economic challenges and 

increasing operating costs. Combined with decreasing production trends, the sustainability of South 

Africaôs mining longevity was questioned.  

VRTs and geothermal gradients were investigated and reviewed. Without sufficient cooling and 

ventilation, deep-level mines are challenged to produce gold efficiently. To accommodate for safe and 

habitable working conditions, the electrical consumption of refrigeration and ventilation systems was 

considered.  

The need to reduce electricity costs by implementing a sustainable cost-effective solution on mine cooling 

systems was identified. To remain financially competitive, it was suggested to implement a simple, 

practical and easily adaptable solution and investigate the financial impact thereof. 
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An overview of mine cooling systems is explored. Limitations and constraints of existing optimisation 

techniques are identified and critically evaluated. The performance and implementation of sustainable 

energy saving measures are discussed and reviewed.  

 

 

 

 

                                                           
2 Photograph courtesy of Planet KB, http://www.planetkb.co.za/portfolio-detail.php?Mining-Photography-4 
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2.1. Introduction 

The importance of implementing sustainable cost-saving policies to enhance financial growth and reduce 

operating costs of deep-level gold mines in South Africa was recognised in Chapter 1. Ineffective control 

of electricity expenditure is heightening the financial struggle in the South African mining sector.  

Mine cooling systems were identified as one of the largest single consumers of electricity in the mining 

sector. The financial burden of managing heat loads in a sustainable cost-effective manner for the safety 

of mineworkers was critically evaluated in Chapter 1. This prompted the need to develop a simple, 

practical and easily adaptable control strategy, with sustainability as the principle focus area, to reduce 

end-use electricity consumption on mine cooling systems. This will, in turn, enable South Africa to 

remain financially competitive on a global scale, as discussed in Chapter 1. 

According to Nel, it is necessary to ascertain key areas for improvement on system performance, 

reliability and efficiency [33]. As a result, energy-intensive mine cooling systems and the operation of 

typical cooling auxiliaries are critically evaluated and discussed in this chapter. This serves to simplify 

the study problem and meet the research objectives discussed in Chapter 1.  

The impact of energy saving measures on mine cooling systems is discussed and conveyed in this chapter 

to identify a practical and adaptable solution. This ensures that the scope of implementing an automated 

dynamic control strategy on mine cooling systems by focusing on sustainability is feasible. This also 

enables an integrated control approach to develop the impact of sustainable energy saving measures on 

mine cooling systems, as suggested by the problem objectives.  

The performance of existing DSM initiatives and state-of-the-art control optimisation techniques will be 

reviewed to identify reasons for underperformance on mine cooling systems. Literature of previously 

implemented strategies are furthermore analysed to identify a broader understanding of integrated mine 

cooling systems to identify the feasibility of implementing a practical automated control strategy.  

2.2. Refrigeration and cooling systems on deep-level mines 

2.2.1. Overview 

Deep-level mines extend to depths of 4 km [34] and experience VRTs of 60°C [55]. Mineral bodies are 

located well below the surface with geothermal gradient of rock surfaces varying between 10°C/km and 

20°C/km [56]. At such depths, mines demand significant cooling to provide operating conditions of less 

than 27.5°C WB [34]. 

Apart from heat loads due to geothermal gradients, primary heat sources such as fissure water and heat 

machinery are rife [57]. A disturbingly large heat source is attributed to adiabatic compression [45]. 
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Adiabatic compression, or better referred to as auto-compression, adds heat to air as a result of an increase 

in potential energy of air entering through the shaft. The weight of atmospheric air on the mass of air 

descending through the shaft leads to an increase in pressure, known as auto-compression. 

To ensure safe and habitable working conditions underground, integrated infrastructure is utilised [58], 

[59]. Such infrastructure is costly resulting in mines delaying upgrades for long periods of times.        

Figure 2-1 summarises the infrastructure needed for ultra-deep gold mines at varied depths. This 

demographic is utilised to ensure optimal cooling of underground VRTs by considering essential 

infrastructure.  

