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ABSTRACT 

Title:  Improving uranium recovery by utilising waste heat 

Author: R Siecker 

Supervisor: Dr JC Vosloo 

Keywords: Waste heat, uranium recovery, uranium leaching 

Leaching is the key process used for uranium extraction in a slurry mixture. Heat is often 

introduced in the leaching process to increase the uranium extraction yield. However, acquiring 

heat is expensive due to electricity tariff increases and is thus seldom feasible. Therefore, this 

study investigated alternative heating strategies for the leaching process. Different heat sources 

such as photovoltaic systems, heat pumps, boilers and compressor waste heat were considered. 

Waste heat was selected since the waste heat on mine compressed air systems is often available 

to be utilised and was proven to be the most cost-effective option. 

A method was created to assess the impact of waste heat on the extraction of uranium. The 

approach involved examining and simulating a standard heat recovery system. The simulation 

was verified using gathered data. Additionally, a potential heat source was assessed and 

simulated, with the possibility of incorporating it into heat recovery. An empirical model of the 

uranium plant was constructed and validated with relevant literature, enabling an analysis of the 

impact of the recovered heat. Finally, the validated models were integrated into a single system 

to evaluate the influence of a heat recovery system. 

The South African uranium processing mine implemented the suggested method, with each 

model being utilised to simulate current operations. The resulting accuracy level of the models 

was around 95%. The integrated model was used to simulate a heat recovery system that could 

potentially use the heat recovered from the mine compressors and quantify the impact by 

evaluating the transferred heat to the uranium plant. An economic feasibility analysis showed an 

annual benefit of R8.0m, with a total revenue of R48.2m over a life of mine of six years, resulting 

in a payback period of 2.6 years. 
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CHAPTER 1 – INTRODUCTION 

1.1 Background 

South African mining contributes to a variety of mineral extraction – one of which is uranium 

production [1]. Uranium leaching is used to extract the uranium from the slurry from gold plants 

[2-6]. Higher slurry temperatures accelerate the uranium leaching process. Preheating the slurry 

can be an energy-intensive process. If the uranium can be leached at higher temperatures, the 

time taken to extract the uranium decreases, leading to more efficient processes that deliver 

higher yields and cost savings [5, 7]. 

Different types of heat source can be used to preheat uranium-carrying slurry. In the past, boilers 

were used for similar industry heating but the running costs were too high [8]. Other energy 

sources such as compressor waste heat, photovoltaic systems and heat pumps can also be used; 

however, they require additional infrastructure and extensive capital layouts to make these 

systems compatible for heat exchange with the uranium-carrying slurry [9-11]. 

Mining equipment such as compressors, pumps, fans, and motors produce heat during operation 

[3]. Plants that are located near these type of mining equipment use large energy systems and 

produce great amounts of waste heat, which could be investigated [12]. This heat could be 

recovered as the current industry practice rejects the waste heat into the atmosphere [13]. Heat 

recovery systems could be integrated into various applications, such as mine compressors, to 

recover the generated heat [4]. This heat could be used to preheat uranium-carrying slurry, which 

should improve uranium recovery and decrease operational costs. 

1.2 Uranium mining in South Africa 

Gold contributes enormously to the global mining sector since it has great value. Previously, gold 

was a partly defining factor of the country’s currency; however, it has grown to influence the 

currency greatly, especially countries that export gold actively [14]. South Africa had dominated 

the world gold producers until 2009, but it became the fifth-largest producer thereafter [15]. 

Inputs such as mineral and people utilisation as well as capital expenditure (capex) and 

operational expenditure (opex) assigned to the mining operations should be monitored closely 

[16]. The mining sector faces social, operational, technical, and economical challenges, which 

greatly influence competitiveness in the gold mining sector. The negative influence thereof can 

be observed in the declining production trend over the past 10 years as depicted in Figure 1 [17]. 
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Figure 1: Gold production in South Africa [17] 

Although the ore deposits mined in the past were rich, they have been declining steadily since 

then. For example, in the 1970s, gold mines produced a resource grade of approximately 

12 g/tonne compared with the more recent resource grade of approximately 5 g/tonne [18]. 

Figure 2 presents the recovery resource grade from 2002 to 2013. In 2005, the recovery resource 

grade peaked but has been reducing steadily since then. It implies that greater tonnage of ore 

needs to be retrieved from deeper mine locations to remain profitable [18]. These lower ore 

grades require more consumables, such as water, reagents, and energy, which leads to another 

challenge South Africa is facing, namely the continuous increase in electricity cost [19]. 

 

Figure 2: South African average gold grade vs years [18] 
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Other secondary elements, such as uranium, are also produced during gold production [17]. The 

early indication of uranium in ore was identified during the late nineteenth century. Minute 

diamonds recovered from old ore at Witwatersrand in South Africa displayed green fluorescence 

caused by radioactivity. Uraninite, which is a uranium material, was identified in high mineral 

concentrates, but it raised very little interest due to its lack of commercial value. However, with 

the development of the atomic bomb in the 1900s, the focus was redirected [20]. The production 

of uranium in South Africa started in 1952 and reached a peak during the early 1980s with a total 

of 6 000 tonnes of uranium per annum. Production has since declined to approximately 

250 tonnes of uranium per year in 2020 and has since decreased [21, 22] 

Figure 3 depicts the declining trend of uranium production as a by-product of gold mining. 

 

Figure 3: South African uranium production [22]  

Since gold mines focus on extracting gold in an efficient manner to reduce operational costs, not 

much focus has been placed on the uranium retrieved from mined ore. As the operational cost 

increases and ore grade decreases, focus needs to be directed to the efficiency of the process 

[14]. Therefore, opportunities exist to treat the uranium for financial benefit. This study focuses 

on the different factors affecting uranium recovery along with the different methods for improving 

the uranium recovery process. 

1.3 Uranium recovery process 

Recovering uranium from ore is a unique process. In the early 1950s, underground mines were 
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Currently, open-pit mines produce more ore than underground mines. Due to underground mines 

having a higher quality ore grade, they produce more uranium than open-pit mines even with less 

tonnage [23]. Even if the uranium recovered from gold production is low compared with other 

international cases, recovery is still recommended as it improves the overall economic condition. 

Another benefit is that extra gold can be retrieved from the ore after the acid-leaching process [6]. 

An ideal mining and processing system can be complex since there are different factors to 

consider, such as ground conditions, ore depth and ore grade [23]. Lunt et al. [24] reviewed the 

key factors that affect the flowsheet of uranium, namely uranium mineralogy, capex and opex, 

and process flow options for the acid-leaching process. The general steps in uranium processing 

can be summarised as: 

• Crushing and grinding. 

• Leaching. 

• Solid-liquid separation. 

• Ion exchange/solvent extraction. 

• Yellow cake drying. 

A brief description of each step during the process follows, including the impact thereof relevant 

to the study. 

1.3.1 Crushing and grinding 

The ore mined during gold production must be crushed into finer pieces until it reaches a fine 

sand consistency for the extraction process. This process is known as crushing and grinding. 

A grinding technique commonly used is wet grinding, which physically breaks the uranium ore 

down to produce yellow cake in preparation for the hydrometallurgical processes. This chemical 

process ensures that a product with a uranium content of at least 65% is supplied to the leaching 

circuit [23]. 

1.3.2 Leaching 

There are two main types of leaching processes, namely acid leaching and alkaline leaching. Acid 

leaching was used during this dissertation [25]. Acid leaching is preferred over alkaline leaching 

since acid dissolve more effectively with coarser grinds and yield more rapid dissolution kinetics 

[26]. Other reasons for using acid leaching include that it results in shorter leaching times, yields 

higher extraction efficiencies, and enables the recovery processes after leaching [27]. 

The most general acid-leaching process used in the industry is sulphuric acid leaching. Sulphuric 

acid is a widely favoured leachant as it is not expensive and produces an anionic uranyl complex. 
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This uranyl complex eases the extraction process further by using an anionic exchanger to 

separate the uranium from other cationic gangue material [28]. 

According to a study conducted by Siedel [23], the acid used is controlled by the gangue 

constituents (carbonate minerals) and not the uranium content, but higher ore content results in 

the ability to control a greater acid concentration [24]. A typical range varying from 10 kg/tonne to 

100 kg/tonne of sulphuric acid is used during leaching. The process can vary from a few hours to 

more than 24 hours depending on the ore grade and temperature of the product. The leaching 

time can be reduced greatly by heating the slurry [2-6, 23, 29] since a temperature of between 

40°C and 60°C are preferred in a variety of mills. 

The effect of temperature on the overall uranium recovery is shown in Figure 4. Uranium 

dissolution is seen to increase along with the increasing temperature of the mixture. 

  

Figure 4: Effect of temperature on uranium dissolution [30] 
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1.3.3 Solid-liquid separation 

Following the leaching process, the solids and liquids of the mixture are separated. The solids 

are washed to recover adhering leaching solutions. Most mills use countercurrent thickener 

circuits for washing operations [23]. Chemical agents, known as flocculants, reduce the size of 

the thickeners by gathering particles in a cluster, which suspends faster and produces a cleaner 

organic solvent mixture, which is referred to as “OK liquor”. This thickener technique and 

flocculants used at uranium mills are favoured by hydrometallurgical industries [23]. 

1.3.4 Ion exchange/solvent extraction 

After the solids and liquids have been separated, the process further uses an ion exchange or 

solvent extraction technique to separate the uranium from the leaching liquor. The uranium 

industry was the first hydrometallurgical industry to use these two operations. The process starts 

by adding an agent such as anime salt to extract uranium ions, making it insoluble in water due 

to the organic complex [23]. 

The aqueous phase is further separated from the organic phase through decantation and settling 

techniques. An inorganic salt solution is added to remove the uranium from the organic phase. A 

typical salt solution is sodium chloride or ammonium sulphate [23]. 

1.3.5 Yellow cake drying 

Once the uranium has been separated, the yellow cake can be precipitated from the solution. 

When the yellow cake solution is dry and contains no moisture, the product is ready for shipment. 

It is usually transported to plants that refine the yellow cake to produce nuclear-grade uranium 

compounds. 

The entire milling operating process is shown in Figure 5. 
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Figure 5: Flow diagram of uranium extraction process 

1.3.6 Parameters affecting uranium leaching 

Once the uranium recovery process is understood, more focus can be directed to analyse the 

different parameters that influence the extraction process. These factors are discussed briefly to 

ensure a full understanding is obtained of their importance. 

Leaching time 

The first factor affecting dissolution is the duration of the leaching process. Different studies have 

been conducted to determine the effect of leaching time on the duration of dissolution. Various 

studies have shown that most dissolution takes place during the early stages of the leaching 

process [2, 3, 5, 6, 27, 31, 32]. For illustrative purposes, the dissolution of uranium for a 24-hour 

period is shown in Figure 6. 
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Figure 6: Effect of time on the leaching process [6] 

Figure 6 displays the results obtained from the study done by Lottering et al. [6]. The leaching 

time was investigated with a slurry temperature of 50°C, a manganese dioxide concentration of 

3 kg/tonne, and a sulphuric acid concentration of 12.8 kg/tonne. The leaching tests conducted 

yielded a maximum uranium dissolution of 80%. This yield was not exceeded in a 24-hour 

leaching period. These parameters and concentrations are typically used for South African 

uranium recovery [6]. However, different types of ore result in different extraction rates, which is 

discussed later in the section [33, 34]. 

The research done during studies conducted by various authors [2, 29, 31, 35] concluded on the 

same trend as depicted by Figure 6. Each study kept the acid concentration and temperature 

constant to investigate the effect of leaching time. These studies all concluded that the highest 

amount of uranium is extracted during the early stages of the leaching process. The next major 

aspect that affects the leaching process is the effect of acid concentration. 

Sulphuric acid concentration 

The second aspect that affects uranium dissolution is acid concentration. Sulphuric acid is one of 

the important aspects that influence the recovery rate of uranium from ore [2, 3, 5, 6, 27, 31, 32]. 

The effect of acid concentration on uranium leaching is shown in Figure 7. 
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Figure 7: Effect of sulphuric acid concentration on the leaching process [35] 

The depiction as seen in Figure 7 clearly shows how sulphuric acid concentration influences 

uranium extraction over a time of five hours. With a low sulphuric acid concentration, the uranium 

extraction at the end of the five-hour period is very low compared with the reactions where a more 

intense sulphuric acid concentration was used. This clearly demonstrates how sulphuric acid 

concentration affects the uranium dissolution of a mixture. For consistency, the same studies that 

were considered for the description of the leaching behaviour over time were used to test the 

effect of sulphuric acid concentration. 

The results in Figure 7 were obtained from the study conducted by Gilligan and Nikoloski [35]. 

The temperature of the mixture used for this study was kept constant at 52°C. The study reviewed 

sulphuric acid concentration in a range between 10 g/L and 200 g/L. The researchers concluded 

that increasing the sulphuric acid concentration from 10 g/L to 50 g/L increases the uranium 

extraction by roughly 25%. 

Research done by similar studies resulted in the same conclusion [2, 6, 29, 31]. Every study 

discussed above clearly indicated the effect of the sulphuric acid concentration. When sulphuric 

acid concentration increases, so does uranium extraction. Some studies recovered more uranium 
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for similar sulphuric acid concentrations, but this was due to the temperature difference of the 

mixture. There are studies that evaluated at very high sulphuric acid concentrations, but for South 

Africa, these acid amounts are seldom reached [6]. The last and very important aspect to discuss 

is the temperature of the mixture. 

Temperature 

A factor affecting uranium recovery greatly is the effect of slurry temperature. To effectively 

observe the influence of temperature, the different studies discussed kept the leaching time and 

sulphuric acid concentrations constant. Several studies concluded that increasing the 

temperature increased the leaching process [2, 3, 5, 6, 27, 31, 32]. For better visualisation, Figure 

8 shows the effect of temperature over a 24-hour period. 

 

Figure 8: Temperature effect on uranium extraction over a 24-hour period [29] 

Figure 8 clearly shows how slurry temperature influences uranium extraction over an entire day 

of leaching (24 hours). Lower temperatures result in lower uranium recovery – not only lower final 

extractions but also slower initial dissolution increases. This figure clearly shows that higher 

temperatures yield higher dissolution rates and final dissolution. 

The study conducted by Costine et al. [29] revealed an increase in dissolution as temperature 

increased. Increasing the temperature of the mixture from 40°C to 80°C resulted in a 30% yield 

in uranium extraction. The other investigations done are discussed in the literature review. 
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1.3.7 Summary 

Referring to the uranium recovery process as described above, there are several factors that 

influence the leaching process. Of the different factors, temperature has the most substantial 

effect on recovery rate [2-6, 23, 29, 35], but sulphuric acid concentration also influences the 

recovery rate greatly [2-6, 23, 29, 35]. The effect of temperature is discussed more intensively in 

the following section to highlight the importance of temperature on such a chemical process. 

1.4 Literature study 

1.4.1 Background 

The previous section investigated the uranium recovery process and the conditions that affect the 

uranium extraction process the most. Different studies concluded that when the temperature of 

the slurry mixture increases, so does uranium extraction. It is known that brannerite ores typically 

require high temperatures, high acid concentrations, and longer leaching times to yield a sufficient 

amount of uranium [4]. Referring to Section 1.3.6, the effect of temperature is considered as the 

focus of this dissertation. 

This section analyses the findings from other studies that investigated the effect of temperature. 

It further considers the heat sources used in the past that are still applicable. Along with these 

considerations, different modelling processes are reviewed to indicate the best for the study. 

1.4.2 Temperature effect on uranium recovery 

Section 1.3.6 mentioned that temperature has a great effect on the leachability of uranium slurry. 

The different studies that considered varying temperature to test this effect are discussed and the 

findings obtained from the researchers are investigated. Each study had different parameters that 

were kept constant to best evaluate the effect of temperature. These parameters are also 

reviewed to fully understand the uranium recovery process. 

Lottering et al. [6] focused on uranium leaching at two different temperatures. To clearly 

investigate the effect, the manganese dioxide concentration was kept at 4 kg/tonne and the 

sulphuric acid concentration at 16 kg/tonne. The first mixture was tested at a temperature of 40°C, 

resulting in an 85% uranium extraction, whereas when the temperature was increased to 60°C, 

90% of the uranium was recovered. This resulted in a 5% increase in uranium dissolution with a 

20°C temperature increase. 

Gilligan and Nikoloski [31] investigated the influence of temperature over a five-hour period during 

which the sulphuric acid concentration was kept constant at 0.25 mol/L. Leaching the mixture at 

25°C resulted in a 30% uranium recovery after five hours, but increasing the mixture to 52°C 
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increased the uranium recovery to 68%. Lastly, a 96°C mixture temperature reported a 98% 

uranium recovery. 

When Gilligan and Nikoloski [35] discussed the effect of sulphuric acid concentration, they placed 

more focus on temperature since it had a greater effect. The study observed, for example, that a 

10°C increase from 52°C had a similar effect on the uranium recovery than increasing the acid 

concentration fourfold. This study clearly showed the importance of slurry temperature when 

uranium undergoes leaching. 

Zakia et al. [30] varied the leaching temperature from 25°C to 90°C. Their study emphasised the 

importance of leaching improvement where temperature was concerned. The samples were 

tested with an aggressive sulphuric acid concentration of 200 g/L with four hours of leaching. The 

uranium extraction result was 60% for a temperature of 30°C, whereas increasing the temperature 

to 80°C improved the uranium extraction to 98.5%. The study concluded that 80°C is the optimum 

temperature for the leaching specimen since increasing the temperature to 90°C results in a 

constant uranium extraction, which does not increase the extraction. 

Madakkaruppan et al. [2] also investigated high leaching temperatures that ranged from 35°C to 

95°C, while keeping the sulphuric acid concentration constant at 38 g/L. After 90 minutes of 

leaching, the uranium recovery tested at 35°C yielded a 42% extraction, while increasing the 

temperature to 75°C improved the uranium recovery to 72%. When the temperature was tested 

at its maximum, namely at 95°C, the recovery yielded an 80% extraction. As the study 

investigated the early stages of recovery, only 90 minutes were documented. 

The studies have consistently shown that increasing the mixture temperature enhances both the 

slurry leaching rate and uranium extraction. Figure 9 depicts the incremental increase in uranium 

dissolution where the temperature of the mixture is concerned. 

 

Figure 9: Effect of temperature on uranium dissolution [5] 
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Figure 9 depicts the relationship between uranium extraction and uranium temperature. Figure 9 

clearly indicates that lower temperatures result in lower uranium extraction and higher 

temperatures result in higher uranium extraction. Increasing the leaching temperature (slurry) has 

a greater effect on the amount of uranium extraction than the effect if sulphuric acid is increased. 

However, it is still crucial to know that sulphuric acid is an important aspect to investigate when 

doing an uranium leaching study [6, 29]. The following section describes the potential heat 

sources being operated in the industry. 

1.4.3 Potential heat sources available 

Background 

This section discusses the conventional heating equipment and methods currently being used in 

the industry along with modern technology that reduces the energy usage at different mines. The 

different equipment to be discussed includes boilers, photovoltaic systems, heat pumps and 

mining compressor systems. Renewable energy is considered as one of the most promising 

solutions towards alleviating the energy demand in this specific industry and needs to be 

investigated. The results are as follows [36]: 

Boilers 

The industry and power plants typically use boilers to generate steam from water, depending on 

the requirements, as well as electricity [37]. Boilers assist with other heating purposes, such as 

space heating for industrial buildings or providing hot water for industrial use, which contribute to 

heating-related savings [8, 38]. Different studies have been conducted to determine the 

application of different boilers and the effect thereof. 

Almost every major industry uses a steam boiler system. These systems consume approximately 

37% of the fossil fuel being burned by United States industries. Steam production is essential in 

different industries and they allocate different proportions to fossil fuel consumption: 81% is 

devoted to pulp and paper; 23% to refining petroleum; 57% to food processing; and 42% to 

chemical industry [39]. The study conducted by Einstein et al. [39] reviewed the energy 

consumption of boilers used by industry and determined an estimated 6.1 quad (6.4 EJ), resulting 

in nearly 66 MtCO2e (million tonnes of carbon dioxide equivalent emissions). 

Another application for a boiler is converting electricity to heat. Although electric boilers are 

popular for these applications, they encounter a high amount of heat loss due to radiative losses. 

The study conducted by Manni et al. [40] investigated the performance of an electrode boiler, 

which resulted in the boiler achieving an efficiency of 97%. The boiler had the potential of 

converting 1 444 Wh of electricity to 1 404 Wh of thermal energy, heating the fluid being pumped 
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through the boiler to 55°C. This warm fluid could heat the air leaving the system to approximately 

40–45°C. 