 

Figure 2-1: Cooling infrastructure for variable depths and temperatures [60] 

As underground depths increase, larger and more effective cooling infrastructure is needed. This ensures 

that heat loads are managed to provide safe and comfortable working conditions. At such depths however, 

the demand for underground cooling and ventilation is erratic [61]. As a result, underground cooling 

equipment [62] and thermal storage dams are considered. These storage dams are thermally insulated [63] 

to store unwanted cooling energy [62]. Storage dams are closely interconnected to prevent frictional 

losses [64]. 

Chilled water and dehumidified air is required for various mining operations. This is achieved by utilising 

large integrated cooling systems [61]. These cooling systems are energy-intensive and demand a 

combined cooling capacity of 30 MW or more [65] for deep-level gold mines in South Africa. Mine 

cooling systems are typically installed on the surface and underground. However, surface cooling systems 

are favoured due to an augmented heat rejection capacity of return air from underground [66].  
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Depending on mining operations, geographical locations and mining depths, different cooling system 

configurations are preferred. Figure 2-2 displays a surface cooling network and water reticulation system 

of a South African deep-level mine. Mine cooling systems consist of integrated cooling components 

including pre-cooling towers, bulk air coolers (BACs), condenser towers, chillers and storage dams [58]. 

These components combined enable sufficient underground cooling and ventilation. 

 

Figure 2-2: Typical schematic layout of cooling and water reticulation system  

Hot service water is pumped from underground end-users to a surface dam at 26°C [34]. The hot service 

water is fed to the pre-cooling towers through spray nozzles for heat rejection. The water is adiabatically 

cooled within 2°C of the ambient DB temperature [33] before being circulated by evaporator pumps 

through the chillers. The water is passed through direct heat exchangers to cool the water below 4°C [67]. 

Depending on mining operations, chillers vary in terms of layout, configuration and control sequence.  

Parallel chiller configurations, as depicted in Figure 2-2, deliver cool water at a constant temperature by 

fluctuating the quantity of chillers to meet water flow demand requirements [68]. South Africa is 

considered the leading user of chillers with over 300 chillers installed [67]. Condenser pumps circulate 

water through condenser cooling tower spray nozzles for heat rejection, after which the water is collected 

in the condenser sump. Mine cooling systems utilise motor-driven equipment that accounts for 60% of 

the total electricity usage in a mine [29]. This motor-driven turbomachinery is illustrated in Figure 2-2. 
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Water stored in the cold confluence dam (CCD) is sent to underground users for mining operations or 

circulated through BACs to supply cool ventilated air 7°C [69]. BACs ventilate mineshafts to ensure 

productive underground working environments [70].  

An overview of refrigeration and mine cooling components were provided in this section. The purpose 

of supplying sufficient cooling for safe underground working conditions was also briefly discussed. The 

following section will characterise integrated cooling systems and their subsystems to identify an 

effective solution to mitigate increasing operating costs. 

2.3. Control of energy-intensive cooling auxiliaries  

2.3.1. Characterising integrated cooling systems 

Mine cooling systems are categorised into two sections, namely: water and air demand requirements. This 

ensures characteristics of chillers, heat- absorption and rejection towers, auxiliary turbomachinery and 

thermal storage capacities are considered to distinguish mine cooling components and their requirements. 

Component control limitations and constraints are also discussed to identify sustainable cost savings and 

optimisation opportunities for deep-level mine cooling systems.  

The effectiveness of mine cooling systems is costly and highly dependent on the complex nature of deep-

level mine cooling systems, the inter-reliant operation of their subsystems and their variable flow 

capabilities. To enhance the control and optimisation of such integrated cooling networks for practical 

implementation, a generic control strategy is recommended [71]. Therefore, the control and functioning 

of the following water and air demand components will be extrapolated to identify a sustainable and 

generic solution to address the study problem:  

¶ Refrigeration cycles;  

¶ Bulk air coolers;  

¶ Pre-cooling and condenser cooling towers;  

¶ Auxiliary pumps and turbines;  

¶ Thermal storage dams; and 

¶ Service water valves.  

The following subsections will elaborate on the functioning of the above-mentioned components in detail. 

System configurations and technologies are explored to determine sustainable cost savings opportunities 

for South African deep-level mine cooling systems. 
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2.3.2. Refrigeration cycles 

Refrigeration plants are utilised widely in mine cooling systems to provide chilled water between 3°C 

and 6°C [37] to underground end-users. These chillers are the significant energy consumers, exhausting 

approximately 66% of a mines cooling system power [35]. Mines use surface and underground chillers 

to cool mining water. Due to the limited accessibility of exhaust air, the heat rejection capacity of 

underground chillers is restricted. 

A mines cooling system typically comprises of more than one chiller. These chillers are arranged in three 

types of configurations. Such configurations are intended to handle variations in thermal loads [25]. The 

three types of configurations are: a series configuration, which is used to vary temperature requirements; 

a parallel configuration, used to vary flow requirements; and a cascaded configuration, used for variable 

temperature and flow requirements [71]. 

Refrigeration cycles used in the mining industry include ammonia-absorption (ARS) and                      

vapour-compression (VCR) cycles. Such cycles vary depending on the requirements of the mine [72]. 

The VCR and ARS cycles are similar in principle and can be found in the majority of cooling systems 

tailored for vehicles, households and malls as heating, ventilation and air-conditioning (HVAC) 

systems [35].  

Within in the mining industry, most chillers utilise VCR refrigeration principles [73]. Although, many 

models and design adaptations of chillers are available, the VCR cycle is preferred.  VCR cycles offer 

simplicity and are available at low cost. VCR chillers have cooling capacities of up to nearly 20 MW, 

although most are in the order of 6 MW [37]. 

Unlike the ARS cycle, VCR is preferred because the working fluid is not toxic [25]. Depending on 

application, VCR refrigeration units use different refrigeration working fluids. The working fluid is 

selected to ensure optimum cycle efficiency. Properties such as temperature and pressure are critical for 

evaluating fluid criteria [74]. Commonly used refrigerants include R134a and ammonia (R717), because 

the fluid properties of these refrigerants are suitable for mine chiller applications. 

Due to their low cost, Freon and R134a are the most common refrigerant gases utilised in the VCR cycle. 

Freon is preferred for surface chiller applications and is frequently used in industry as a substitute fluid 

for R-12 and R500 refrigerants [75]. Figure 2-3 represents a graphic representation of a                          

vapour-compression refrigeration cycle. The cycle consists of a compressor, two shell tube heat 

exchangers and a throttling valve. 
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Figure 2-3: Vapour-compression refrigeration cycle 

Figure 2-3 illustrates a typical VCR cycle and all its essential components. The cycle is explained briefly 

in the steps below:  

A. Compressor: The low pressure and temperature vapour refrigerant is drawn into the compressor 

inlet through a suction valve [76]. The refrigerant is mechanically compressed adiabatically 

(irreversible) to a superheated vapour at a higher pressure [76]. Thereafter, the refrigerant is 

discharged to the condenser through the compressor delivery valve.  

B. Condenser (heat rejection): The refrigerant is then condensed and cooled. The refrigerant 

releases latent heat which is transferred to the condensing medium. Condenser mediums include 

water or air. The refrigerant leaves the condenser as a high-pressure liquid.  

C. Expansion valve: The refrigerant is throttled through the expansion valve to reduce the pressure 

of the refrigerant adiabatically. The refrigerant is throttled at a controlled rate to form a cold 

mixture of vapour and liquid [73]. During the throttling phase, the saturation temperature of the 

refrigerant will decrease. Some of the refrigerant evaporates as it passes through the expansion 

valve [77]. 