The negative side of using boilers is that they experience substantial energy losses and have high 

running costs. Different heat losses are experienced when a boiler is operational, including 

convection, radiative, fly ash and blow-down, leading to 20–30% of heat loss [41]. Since boilers 

are used in large industries, the energy consumed during operation is high [42]. There are 

methods to ensure that boilers perform efficiently, but some industries do not have proper 

procedures to account for heat losses in the boiler. This further affects the financial aspect of plant 

operations as more energy is used to account for heat losses [42]. Demand-side management is 

an implemented strategy that assists with energy flexibility [42]. 

Saidur et al. [43] analysed the energy utilisation of a boiler system. The study featured the factors 

through which the energy being converted could be lost. There is potential for heat recovery with 

such boiler systems; however, if it is not utilised, the boiler system could result in a high 

expenditure and lead up to a 22.5% energy loss. 

Photovoltaic source 

Since the mining industry accounts for a large portion of energy consumption, the importance of 

other technologies, such as renewable energy, has been increasing. As the energy demand 

grows along with increased production and materials required, it also increases the need for the 

renewable energy sector to lower energy costs with an added benefit of lowering carbon 

emissions [36]. Solar energy is one of these technologies [44, 45]. Solar energy can be converted 

to the required electrical or thermal energy needed for different applications [46]. Renewable 

energy is being introduced in different industries, as well as the mining industry [47]. 

Choi and Song [47] focused on photovoltaic systems at 19 different operating and abandoned 

mines across the world. The mine of interest was Thaba Mine in Limpopo, South Africa. This 

chrome mine is one of the largest chromium reserves in the country. CRONIMET Mining Energy 

AG installed a 1 MW photovoltaic system, which has been operating since 2012. This is the first 

utility-scale, off-grid photovoltaic system in the country. It accounts for all the mining operations 

and generates about 1.8 GWh of electrical energy annually. 

The mining industry in Chile faces extreme challenges with energy demand, which results in 

energy costs accounting for 20–40% of the mines’ total operating costs. These mines represent 

the world’s largest reserves for copper and lithium. Solar energy is popular in Chile due to high 

energy prices. From January 2011 to May 2017, the mining industry has grown its renewable 

energy potential from 591 MW to 3 793 MW. Since then, Chile has been the largest producer of 

solar energy in Latin America [44]. The study concluded with a comparison of different 
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technologies that clearly shows that solar photovoltaic systems have the lowest electricity 

generation cost. This is evident in Figure 10, which compares different systems in industry. 

 

Figure 10: Comparison between technologies based on average levelised cost of energy [44] 

Globally, the installation of renewable energy projects has increased from 42 MW to 3 397 MW 

annually in the years from 2008 to 2019. It is clear that there has been an increase in the 

renewable energy sector and mostly since 2018 and from 2019, hybrid systems are being 

installed that accounts for smooth variability [48]. 

Heat pumps 

A heat pump is a device that increases the temperature of a substance from a lower temperature 

to a higher temperature. It could be used to increase a waste heat source to a useful temperature. 

This waste heat, which is usually rejected into the atmosphere, could be used to reduce energy 

costs since it could replace purchased energy. The typical applications for heat pump systems 

vary between industries; for example, the pharmaceutical industry heats process water and the 

wood production industry dehumidifies and dries lumber. 

Heat pumps could reduce energy costs and lead to cost savings because they use waste heat to 

increase temperature and deliver that increased heat cheaper than the cost of fuel [49]. This is 

especially favourable when the heat output could replace energy such as boiler steam, hot water 

preparation or even space heating [50]. M-Tech industrial [51] compared a heat pump and direct 

electrical heating for gold mine change house water heating. The study reviewed the typical 

conditions for flow usage and water temperatures. The study reported that a typical person in a 

change house uses between 35 and 42 litres of water at 60°C [51]. The payback period calculated 

for a heat pump, by including the time-of-use tariffs, network demand charge, rates and taxes, for 
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a normal electrical heating system was around two years with R250 000 annual operating cost 

savings. Figure 11 shows the break-even point for the heat pump for normal conventional systems 

[51]. 

 

Figure 11: M-Tech heat pump study break-even point [51] 

Figure 11 represents the break-even point for the heat pump system under normal operations, as 

conducted by M-Tech industrial [51]. The figure shows that at Year 2 after project implementation, 

the cost of normal operations outweighs the heat pump cost, resulting in a payback period of 2.05 

years. Compressor waste heat is discussed next. 

Compressor waste heat 

For compressed air to be supplied for mine production, there needs to be a compressed air 

system to meet the required demand. This compressed air system can be used as a ring-feed 

system or a standalone system [52, 53]. For a single standalone compressor, only a compressor 

house with a different combination of compressors is necessary, whereas a ring-feed system is a 

bit more complex and includes different compressors in different compressor houses [52]. 

A typical industrial air compressor converts 80–93% of electrical energy consumption into heat. 

This poses a possibility to recover the heat and use it on another part of the mine. The heat 

recovered from such a system can range typically from 50% to 90% [54]. A typical method to 

utilise the recovered heat is to use it as a source for water heating, industrial process heating, 

space heating or boiler makeup heating [55]. Industrial drying and space heating use the heated 

ambient air that passes through the aftercooler system and lubrication cooler, which extracts the 

heat. A general guideline is that 15 kW (50 000 Btu/hour) is usable for 100 cfm of air and achieves 

recovery efficiencies of 80–90% [54]. 
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Another aspect is water heating. Water can be heated by using an aftercooler (heat exchanger), 

using the cold water to cool the compressed air, which results in warm water for other applications. 

Figure 12 shows a typical aftercooler for decreasing the temperature of hot compressed air, which 

uses the heated water for heating applications. This hot water could be used for many purposes 

on mines, namely laundries, heat pumps, cleaning processes or boilers [54]. 

 

Figure 12: Compressor aftercooler [54] 

De Villiers and Grobler [12] investigated methods for change house water heating. Change 

houses use calorifiers with resistance heating elements; however, the electrical consumption is 

very high. The authors introduced waste heat from mine compressors to recover the heat for 

change house heating purposes. The heat was recovered through an aftercooler with a heat 

exchange process, heating the water at the change house. The study focused on the factors that 

affect the energy consumption of the system. A baseline electrical consumption was calculated 

to determine when the most energy was being used. From the baseline, the authors compared 

the electrical usage and thermal energy usage. The study calculated a 0.551 MW reduction in 

power consumption on a daily average, which directly translated to a 13.22 MWh electrical energy 

consumption reduction per day [12]. 

The warm water recovered from the aftercooler being used to heat the change house water also 

needs to undergo a heat exchange process. This usually happens through any typical heat 

exchanger best suited for the application [54]. Since the medium that needs to be heated is 

uranium slurry, the ideal heat exchanger is a spiral heat exchanger [56]. The heat exchanger 

consists mainly of initial expenditure involved for the system, whereas savings are obtained from 

the running costs since there are no costs involved. Figure 13 depicts the working principle of a 

spiral heat exchanger. More detail regarding the spiral heat exchanger is given in Appendix A. 
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Figure 13: Spiral heat exchanger [57] 

Conclusion 

The different heating potential sources focused on the amount of heat available and typical 

applications of the system. The boilers that were investigated produced sufficient heat that could 

be used for industry applications. However, a significant amount of electricity is required to convert 

the electrical power to thermal heat, which leads to high electricity usage. 

Photovoltaic systems have the lowest operating costs, but the input cost could be high and the 

storage replacement cost is high, such as a battery storage system. Heat pumps proved more 

effective than normal electrical heating since waste heat could be introduced to assist with energy 

costs. Compressor waste heat proved very useful since it captures the heat already being 

generated and wasted. Although using waste heat has certain expensive initial expenditure, no 

running costs are involved due to the heat recovery system. 

Analysing all these different methods, the most promising method seems to be a compressor 

waste heat recovery system since compressors produce large amounts of heat, and with such a 

system, the heat could be recovered and used daily. The only extra expenditure required for the 

system is a heat exchanger to exchange the heat obtained from the compressors and use it to 

assist with other process heating, such as chemical plants. 
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1.4.4 Energy and processing modelling 

Different industries comprise complex processes, which can be inefficient if not well maintained 

or designed. To aid with such processes, several technologies have been developed. The most 

relevant methods contributing to the study are discussed. 

Since the system being used in the study comprises of different mediums through which the 

energy is transferred, a viable way to obtain accurate answers is through simulations. Different 

studies have been conducted to test the accuracy of different simulation packages compared with 

real-life industries [58]. In this section, these studies are discussed briefly to assess the viability 

of the different simulation packages that could be used to assist with real-world problems 

regarding efficiency of designing and maintenance. 

To accurately simulate mining or plant operations, the following packages could be used [59, 60]: 

• Flownex. 

• KYPipe Gas. 

• Computational Fluid Dynamics (CFD). 

• MATLAB. 

• Process Toolbox (PTB). 

Flownex 

Zubair et al. [61] used Flownex software to analyse the behaviour of an emergency core cooling 

system in a reactor during the early stages of a loss of coolant accident. This is an important 

simulation since insufficient cooling of such a reactor, or system failure, can lead to a core 

meltdown. The simulation was conducted successfully and accurate results that were well in 

agreement with the safety analysis report of the United States Nuclear Regulatory Commission 

were obtained. 

KYPipe Gas 

Another study analysed the flow rate in a gas pipeline using KYPipe Gas simulation software. The 

study resulted in accurate simulations that could be used to analyse the gas pipeline flow [62]. 

Computational Fluid Dynamics 

CFD is a simulation tool used in a variety of industries [63]. Xia and Sun [63] analysed the 

application of CFD in the food processing industry. CFD was used to design specific equipment 

that was required during these operations, and it also predicted certain stages during food 
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processing. CFD as a simulation tool accurately assisted in the early stages of new conceptual 

designs and for more detailed developments [63]. 

Furthermore, a CFD analysis was done on the cement industry to aid with the design of a calciner, 

which is a vital part of carbon dioxide emissions during plant operations. A mathematical model 

of such a process had been developed and validated before it was used in the CFD simulation 

software to accurately support this design. Results obtained from the simulations aided with 

gaining an in-depth understanding of all the different reactions that occur during the process. 

Understanding the process can further assist with an optimised design for the operations to aid 

with carbon dioxide reductions [64]. 