D. Evaporator (heat absorption): The refrigerant is passed through the evaporator at a low pressure 

and temperature [35].  The refrigerant absorbs its latent heat of vaporization from the water or air 

medium which is to be cooled [77]. The refrigerant is heated and vaporizes within the shell and 

tube heat exchanger of the evaporator. The refrigerant exits the evaporator as vapour before 

returning through the suction valve of the compressor.  
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Within the VCR cycle, two of the processes are at constant pressure and enthalpy. To study these 

properties more thoroughly, a pressureïenthalpy or Pïh diagram is sketched. Figure 2-4 illustrates the 

Pïh diagram for which both liquid and gas phases of the refrigerant are visible. 

 

Figure 2-4: Pressureïenthalpy, Pïh diagram, showing vapour-compression cycle [77] 

The VCR cycle requires a compressor to circulate the refrigerant. The most common compressors types 

used for mining applications include: centrifugal and screw types [64]. Reciprocating compressors exist, 

but lack the required capacity compared with centrifugal and screw type compressors.   

Condensing and evaporating temperature profiles are critical for ensuring compressor design 

requirements are met. The type of compressor used in refrigeration systems is regulated by                  

system-particular pressures and volumes [78]. Design requirements that differ largely from operating 

temperature conditions are considered inefficient. Screw compressors have versatile condensing 

temperature ranges, which are favoured for variable heat loads [79].  Screw type compressors are favoured 

for chiller applications on mines [68].  

Centrifugal compressors are made up of five focal components, namely; an impeller, guide vanes, a shaft, 

a volute casing and a diffuser [80]. Centrifugal compressors deliver the refrigerant at a stable discharge 

pressure [81]. These compressors are powered by an electric motor. Electrical motors are considered more 

efficient for the size of most compressors found on VCRs in mine cooling systems [82].  

The compressors in refrigeration plants utilise either guide vanes (centrifugal compressors) or slide valves 

(screw compressors) to regulate the refrigerant flow rate [79]. The cooling load is controlled by guide 

vanes to ensure a predetermined evaporator water outlet temperature is achieved [79]. The compression 

required is determined by the difference between the inlet and predetermined outlet water temperature 
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[54]. The compressor vanes are set to 100% before they cutback to achieve the desired water outlet 

temperature [37]. Figure 2-5 illustrates an example of a multi-stage centrifugal compressor. 

 

Figure 2-5: Multi -stage centrifugal compressors [77] 

The electrical power utilised by the compressor to deliver the refrigerant at a certain mass flow rate and 

pressure discharge is calculated with Equation 2-1: 

Equation 2-1: Compressor power requirements 

             ὡ
ά ὅὝ

ὖ
ὖ ρ
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Where: 

Ὧὡ 

ὡ ὧέάὴὶὩίίέὶ άέὸέὶ ὴέύὩὶ Ὧὡ 

ά άὥίί Ὢὰέύ ὶὥὸὩ έὪ ὶὩὪὶὭὫὩὶὥὲὸ ὯὫȾί 

ὅ ίὴὩὧὭὪὭὧ ὬὩὥὸ ὧέὲίὸὥὲὸ ὯὐȾὯὫȢὑ  

Ὕ ὭὲὰὩὸ ὶὩὪὶὭὫὩὶὥὲὸ ὸὩάὴὩὶὥὸόὶὩ ὑ 

ὖ ὭὲὰὩὸ ὶὩὪὶὭὫὩὶὥὲὸ ὴὶὩίίόὶὩ Ὧὖὥ 

ὖ έόὸὰὩὸ ὶὩὪὶὭὫὩὶὥὲὸ ὴὶὩίίόὶὩ Ὧὖὥ 

Ὧ ίὴὩὧὭὪὭὧ ὬὩὥὸ ὶὥὸὭέ έὪ ὶὩὪὶὭὫὩὶὥὲὸ  
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Equation 2-1 indicates that parameters including: mass flow rate; inlet refrigerant temperature; discharge 

pressure; and compressor losses largely affects compressor power. Such parameters are predetermined 

according to the demand of refrigerant required for cooling. To achieve energy savings, the discharge 

pressure and delivery flow of compressors is adjusted to match a predetermined temperature output.  

The coefficient of performance (COP) is used to quantify the efficiency of chillers on deep-level mines. 

The COP represents the ratio between thermal energy output and electrical energy input. A study 

illustrated that the COP of chillers typically decreases at lower condenser flow rates and increases at 

lower evaporator flow rates [83]. Therefore, lower evaporator flow rates are preferred. Although, the inlet 

guide vane (IGV) strategy is predominantly used to vary flow, various control strategies have an effect 

on the COP of the chiller. A compressor ability to manage the fluctuating cooling-load conditions is vital 

for improving the COP of chillers [84]. It is clear from Equation 2-2 that changes in evaporator flow and 

temperature will affect the cooling load of the chiller. 

The COP of VCR refrigeration cycles typically range between 3 and 6, which is considerably larger than 

ARS cycles that range between 0.54 and 1.1 [85]. A COP value of 6 is considered energy efficient, while 

a chiller cycle with a value of 3 or less is considered inefficient [76]. The COP of the chiller is optimised 

by reducing the compressors electrical power input. The slide valves and guide vanes vary the refrigerant 

flow to reduce the compressor power input. The COP of VCR chiller is illustrated by Equation 2-2.  

Equation 2-2: Coefficient of performance for vapour-compression refrigeration cycles 

              ὅὕὖ 
ὗ

ὡ
 

Where: 

 

ὅὕὖὧέὩὪὪὭὧὭὩὲὸ έὪ ὴὩὶὪέὶάὥὲὧὩ έὪ ὧὬὭὰὰὩὶ   

ὗ ὸὬὩὶάὥὰ ὩὲὩὶὫώ ὥὦίέὶὦὩὨ Ὥὲ ὸὬὩ Ὡὺὥὴέὶὥὸέὶ  Ὧὡ 

ὡ ὧέάὴὶὩίίέὶ ὩὰὩὧὸὶὭὧὥὰ ὴέύὩὶ Ὧὡ 

Water cooling in the evaporator is largely dependent on the compressors ability to regulate the demand 

flow of refrigerant. Heat transfer between the refrigerant and mine water is enhanced with the use of a 

shell and tube heat exchanger. This consequently increases the COP of the chiller as displayed by the 

relationship in Equation 2-2.  

The refrigerant typically passes over the tubes within the pressure vessel, while the water from the 

auxiliary pumps flows through the tubes. Special occurrences where size is one of the design constraints, 

a compact plate heat exchanger is preferred [78]. Figure 2-6 illustrates a shell and tube heat exchanger. 
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Figure 2-6: Schematic representation of a shell and tube heat exchanger [86] 

The thermal energy transfer from the refrigerant to the water in the heat exchanger is described by 

Equation 2-3. 

Equation 2-3: Thermal energy absorbed from a chiller 

                    ὗ ὟὃЎὝ  

Where: 

Ὧὡ 

ὗ ὸὬὩὶάὥὰ ὩὲὩὶὫώ ὩὼὧὬὥὲὫὩὨ Ὧὡ 

Ὗ έὺὩὶὥὰὰ ὬὩὥὸ ὸὶὥὲίὪὩὶ ὧέὩὪὪὭὧὭὩὲὸ ὯὡȾά ὑ 

ὃ ὥὶὩὥ έὪ ὬὩὥὸ ὩὼὧὬὥὲὫὩὶ ὸόὦὩί ά  

ЎὝ ÌÏÇάὩὥὲὸὩάὴὩὶὥὸόὶὩ ὨὭὪὪὩὶὩὲὧὩ ὑ 

Equation 2-3 indicates that parameters such as heat transfer coefficient and area of heat exchanger tubes 

affects heat absorption adversely. It can be suggested that reducing scaling or fouling in heat exchanger 

ducts will greatly improve thermal heat transfer in a shell and tube heat exchanger. 

2.3.3. Auxiliary pumps and turbines 

Pumps are widely utilised on deep-level mine cooling systems to circulate water. These pumps are 

referred to as auxiliary equipment [87]. Auxiliary equipment operates self-sufficiently and is used to 

circulate condenser and evaporator water flow [88]. Auxiliary pumps are independently controlled and 

do not form part of the refrigeration units [54].  