MATLAB 

McLean et al. [60] used MATLAB in their study to construct a model to simulate heat recovery for 

the mining and mineral processing industry. The model aimed to recover heat that was being 

rejected into the atmosphere, reducing the environmental impact and operational cost. The study 

successfully concluded with a 42% reduction in carbon dioxide emissions and a 20% reduction in 

cooling tower emissions, which aid global warming and human toxicity potentials. 

Process Toolbox 

The investigations conducted by Nell [65] and Nell [66] focused on simulation packages for water 

systems and compressed air systems, respectively. Nell [65] investigated the reliability of mining 

dewatering systems by using simulation software to aid with identifying risks and solutions. PTB 

simulation software was used during the study and accurately simulated a replica of the case 

study used for the dewatering system. The simulation resulted in an error of 4.2% and prevented 

previously encountered problems. 

Nell [66] analysed compressed air where drilling time in the mining sector was concerned. The 

compressed air system required for the drilling operations was developed and simulated on PTB 

simulation software to address the related problems. The study concluded with a simulation error 

of less than 2%, which resulted in a 20% drilling rate increase due to identifying the obstructions 

in the compressed air system obtained through the simulation model. 

1.5 Need for the study and objectives 

Gold and uranium production in South Africa has been decreasing over the past years due to 

several challenges. The mining sector is experiencing significant financial pressure and current 

operations need to be optimised to assist operational standards and yield profit margins. The 
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current process needs to reduce operating costs [15] and improve the efficiency of production; 

therefore, there is a need to optimise the process. 

The uranium recovery process is reliant on the temperature of the slurry. Heat is normally supplied 

using electricity, which has proven to be expensive when used for heating purposes such as 

boilers. There is a need to identify energy in the form of heat that is being wasted through mining 

equipment. The industry wastes 27–29% energy, which can be obtained and reused [67]. Ideally, 

this heat must be recovered as waste heat since the heat is already being generated and is 

available. Therefore, the objectives are: 

• Develop and verify a current operational heat recovery model. 

• Develop and verify a current operational heat source model. 

• Develop and verify an empirical model for uranium leaching analysis. 

• Integrate the verified models. 

• Conduct a feasibility study. 

1.6 Dissertation overview 

This dissertation started by giving a basic overview of the mining industry focusing on the uranium 

recovery process. It further discussed the different parameters affecting this process, focusing on 

the effect of temperature. Knowing that temperature has a great effect, different heat sources 

were analysed to investigate the potential thereof. To visualise heat potential, different simulation 

packages were discussed. 

This dissertation’s main objective is to show that the struggling mining industry has the opportunity 

to recover heat that is being produced already to improve the efficiencies of uranium plants. 

Chapter 1: Introduction 

This chapter provided background on the mining industry and highlighted that uranium is a by-

product of gold mining. The most common uranium extraction process was discussed to analyse 

the different factors that could assist with uranium recovery and identify which factors could be 

used to improve the process. 

The importance of temperature was discussed during the first section of the literature review. A 

few potential heat sources were listed along with heat possibilities. The literature review further 

investigated the different methods for simulating and predicting the behaviour of a system by 

analysing different simulation software packages and comparing the accuracy thereof. It 

highlighted the ideal way of increasing the efficiency of uranium production, which is by heating 

the mixture and integrating an existing heat source for this purpose. 
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Chapter 2: Methodology 

During this chapter, the method is discussed to assist with the objectives of the study. It describes 

the steps to construct and verify a current heat recovery system with the aid of simulations. It 

highlights the steps to identify a heat source that could be used for potential heat recovery. This 

chapter further discusses the method needed to verify the dissolution data used for the 

investigation to quantify the benefit of such a system. 

Chapter 3: Results and discussion 

During this chapter, the results obtained from the methodology to construct and verify a current 

heat recovery model are discussed. The results obtained from the heat source system that could 

be used to integrate with the heat recovery are also discussed. Furthermore, the financial benefit 

of integrating the identified heat source with the heat recovery system is analysed. This chapter 

concludes with the validation of the study, which describes all the objectives and whether they 

were completed. 

Chapter 4: Conclusion 

This chapter summarises the entire dissertation and concludes the research. It further provides 

recommendations for future possibilities that align with the investigation of heat recovery systems. 
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CHAPTER 2 – METHODOLOGY 

2.1 Preamble 

In Chapter 1, a literature review was conducted to analyse previous research regarding a variety 

of factors that affect uranium processing. The research that was conducted to form part of the 

basis of this methodology includes the following: 

• Different parameters affecting uranium recovery. 

• Different heat sources that form part of heat recovery systems. 

• Simulation methods that form part of the industry. 

This research is used to develop a methodology for constructing, evaluating, and analysing the 

application of heat recovery systems in the uranium process. The methodology is developed to 

address the need for the study, as mentioned in Section 1.5. 

Figure 14 shows a brief depiction of this methodology process that consists of five steps. First, 

the current heat recovery system is investigated, whereafter a simulation model is developed. 

This model is verified with actual data obtained from a system inspection. To verify the simulation 

model, a replica of a heat recovery system is represented that could be used as a basis for other 

heat recovery systems [65]. 

Second, a system containing a heat source that could be used for recovery purposes is 

investigated. As in Step 1, this heat source is verified to obtain an accurate simulation replica [68]. 

Third, a chemical plant with the potential of forming part of a heat recovery system is investigated. 

Since the plant being investigated is a uranium plant, an empirical model is developed and verified 

to ensure the accuracy of the system data [6, 12]. 

Fourth, the verified models obtained from Step 1 and Step 2 are integrated. This ensures the 

maximum possible accuracy for investigating the proposed heat recovery system for recovering 

the heat from a heat source to improve uranium recovery. 

Fifth, the verified data obtained in Step 3 and the integrated model obtained from Step 4 are used 

to analyse the effect of heat recovery and conduct a feasibility study [69]. 
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Figure 14: Simplified steps of the methodology 
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2.2 Heat recovery system 

Step 1 in Figure 14 is to investigate a current heat recovery system, develop a simulation, and 

verify this simulation with system data. This section discusses the investigation procedure and 

model construction of a heat recovery system. Figure 15 shows an overview of the methodology. 

 

Figure 15: Heat recovery methodology breakdown 

The goal of the methodology in Figure 15 is to derive a generic procedure for obtaining a verified 

heat recovery simulation model. Each step is discussed in this section. 

2.2.1 Obtain data 

As observed in Step 1 in Figure 15, Maré et al. [70] concluded that the best first step for 

understanding a system is to construct an overview of the system being investigated and to 

identify the availability of data. Doing this ensures that all the necessary components that affect 

this process are obtained, such as the interaction between the heat source and the equipment 

used to recover the heat. 

Generally, the system layout should be acquired through system inspection to understand the 

current system, and if possible, obtain any system data. Obtaining a general layout of the system 

is an important step that contributes to model development, where the layout is integrated with 

the simulation software [65]. System inspection entails doing a walkthrough of the site, which is 

at the installed location of the current system, to understand the working flow of the process. 

Ideally, the easiest way to gather data is through sensors that have been installed to monitor 

different systems and their components. This is not always possible since the system could be 

quite new, which is not yet equipped with sensors, or people neglect to monitor the system or 

maintain instrumentation. Figure 16 describes the process for obtaining the data from the system 

[65]. 
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Figure 16: Data collection methods [68] 

Referring to Figure 16, if there are any sensors installed, they could assist with monitoring 

measurements. This data is read at constant intervals and is transferred to the main network, 

known as the supervisory control and data acquisition (SCADA) system [69]. The SCADA system 

monitors the processes remotely and is useful since adjustments can be made on the SCADA 

that controls the system as even alarm triggers can be programmed. An entry is given an address 

in the system. Each address is known as a tag name, which could assist people accessing a 

specific search or for reporting [65]. For this investigation, typical readings to be obtained include 

water flow readings, water pressure readings and water temperature readings. 

If no instrumentation is installed, the data should be collected by means of equipment designed 

for such purposes. Since most heat recovery systems consist of an air-to-water heat recovery 

system [10], data is collected using the main equipment shown in Table 1. These measurements 

ensure that all the water flows and temperatures are correct to quantify the effect of the heat 

exchanger in such a system. 

Table 1: Equipment for data collection [71] 

Equipment Measurement Unit 

Ultrasonic flow meter Water flow L/s or m3/s 

Ultrasonic thickness gauge Pipe thickness mm  

Infrared thermometer Water temperature °C 

Pressure gauge Water pressure kPa 

 

Table 1 describes the components typically used to measure water properties [71]. An ultrasonic 

flow meter and thickness gauge are typically used to measure the water velocity and flow in a 

pipe. According to Rahmat et al. [71], water probe sensors improve the accuracy of water flow 

and temperature readings; however, if there are no installed probe sensors, an infrared 
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thermometer is typically used to measure water temperature. This gives a good indication of the 

water properties in a pipe. 

An important aspect to consider is that a thermometer only measures the surface temperature of 

a pipe, so the water temperature in the pipe may differ slightly from the measured temperature 

[72]. Along with collecting the data, the different components affecting the system should also be 

inspected. These components must be known to construct an accurate simulation model. Table 

2 shows the typical components that could be encountered in a system. 

Table 2: Components in system [73] 

Components Measurement Unit 

Pipes Diameter 

Length 

Cladding 

mm 

m 

m 

Compressors Power 

Flow 

Discharge temperature 

Discharge pressure 

kW 

kg/s 

°C 

kPa 

Pumps Power 

Flow 

Head 

Efficiency 

kW 

L/s 

m 

% 

Cooling towers Duty 

Water flow 

Airflow 

Dam volume 

kW 

L/s 

kg/s 

m3 

Heat exchanger 

(Aftercooler) 

Type 

Designed duty 

– 

kW 

 

Table 2 lists the different components to be investigated. The data obtained from this investigation 

is crucial since it contributes to the verification of the system, but this data must be accurate. 

Manual measurements, using the equipment in Table 1, should also be conducted on the relevant 

components, which consist of sensors for ensuring accurate data. The instrumentation should be 

verified within an accuracy range of 10% [65]. 

These steps must be followed to ensure accurate data of the system is collected as the results 

obtained from the simulation model need be compared with the data obtained from the system 

investigation. Once the data has been obtained accurately, the following part of this methodology 

can commence, namely, to discuss all the steps that should be taken to develop the simulation 

model for the heat recovery system. 



28 

2.2.2 Develop model 

As observed in Step 2 in Figure 15, the following step is to develop the model. With an understood 

concept of a heat recovery system and identified data points, a model can be constructed to 

simulate the process. The process to develop this model is discussed in this section. 

Firstly, simulation software should be considered for model development. Section 1.4.4 discussed 

the different simulation packages that are used often. Studies concluded that Flownex and 

KYPipe Gas do not have the ability to view real-time data through an interface, and KYPipe Gas 

is not suitable for compressible fluids [59, 66]. The studies reviewed in Section 1.4.4 concluded 

that PTB was the preferred package to use since it has a variety of integrated thermodynamic 

properties and has been proven to be an effective simulation program, which uses a drag and 

drop interface to communicate to the components [65, 66, 70]. Although CFD is also a popular 

software package since it aids with the predesigning of integrated systems, PTB is used for this 

study as it focuses on the heat recovery from mining equipment, which is a thermodynamic 

system, and accounts for different losses such as heat from pipelines and pressure during pipe 

bents. An overview of the procedure that should be followed to develop a model is shown in Figure 

17 [66]. 

 

Figure 17: Baseline heat recovery model development 

Figure 17 shows that the first step is to integrate the layout of the system. This site-inspected 

layout is constructed using the data collected and procedures, as mentioned in Section 2.2.1. The 

different components acquired from the data collection are inserted in the precise location for 

maximum accuracy by using a satellite view of the surface and placing each component where it 

is supposed to be [73]. 

Accurately simulating the model requires inserting all the components that influence the system, 

as observed in Step 2 in Figure 17. When these components have been inserted, the following 
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step is to integrate these components by connecting each node and pipe in the system to ensure 

correct flow direction [73]. 

Lastly, the typical design specifications are inserted. From Table 2 in Section 2.2.1, this entails 

inserting all pump and pipe sizes, specifying the heat exchangers and aftercooler according to 

their designed duties, and ensuring the boundaries represent the correct temperature and 

pressure. When all these steps have been followed, the model should be ready for simulation and 

should depict the current heat recovery system. The following step in Figure 15 describes the 

process that should be followed to verify the simulation model. It is discussed in the upcoming 

section. 

2.2.3 Verify system 

As observed by Step 3 in Figure 15, the following step is verifying the simulation model. Using 

the steps to develop the model, a representation of the actual heat recovery system should be 

obtained. Figure 18 shows an overview of the procedure for verifying the simulation model [73]. 

 

Figure 18: Verification of heat recovery model 

Figure 18 clearly describes all the steps for ensuring that the model is verified, and if not, which 

steps should be repeated. The first step is to ensure a working simulation model. The simulation 

parameters are set to the initial conditions and boundaries. When simulating the model, the model 

should run to show that all the components are connected and there should be no errors. This is 

a prerequisite for the calibration and verification of the model since without a working model, 

calibration cannot be done [66]. After a successful simulation run, it is important to compare the 

obtained results with the actual data collected from the site audit, as outlined in Section 2.2.1. 

This step is crucial for ensuring that the simulation represents the real-world process accurately. 
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Step 2, as described in Figure 18, describes the process for ensuring an accurate simulation. The 

first subtask is to apply the current operation control systems. This typically includes the pumping 

schedule, demand usage at places, such as change houses, valve statuses, and ambient 

conditions, such as the air temperature, humidity, and pressure. 

After the control system or philosophy has been applied, the next step is to compare the simulated 

results with the SCADA system or measured readings. These readings should be retrieved from 

reporting data and from the tag values, which can be selected specifically for the period of 

investigation. The comparison between the results of the heat recovery model and actual data 

should be within an accuracy range of 10%, which is the minimum deviation required for an 

accurate simulation [65, 66]. 

The simulation is verified once the results are within a 10% range of the SCADA or measured 

values. If not, Step 2 should be reviewed to ensure all controls and components are correct. This 

process should be repeated until the simulation is verified. This procedure outlined in Section 2.2 

is designed to obtain a verified model of a current working heat recovery system that could be 

used as a baseline for other heat recovery projects. 

The next section discusses the development of a methodology for investigating a system, which 

contains a heat source, and the construction of the dedicated simulation model. 

2.3 Heat source system 

Section 2.2 discussed the procedure to develop a generic method for investigating a heat 

recovery system and developing a model to replicate the true system. This was the first step, with 

the second step in Figure 14 being to investigate and develop a methodology that could be used 

for a system that contains a heat source, which may form part of a heat recovery system. 

In this section, some of the steps described previously (refer to Section 2.2) remain the same, but 

the focus shifts to identifying and simulating a heat source that can be used for potential heat 

recovery. An overview of the methodology procedure is shown in Figure 19. 

 

Figure 19: Heat source methodology breakdown 
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The goal of the methodology in Figure 19 is to derive a generic procedure that could be used to 

obtain a verified heat source simulation model. Each step is described in this section. 

2.3.1 Obtain data 

As observed in Section 2.2.1, the best first step is to inspect and investigate the location of the 

heat source to create an overview of the system. Once a verified heat recovery model has been 

obtained, the important factors to consider include the source of heating equipment, accessibility 

of this source, and possibility of being used for heat recovery. 

Section 2.2.1 showed that a site inspection should be done to obtain the layout of the possible 

heat source. In addition to exploring the heat sources, other factors, such as accessibility, 

infrastructure and data locations, should be examined to enhance the precision of the ultimate 

simulation. 

Figure 16 illustrated the typical methods for collecting data, which is usually done with sensors 

that read the values to the SCADA system. If not possible, data should be collected manually 

using the designed equipment for such purposes. The equipment typically used for water 

measurements include an ultrasonic flow meter, ultrasonic thickness gauge, and infrared 

thermometer as shown in Table 1. The typical components for a heat source system are similar 

to Table 2 and are shown in Table 3. 

Table 3: Components in heat source system [73] 

Components Measurement Unit 

Pipes Diameter 

Length 

Cladding 

mm 

m 

m 

Compressors Power 

Flow 

Discharge temperature 

Discharge pressure 

kW 

kg/s 

°C 

kPa 

Pumps Power 

Flow 

Head 

Efficiency 

kW 

L/s 

m 

% 

Cooling towers Duty 

Water flow 

Airflow 

Dam volume 

kW 

L/s 

kg/s 

m3 

 



32 

Table 3 lists the different components and data that could be required in the investigation to 

ensure that an adequate system is investigated with the potential to form part of a heat recovery 

system. Once accurate data has been obtained, the methodology procedure can commence, 

which discusses all the steps required to develop the simulation model for the heat source system. 

2.3.2 Develop model 

Once all the data has been obtained as discussed in Section 2.3.1, the model development can 

begin as shown in Step 2 in Figure 19. This process is discussed in this section. 

The aim of the methodology is to create a simulation model that replicates the actual heat source 

system and determines its heat potential. Section 2.3.1 outlined the process for obtaining the 

necessary information during the site inspection, which is shown in Figure 20. The green 

highlighted section represents the necessary information to be obtained for the simulation model. 

 

Figure 20: Heat source model process flow 

Figure 20 clearly shows the construction process of the heat source model. The heat source on 

the mine must be investigated and constructed to replicate the actual system. Using the procedure 

as outlined in Figure 20, the model can be developed once all the data has been obtained. Figure 

17 in Section 2.2.2 listed the basics steps for developing a model that shows the heating potential. 

The steps are similar, but instead of simulating a complete heat recovery system, only the heat 

source along with its components are simulated and verified. Figure 21 shows these steps and 

process. 
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Figure 21: Heat source model development 

Referring to Figure 21, all the components that could influence the system should be collected 

from the site inspection to ensure that the system can be simulated with complete accuracy. 

These components mainly include the compressor sizes, amount of heat available, the cooling 

performances, such as those for the cooling towers, and the pumps available for transferring the 

fluid. 

As seen in Figure 21, the first step is to integrate the new site-inspected layout. The data collected 

from the audit is used to ensure that the pipe layout and different components are accurate. These 

components typically include cooling towers, pumps, dams, and compressors, which should all 

be in their correct location. 

Once the layout has been updated to reflect the heat source system, the integration of all these 

components commences. This involves connecting each node and pipe in the system to ensure 

the correct flow direction. The design specifications as mentioned in Section 2.2.2 should be 

considered and applied as well. Once all the steps have been completed (refer to Figure 21), the 

simulation should reflect the real-world operations. 

Lastly, once the simulation is solving without any errors, it should be verified to quantify the heat 

potential that could be used. The verification steps are similar to Figure 18 in Section 2.2.3, with 

the only difference being that the heat source system is not yet a working heat recovery system, 

which will be simulated accordingly. 

The following step, as observed in Figure 19, describes the process for verifying the simulation 

model, which is discussed in the upcoming section. 

2.3.3 Verify system 

As observed in Step 3 in Figure 19, the following step is verifying the simulation model. As 

mentioned in Section 2.2, once these steps have been completed, the model should represent 
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the actual heat recovery system. Figure 22 only represents an overview of the verification 

procedure since it is similar to the steps for the heat recovery verification, as described in Section 

2.2.3. The system should simulate within a 10% accuracy range [65, 66]. 

 

Figure 22: Verification process of heat source model 

Once the simulation model is considered accurate and verified, the heat being generated can be 

quantified. This should represent the potential that can be used for other aspects, such as a heat 

recovery system, as discussed in Section 2.2. 

The development of a methodology for constructing an empirical model is discussed in the 

following section. This model is used to verify the chemical plant data obtained from the 

investigation. 

2.4 Empirical model 

Sections 2.2 and 2.3 discussed the steps for developing the methodologies for obtaining verified 

heat recovery and heat source systems, respectively. Once both systems have been verified, the 

simulations can be modified and integrated to simulate potential heat recovery systems 

accurately. As mentioned, a heat recovery system needs to have at least two main components, 

namely a heat source and demand (refer to Section 2.2) to which the recovered heat is applied 

[12]. 

The demand for this study is a chemical plant. Data should be collected, an empirical model 

developed, and the results verified. Figure 23 shows the methodology adopted in this section. 
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Figure 23: Empirical methodology breakdown 

Each step in the methodology breakdown in Figure 23 is discussed in this section to ensure all 

the aspects affecting the system is covered. 

2.4.1 Obtain data 

Referring to Section 2.2.1, the first step is to investigate the system to be used for heat recovery. 