Depending on mining operations and delivery requirements, different pump configurations exist. Pumps 

are configured in either a direct-inline or parallel-set configuration. Figure 2-7 illustrates a direct-inline 

pump configuration and a parallel pump configuration. Direct-inline pump configurations supply water 
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to an individual refrigeration unit. Inline pump configurations are beneficial because variable speed 

control only disturbs individual chillers and not an entire refrigeration network [63].  

 

Figure 2-7: Auxiliary pump configurations [63] 

Parallel pump arrangements circulate water into a conjoint pipe network to supply a network of chillers.  

Due to significant pressure drops over the conjoint pipe networks, parallel pump configurations require 

inlet chiller valves. The valves aid in sufficiently controlling the flow rate and pressure of water entering 

into the chiller [54]. Parallel pump configurations are complex and require extensive control strategies to 

affectively regulate the demand flow. Parallel pump configurations are preferred for their use in cascaded 

mine cooling systems. 

Mines use single-stage axial and centrifugal pumps in water flow reticulation systems [89]. Although 

single-stage axial pumps are commonly used, multistage centrifugal pumps are favoured in current 

mining environments. Multistage centrifugal pumps provide improved serviceability, pumping capacity 

and availability [88]. Through improved scientific discoveries, computational fluid dynamics (CFD) 

analysis has enhanced pump design. CFD assisted in mitigating factors such as cavitation and surging to 

circumvent pump failure [90].  

Within in a centrifugal pump, the fluid is typically accelerated radially by a rotating impeller. The fluid 

enters the impeller with a large quantity of kinetic energy. After being radially accelerated, the fluid is 

converted to pressure energy at the rotating impeller outlet [89]. The ability of the fluid to convert kinetic 

energy into pressure energy is largely dependent on the type of diffuser, impeller- and volute design [89].  

The operational performance of a pump is typically expressed by means of a characteristic curve, as 

illustrated by Figure 2-8. To ensure optimal pump selection, a characteristic curve is necessary [91]. A 

characteristic curve allows for simplified pump selection by corresponding the system head (resistance) 

curve with the pump characteristic curve [91], as illustrated by Figure 2-8. 
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Figure 2-8: Pumps characteristic curve [92] 

The point where the system resistance curve and pump characteristic curve meet is referred to as the 

operating point [93]. It is suggested that the operating point be selected within the highest pump efficiency 

range. The operating point with the highest efficiency is referred to as the best efficiency point (BEP). 

The BEP is selected to ensure the pump is operating at its uppermost achievable efficiency [89]. 

Figure 2-8 illustrates that for a system only comprising of static head, the operating point at a specific 

rotational speed is lower than that at higher speeds. Variations in speed cause the operating points to shift 

along the iso-efficiency curve line. This singularity is favoured for deep-level mine cooling system pumps 

with minor static heads and significant friction [37]. A system with substantial static head operates at an 

efficiency lower than the efficiency of the operating point [94].  

In cases where the associated pump operates at efficiencies higher than the BEP, factors including 1) 

increased wear and tear rates, and 2) increased life-cycle costs (LCC) are rife. Although factors such as 

LCC include procurement costs, electricity costs and maintenance costs, all factors affecting LCC are to 

be considered [37].  

The laws of similarity are used to govern the operation of a centrifugal pump [89]. The laws of similarity 

distinguish the diverse relationships among the operating parameters. The laws illustrate that changes in 

rotational impeller speeds will adjust the characteristic curve of the associated pump [95]. Although 

changes in impeller speeds are important, valve operations will affect the systems pressure and flow 

profiles further [93]. Controlling the pressure of a pump system is limited by valve operations [96].  

The need to reduce energy consumption has led to the implementation of pump variable speed drives 

(VSDs) [97]. VSDs are mounted to the power supply of the motor [98]. The VSD modulates the motor 




















































































































































































































































































































