If the type of plant considered for heat recovery integration is unknown, it should first be identified, 

followed by a plant investigation. Typical aspects to consider when choosing a plant is ensuring 

that there is clear potential for heat recovery, which justifies an investment. It should further be 

accessible for integration with industrial operations such as mines [74]. Table 4 lists different 

aspects that should be investigated before identifying a potential plant. 

Table 4: Basic information needed to identify heat recovery application [74] 

Components Type 

Plant Chemical 

Mining 

Manufacturing 

Infrastructure Pipes size 

Pumps size 

Cooling units 

Heat exchangers 

Dam size 

 

Once all the aspects as listed in Table 4 have been considered, the system is investigated further 

to obtain the relevant information that forms part of the analysis. Since the heat recovery system 

will be integrated with a chemical plant, Table 5 lists the specific aspects that should be reviewed. 

Table 5: Different factors that may influence chemical processing [5, 6, 30] 

Factors Unit 

Temperature [5, 6, 30] °C 

Acid concentration [5, 6, 30] kg/tonne 

Leaching rate [5, 6, 30] hours 
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Factors Unit 

Ore grade [5, 6, 30] g/tonne 

Chemical density [5, 6, 30] kg/m3 

 

Once the information in Table 4 and Table 5 have been obtained, the next step according to 

Figure 23 is to develop the empirical model. This model is used to analyse the behaviour of the 

chemical processes of the plant, which is discussed in more detail in the following section. 

2.4.2 Develop model 

Once all the mentioned data have been obtained (Section 2.4.1), the empirical model is 

developed. This model analyses the behaviour of the processes at the chemical plant, for 

example, the leaching process. 

 

Figure 24: Empirical model process flow 

The first step in Figure 24 is to obtain the plant input data. As outlined in Section 1.3.6, this 

typically entails obtaining certain parameters that affect the chemical processes and some 

general data as discussed in Section 2.2.1. 

The second step in Figure 24 is to derive an empirical model that expresses the relationship 

between certain aspects, such as temperature, and chemical process, namely dissolution. 

Referring to the literature review conducted in Section 1.4.2, several studies were investigated to 

derive a relationship between these two aspects. 

The third step in Figure 24 entails analysing the expression for different seasons throughout the 

year. As outlined in Section 1.4.2, varying temperatures affect the chemical processes differently. 

During the year, different seasons experience different temperatures, which is important data 

when analysing a dynamic model. 
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When all these steps have been followed, the model can be used to test different aspects affecting 

the chemical processes. The next step in Figure 23 describes the process to be followed to verify 

this model, which is discussed in the following section. 

2.4.3 Verify system 

Once the empirical model has been developed, the model should represent the processes 

pertaining to the chemical plant. Section 1.4 noted that the best technique for ensuring that these 

processes are correct is by verifying the models. An overview of the verification procedure is 

shown in Figure 25. 

 

Figure 25: Verification procedure of empirical model 

Figure 25 clearly describes the procedure that must be followed to verify the model. First, the 

results obtained from the model developed, as described in Section 2.4.2, should be analysed. 

These results should describe the process behaviour at certain conditions, for example, 

investigating the leaching process under given temperatures or different leaching concentrations, 

as indicated in Section 1.4. 

Once the results have been analysed, the following step is to compare these results with literature 

relating to the study. The literature for this comparison was reviewed during the literature review 

in Section 1.4. Comparing the results with actual research ensures trustworthy and accurate 

results that can form part of the final model integration [62, 66]. 

If the comparison is accurate or deviate with accurate reasons (scaling in pipes may influence 

readings), the model is verified; however, if the comparison is inaccurate, the results should either 

be re-analysed or be recompared with literature more relevant to the plant being investigated. 
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This process should be repeated until there is a clear correlation between the results and research 

conducted. 

Once the previously described models in Sections 2.2–2.4 have been verified, an integration 

process of these models needs to be developed. This ensures accurate information and models 

that can be used to simulate possible heat recovery scenarios. This process is discussed in the 

following section. 

2.5 Model integration 

Using the methods discussed in Sections 2.2 and 2.3, a verified current working heat recovery 

model should have been obtained and simulated along with an identified heat source that could 

form part of a heat recovery system. Integrating these models establishes a solution model for 

using the identified heat source to simulate potential heat recovery models for other mines or 

plants. The model as described in Section 2.4 highlighted that a feasibility analysis should also 

be conducted, but the solution model must be developed first. 

The fourth step in Figure 14 is to integrate the heat source model with the modified heat recovery 

system. The reason for referring to a “modified heat recovery system” is because the simulation 

model used for the current working heat recovery system may not be the same for every 

application, thus the model should be updated with the desired requirements. The integrated 

model will be referred to as the “solution model” henceforth. Figure 26 shows the process. 

 

Figure 26: Solution model methodology breakdown 

Each step regarding the investigation and modification of a potential heat recovery system, as 

seen in Figure 26, is discussed in this section. 

2.5.1 Obtain data 

Referring to Section 2.2.1, the first step is to investigate the location where the system is planned 

to be implemented. This location should be where the heat source system that needs 

improvement is currently in operation in the chemical plant. 
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Section 2.2.1 mentions that the infrastructure should be assessed and any data locations that 

could be used to increase the accuracy of the simulation should be investigated. This typically 

entails investigating which infrastructure could be used to integrate the systems and, if not 

available, which could be added. Aspects typically considered include components, such as 

pipes, pumps, and accessibility between locations. This is further discussed in the feasibility 

analysis for this study. 

As mentioned in Section 2.4, a heat recovery system consists of at least two main components, 

namely the heat source and the demand that uses the supplied heat from the source. Thus, an 

overview of this process should be obtained. The steps were discussed in Section 2.2.1, which 

should be similar to the heat recovery system explained. 

Once accurate data has been obtained, the simulation model for the potential heat recovery 

system can be modified and integrated. The steps are discussed in the following section. 

2.5.2 Modify and integrate model 

Once all the data has been obtained as mentioned in Section 2.5.1, the model modification can 

begin. The model to be changed has to simulate the solution model, which consists of the 

identified heat source and the identified plant for implementation. Figure 27 depicts the process 

flow used to modify and simulate the solution model. 

 

Figure 27: Solution model process flow 

Step 1 in Figure 27 is to integrate the identified heat source that was investigated, developed and 

verified in Section 2.3 with the working heat recovery model developed in Section 2.2. The 

integration of these models ensures that a working verified simulation model is used along with a 

2. Modify heat recovery 

model with identified heat 

recovery system 

 4. Simulate modified 

solution model 

 3. Choose heat exchange 

equipment 

1. Integrate identified heat 

source 

Working heat recovery 

model 



40 

working verified heat source, which allow for accurate simulations to quantify the heat available 

for recovery. 

Step 2 in Figure 27 describes the modification process of the heat recovery model and the 

information obtained in Table 4 should be used. This ensures that the heat recovery potential 

from the heat source and identified heat recovery system are accurate. 

Section 2.2.2 discussed the steps for ensuring an accurate simulation. These basic steps entail 

integrating the new inspected layout into the modified model to ensure all the components are in 

the correct and accurate locations. 

Step 3 in Figure 27 is to choose the type of heat exchange process and equipment that could be 

used for this system. Section 1.4.3 noted that when heat must be transferred from one medium 

to another, a heat exchanger is the ideal approach [56, 57]. A heat exchanger is thus selected for 

the simulation process since knowing the optimal heat duty for the heat exchange process should 

improve the simulation accuracy. 

Step 4 in Figure 27 describes the last step before the results can be obtained. Once again, the 

nodes, pipes, and other systems in the simulation software need to be connected to ensure the 

flow directions are correct. 

If all the design specifications have been followed, the simulation should be ready. Once the 

simulation solves without any errors, the results obtained should be analysed to view the impact 

of the heat recovery system. The discussion to analyse the results obtained from the solution 

mode follows. 

2.5.3 Obtain system results 

As observed in Step 3 in Figure 26, the next step is to analyse the results of the solution model. 

A solution model that simulates potential heat recovery aids with the designing process of such a 

system. It is further favourable to observe whether the system could be beneficial to current 

processes. 

As mentioned in Section 2.2.3, the prerequisite for a working simulation model is to ensure that 

the model simulates without any errors. Once the model simulates without any problems, the heat 

recovery results can be obtained and analysed. This is important since it provides a 

representation of how much heat can be added to a heat recovery system from an existing heat 

source. 

Once the system results have been obtained and analysed, they are used for the preplanning 

processes, such as doing a feasibility study to determine whether there are financial benefits to 
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implementing the project. This heat recovery can be used to analyse the different parameters 

affecting the chemical processing, as reviewed in Section 1.4.3 [62]. The financial aspect is 

discussed in the following section. 

2.6 Feasibility study 

Sections 2.2 to 2.5 clearly describe the methods for analysing different scenarios to obtain an 

accurate and trustworthy heat recovery simulation. The results obtained from the simulations are 

used to assess the feasibility of implementing the system [9]. If the efficiency of the chemical plant 

improves by using a heat recovery model, the benefit should be quantified to calculate the 

financial benefit. Figure 28 summarises the necessary steps for conducting a feasibility analysis. 

 

Figure 28: Feasibility analysis flow diagram [9] 

Using the flow diagram in Figure 28, a feasibility analysis is conducted to obtain a good indication 

of the feasibility of the project. Referring to Step 1, if there is an efficiency increase, it should be 

analysed to obtain a benefit for a certain period, typically the life of mine period. Step 2 in Figure 

28 evaluates the capex of the project, which entails all the initial costs for obtaining the 

infrastructure and equipment [75]. 

Step 3 and Step 4 in Figure 28 refer to the steps for evaluating the cost versus benefit of the 

simulated system. The result of comparing the cost versus benefit usually quantifies the payback 

period. This payback period represents a value by which the benefit surpasses the cost of the 

project, which is usually measured in years [75]. Once the payback period has been quantified, 

an overall benefit, as seen in Step in Figure 28, is quantified to assign a certain financial indication 
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of the project’s feasibility, which is determined by the mining personnel. More about the 

calculations is discussed during Chapter 3. 

Once all the steps described in this section have been followed and discussed, an overall 

conclusion is completed to describe all the processes used to construct the system and analyse 

the impact on the chemical plant. This conclusion and the validation of the study are discussed in 

the following section [76]. 

2.7 Conclusion 

A thorough methodology was developed that clearly described each step of investigating a heat 

recovery and heat source system, by which a digital replica was obtained to simulate the 

behaviour and potential of such systems. The methodology was described to achieve an empirical 

model for analysing the effect of the different parameters affecting chemical processing. The 

methodology can be applied to any heat recovery system since it was developed to be generic. 

The methodology investigated the previous models used, as mentioned in Section 1.4, and the 

necessary steps required to construct these systems. 

The first part of the process to achieve the study objectives, as discussed in Section 1.5, was to 

investigate and simulate a current heat recovery system. This entailed identifying a current 

working system and using the procedure to obtain an accurate simulation model that represented 

the process of the heat recovery system, as outlined in Section 2.2. 

The next section of the methodology consisted of investigating a heat source through which heat 

could be recovered. The construction and development of the simulation model were discussed, 

which should depict the actual heat available to use. The final part of Section 2.3 discussed the 

verification process that should be used for the simulation model. 

Section 2.4 discussed the method for constructing an empirical model for analysing the data 

obtained from the chemical plant. This result has to be verified, which was discussed in the 

section. Ensuring a verified empirical model should assist with analysing the effect of temperature 

on the process since the chemical plant could be part of the heat recovery process. 

Lastly, the integration of the systems, as outlined in Section 2.2 and 2.4, was discussed, which 

represented the solution heat recovery model, as seen in Section 2.5. This is a combination of 

the heat recovery and heat source model, with the integration of the chemical plant. The heat 

recovery integration could be used to simulate potential heat recovery systems. The chapter 

concluded with a methodology that should be used to conduct a feasibility study, as discussed in 

Section 2.6. 
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The final part of this dissertation is to validate the study by referring to the objectives as mentioned 

in Section 1.5. The next chapter describes the case studies used to apply the methods as 

discussed in this chapter. The results of these system are listed and discussed, and the 

verification of the study is shown. 
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CHAPTER 3 – RESULTS 

3.1 Preamble 

Chapter 2 discussed the methodology for investigating different heat systems and constructing 

simulation and empirical models that represent a replica of the real-world operations. It further 

discussed the verification procedure to be followed. The derived methodology focuses on the 

process for integrating these verified models, which can be used to conduct a feasibility study for 

a potential heat recovery system. The process determines whether the project would be feasible 

and the extent of a benefit that could be expected. 

In this chapter, the results obtained from the applied methodology are discussed. Firstly, the 

methodology is applied to a mine with a current heat recovery system and the simulation obtained 

is verified. Secondly, the results obtained from the heat source model are discussed and verified. 

Thereafter, the results obtained from the empirical model are discussed and the data obtained 

from the chemical processing plant is evaluated. Lastly, these models are integrated to simulate 

the potential of a heat recovery system to recover heat from the mine compressors and use this 

heat at the uranium plant. This chapter concludes with the feasibility study and validation. 

As discussed in Section 1.5, the methodology aims to address the following objectives: 

• Develop and verify a current operational heat recovery model. 

• Develop and verify a current operational heat source model. 

• Develop and verify an empirical model for uranium leaching analysis. 

• Integrate the verified models. 

• Conduct a feasibility study. 

3.2 Case study background 

3.2.1 Current heat recovery system 

For confidentiality, the name of the mine containing the heat recovery process is omitted in this 

dissertation and is referred to as ‘Mine A’. 

Mine A has a change house water heat recovery system, which recovers the heat from 

aftercoolers of the compressors and uses it to heat the water at the change house. The 

methodology developed in Section 2.2 was used to investigate the heat recovery system, develop 

a simulation model, and verify the model with the investigated results. 
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3.2.2 Current heat source 

For confidentiality, the name of the mine containing the heat source is omitted in this dissertation 

and is referred to as ‘Mine B’. 

Mine B has a large compressor system that contributes to a ring feed that supplies compressed 

air to Mine A and Mine B. The methodology developed in Section 2.3 was used to investigate the 

heat source, develop a simulation model, and verify the model with the investigated results. 

3.2.3 Chemical plant for heat recovery 

For confidentiality, the name of the chemical plant to be used as a potential heat recovery system 

is omitted in this dissertation and is referred to as ‘Plant X’. 

Plant X applies the leaching processes discussed in Section 1.3. The case study forms part of 

the process developed in Section 2.4. The results obtained from the verified systems from the 

different case studies were used to conduct a feasibility study for determining the benefit and 

potential of the heat recovery system. 

3.3 Current heat recovery system results 

3.3.1 Data obtained 

Recalling the process discussed in Section 2.3.1, the best step is to investigate the site and obtain 

data relevant to the system that is needed for a site layout. Mine A has two compressors supplying 

the compressed air demand underground for mining purposes. The first compressor is a 4.8 MW 

Sulzer compressor supplying 17 kg/s of compressed air at maximum guide vane angle. The 

second compressor is a 10.3 MW VK100 compressor supplying 33.5 kg/s also at maximum guide 

vane angle. Generally, both compressors are running during the drilling shift, whereas only one 

compressor could be running outside the drilling shift, depending on demand. Table 6 summarises 

the running operations of Mine A. 

Table 6: Mine A compressor operating conditions 

Time frame Sulzer VK Total 

Drilling shift ON ON 2 

Outside drilling shift ON or OFF ON or OFF 1 or 2 

 

As mentioned in the case study background in Section 3.2.1, Mine A has a surface heat recovery 

system that recovers the heat from the compressors in Table 6 to assist with change house water 

heating. Figure 29 shows a schematic of this process. 
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Figure 29: Detailed layout of Mine A heat recovery system 

The data obtained was allocated to the system specifications and processes. The site audit 

provided good insight into the operating conditions regarding the heat recovery system. Figure 

29 displays the values obtained using the measurement equipment, as discussed in Section 2.2. 

Figure 29 indicates three closed loops in the layout. Loop 1 is the water circuit that cools the air 

through the aftercoolers by using the cooling towers to remove the heat from the water. Loop 2 is 

the water circuit that also cools the air; however, it captures the heat from the air and uses it to 

heat the water at the change house. Loop 3 is the water used at the change houses that is heated 

by the water circuit in Loop 2. These are all closed loop systems as the water used in Loop 2 is 

treated differently to prevent scaling in the pipes [12]. 

Loop 3 

Loop 1 

Loop 2 
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To understand the process as observed in Figure 29 more clearly, a brief description follows. The 

compressors at Mine A increase the pressure of the ambient air for underground mining demands. 

Increasing the pressure increases the temperature of the air as well [59, 66]. This compressed 

air needs to be cooled by a compressor aftercooler before it is supplied underground through the 

mineshaft. The type of aftercooler in use employs double-stage cooling. This simply implies that 

the water circuit from the cooling towers (Loop 1) does not mix with the water supplied to the 

change houses (Loop 2). 

The first stage of cooling uses the water in Loop 2 to initially lower the temperature of the 

compressed air. The temperature of the water in Loop 2 returning from the change houses has 

decreased as it has exchanged its heat with the change house water in Loop 3 (heating the 

change house water), which is used to cool the compressed air. Since the water from Loop 2 has 

a higher temperature than the water from Loop 1, the compressed air temperature does decrease; 

however, not as much as the water from Loop 1, since Loop 2 has the first contact with the hot 

compressed air. The colder water from the cooling towers in Loop 1 is the second stage that cools 

it to adequate temperatures for mining demand. Both compressors discharge the compressed air 

into a single column that leads to the aftercooler. The heat is captured by the water as energy, 

which is used to supply the heat to the change house used by employees. 

For more clarity on Figure 29, a table was constructed to explain the heat transfer between the 

different mediums. Table 7 depicts the measured values obtained from the aftercooler system on 

Mine A. The aftercooler serves as a heat exchanger that exchanges heat between mediums, such 

as the heat from the compressed air that is exchanged with the colder water. 

Table 7: Aftercooler heat recovered data on Mine A 

 
Measured 

Aftercooler Stage 1 Aftercooler Stage 2 

Water fluid flow (L/s) 5.0 90.0 

Hot airflow (kg/s) 35.5 35.5 

Cooling duty (kW) 8 000.0 13 000.0 

Cold fluid temp in (°C) 93.0 26.1 

Cold fluid temp out (°C) 96.9 33.3 

Hot fluid temp in (°C) 97.7 93.8 

Hot fluid temp out (°C) 93.8 55.0 

 

Table 7 indicates the different mediums along with the temperature effect thereof. Looking at 

Stage 1 of the aftercooler, the colder fluid in this case is the water returning from the change 

house, which is seen as the cold fluid since it is the colder medium of the first stage of cooling. 
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The hot fluid is the compressed air that is at 97.7°C at the discharge of the compressors and inlet 

of the aftercooler. The air is cooled to around 93°C, which heats the water to 97°C. 

The second stage consists of the most cooling as the colder fluid is the water from the cooling 

towers that are designed to cool the compressed air temperature significantly. The air is further 

cooled to 55°C by the second stage and is used by the mining demands. Table 7 mainly shows 

which type of aftercooler is used and how the heat is recovered and distributed. The important 

aspect is the distribution of the heat and what effect it has on the demand, namely the change 

houses. This is summarised in Table 8. 

Table 8: Change house heat exchanged data on Mine A 

 
Measured 

Change house 

Water fluid flow (L/s) 2.0 

Hot fluid flow (L/s) 5.0 

Cooling duty (kW) 9 000.0 

Cold fluid temp in (°C) 20.0 

Cold fluid temp out (°C) 60.0 

Hot fluid temp in (°C) 96.4 

Hot fluid temp out (°C) 93.5 

 

Table 8 shows that the cold fluid is the water that is heated at the change house side for 

employees (Loop 3), whereas the hot fluid is the heated water that flows from the first stage at 

the aftercooler (Loop 2). The hot fluid has significantly higher temperatures than the cold fluid 

since it is in constant contact with the heated compressed air. The heat exchanger is a plate heat 

exchanger that uses the hot fluid to heat the cold fluid from 20°C to 60°C. The desired temperature 

is maintained by using valves in the change house [12]. The following section describes the heat 

recovery model that was developed in the simulation software. 

3.3.2 Heat recovery model results 

As mentioned in Section 2.2, PTB was used as simulation software. Recalling the steps in Figure 

17, the layout had to be integrated with the simulation software along with the components and 

design specifications. Using the schematic process in Figure 29 and these abovementioned 

steps, a clear layout of the simulation was constructed as shown in Figure 30. 
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Figure 30: Mine A heat recovery simulation model 

Figure 30 displays the PTB simulation constructed for the heat recovery system of Mine A. The 

important sections are the change house heat exchanger (HX), which represents Loop 3, the 

pipelines to and from the change house, which is Loop 2 and, lastly, Loop 1, which is the 

compressors along with its cooling towers. The water is transferred through cladded pipes from 

the aftercooler to the change houses, which reduces the temperature drop over the 1 250 m pipe 

length. A plate heat exchanger is installed at each change house. For more details, including the 

components, please refer to Appendix A. 

3.3.3 Verification of Mine A simulation 

The simulation represented in Figure 30 was ready for simulating the heat recovery system. 

Referring to Figure 18, the first step was to simulate the model without any errors, whereafter the 

model had to be calibrated and the measurement controls applied. The operating conditions of 

the heat recovery system on Mine A were known and the different temperature and flow rate data 

was obtained, which was used for the model simulation. 

Once the model had been calibrated, it represented a replica of the heat recovery system of 

Mine A. The results from the simulation are shown in Table 9 and Table 10, respectively, showing 

the results of the aftercooler stages and the change house heat exchange process. 
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Table 9: Aftercooler heat recovered results on Mine A 

 
Simulated 

Aftercooler Stage 1 Aftercooler Stage 2 

Water fluid flow (L/s) 5.0 90.0 

Hot airflow (kg/s) 35.5 35.5 

Cooling duty (kW) 7 600.0 12 500.0 

Cold fluid temp in (°C) 92.4 24.8 

Cold fluid temp out (°C) 96.0 32.6 

Hot fluid temp in (°C) 97.7 92.5 

Hot fluid temp out (°C) 92.6 58.4 

 

Table 10: Change house heat exchanged results on Mine A 

 
Simulated 

Change house 

Water fluid flow (L/s) 2.3 

Hot fluid flow (L/s) 5.0 

Cooling duty (kW) 8 750.0 

Cold fluid temp in (°C) 20.0 

Cold fluid temp out (°C) 57.8 

Hot fluid temp in (°C) 95.4 

Hot fluid temp out (°C) 91.8 

 

Table 9 and Table 10 represent the simulation results of the heat recovery system. The results 

are listed in the same format as the data obtained from the site inspection as shown in Table 7 

and Table 8. This data was used to determine the accuracy of the model, which is important since 

it represents the relationship between the simulation and real-world operations. 

Better representations are shown in Figure 31 to Figure 33. These figures represent column 

graphs to visually display the difference between the simulated results and the data from the site 

audit. The comparison between the simulated and gathered data of the first stage of the 

aftercooler is shown in Figure 31, the second stage of the aftercooler in Figure 32, and the change 

house in Figure 33. 
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Figure 31: Stage 1 aftercooler temperature comparison 

 

 

Figure 32: Stage 2 aftercooler temperature comparison 

 

 

Figure 33: Change house heat exchanger temperature comparison 

50

60

70

80

90

100

110

Cold fluid in Cold fluid out Hot fluid in Hot fluid out

Te
m

p
er

at
u

re
s 

[°
C

]

Fluid type

Data obtained Simulated

0

10

20

30

40

50

60

70

80

90

100

Cold fluid in Cold fluid out Hot fluid in Hot fluid out

Te
m

p
er

at
u

re
s 

[°
C

]

Fluid type

Data obtained Simulated

0

20

40

60

80

100

120

Cold fluid in Cold fluid out Hot fluid in Hot fluid out

Te
m

p
er

at
u

re
s 

[°
C

]

Fluid type

Data obtained Simulated



52 

Using the data obtained in Table 7 and Table 8 and comparing it with the results presented in 

Table 9 and Table 10, the accuracy of the model compared with the system was calculated. If the 

model result in the verification parameters, as mentioned in Section 2.2.3, the model could be 

used for other simulations. 

Comparing the simulated results discussed in this section with the data obtained from 

Section 3.3.1, the model simulated with 97.19% accuracy. This percentage satisfied the 

requirements of keeping a simulation error of less than 10% [65, 66]. The accuracy of the model 

ensured that it could be used for other simulations of the same process and the results obtained 

could be trusted. 

As mentioned in Section 2.2.3, once the heat recovery simulation has been verified, the following 

step was to investigate a heat source for the heat recovery system. The results obtained from the 

methodology developed to investigate the heat source are discussed in the following section. 

3.4 Heat source system results 

3.4.1 Data obtained 

Referring to Section 2.3.1, the first step was to investigate and obtain a heat source on the mine 

that could be used for a heat recovery system. As mentioned in Section 3.2.1, the compressors 

located at Mine B were used for the investigation. Mind B had three 5.9 MW compressors, each 

supplying 15–17 kg/s of compressed air at maximum guide vane angle. During the drilling shift, 

all three compressors were running. Depending on the demand requirements, one or two 

compressors generally ran outside the drilling shift. Table 11 lists the typical compressor 

combinations for normal operations. 

Table 11: Mine B compressor operating conditions 

Time frame GN Compressor 1 GN Compressor 2 GN Compressor 3 Total 

Drilling shift ON ON ON 3 

Outside drilling shift ON or OFF ON or OFF ON or OFF 1 or 2 

 

As mentioned in Section 1.4.3, compressors use a cooling circuit to cool compressor components 

as they produce heat during operation. Figure 34 illustrates the water-cooling circuit of Mine B’s 

compressors when all three compressors are running. 
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Figure 34: Mine B compressor water-cooling circuit 

Figure 34 depicts the data along with the flow of the process. The site audit provided good insight 

into the operating conditions of the compressor circuit. Figure 34 displays the readings obtained 

using the measurement equipment as discussed in Section 2.3. The cooling towers are primarily 

used to cool down the return water from the aftercooler and auxiliaries (namely, the intercooler, 

motor cooler and oil cooler) at an average water flow rate of 150 L/s and a ∆T of 9°C for each 

compressor. The cooled water leaving the cooling tower is pumped to each compressor. 

Thereafter, the heat generated from the auxiliaries is cooled with the water since it produces heat 

during operation. This warm water flows to the cooling towers where it is cooled with ambient air. 

This loop repeats itself consistently, with the flow rate varying depending on the compressor 

demand. 
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To provide more clarity regarding the layout in Figure 34, the data obtained is shown in Table 12. 

It displays the results for each compressor’s aftercooler process of Mine B as operated in winter 

conditions. The data from summer conditions are shown in Table 13. 

Table 12: Winter heat source data obtained of Mine B 

 
Winter compressor data 

Compressor 1 
Aftercooler 

Compressor 2 
Aftercooler 

Compressor 3 
Aftercooler 

Cold fluid flow (L/s) 25.5 25.6 25.7 

Hot fluid flow (kg/s) 15.0  15.0 15.9 

Cooling duty (kW) 2 090.0 2 100.0 2 290.0 

Cold fluid temp in (°C) 19.5 19.56 19.7 

Cold fluid temp out (°C) 39.0 38.9 39.1 

Hot fluid temp in (°C) 95.0 95.0 95.0 

Hot fluid temp out (°C) 75.0 75.0 75.5 

 

Table 13: Summer heat source data obtained of Mine B 

 
Summer compressor data 

Compressor 1 
Aftercooler 

Compressor 2 
Aftercooler 

Compressor 3 
Aftercooler 

Cold fluid flow (L/s) 25.5 25.6 25.7 

Hot airflow (kg/s) 15.0 15.0 15.9 

Cooling duty (kW) 2 025.0 2 025.7 2 229.6 

Cold fluid temp in (°C) 25.4 25.4 25.2 

Cold fluid temp out (°C) 43.7 43.75 45.1 

Hot fluid temp in (°C) 95.0 95.0 95.0 

Hot fluid temp out (°C) 75.6 75.5 77.1 

 

Table 12 and Table 13 represent the cold fluid flow which is the cold water from the cooling towers. 

This cold fluid is used in the aftercooler to cool down the hot fluid, which is the pressurised air of 

the compressors. The aftercooler used at Mine B differs slightly from Mine A since it employs only 

one-stage cooling, but the principle of the aftercooler stays the same, namely, to cool the 

compressed air. The compressed air enters the aftercooler at 95°C and leaves the system at a 

temperature between 75°C and 77°C. This heat is captured by the water and is transferred to the 

cooling towers where it is dissipated into the atmosphere. The water leaving the aftercooler vary 

between 39°C and 45°C, depending on the season. 

The following section describes the heat source that was developed in the simulation software. 
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3.4.2 Heat source model results 

As mentioned in Section 2.2, PTB simulation software was used to construct a replica of the 

compressed air system, which is shown in Figure 34. The steps to integrate the layout with the 

simulation model were already discussed in Section 2.3.2. The process ensured that a replica of 

the current compressor system was simulated. Figure 35 shows the PTB simulation system. 

 

Figure 35: Mine B compressor simulation system 

The results obtained from the simulation, as observed in Figure 35, were compared with the actual 

data obtained from the audits as mentioned in Section 2.3.2. This ensured that the model 

simulated the temperature difference correctly, including the correct flow during the operating 

conditions to quantify the heat available that could be used for a heat recovery system. 

The following section discusses the results obtained from the simulation and the verification 

accuracy of the model. 
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3.4.3 Verification of Mine B simulation 

The simulation model in Figure 35 was ready for simulation. As stated in the methodology, the 

simulation had to solve without errors and apply the measurement controls. Knowing the 

operating conditions of the compressed air system on Mine B, the simulation was run to determine 

whether a replica of the actual compressor system was obtained. A replica could only be obtained 

once the model had been calibrated, as described in the steps in Section 2.3.3. 

The results from the simulation for winter and summer conditions are shown in Table 14 and 

Table 15, respectively. 

Table 14: Simulation results of Mine B compressor system during winter conditions 

 
Baseline winter simulation model 

Compressor 1 
Aftercooler 

Compressor 2 
Aftercooler 

Compressor 3 
Aftercooler 

Cold fluid flow (L/s) 26.8 26.5 26.5 

Hot fluid flow (kg/s) 15.0 15.0 15.9 

Cooling duty (kW) 2 101.8 2 100.9 2 304.4 

Cold fluid temp in (°C) 19.6 19.5 19.2 

Cold fluid temp out (°C) 38.3 38.5 40.0 

Hot fluid temp in (°C) 95.0 95.0 95.0 

Hot fluid temp out (°C) 75.7 75.7 76.1 

 

Table 15: Simulation results of Mine B compressor system during summer conditions 

 
Baseline summer simulation model 

Compressor 1 
Aftercooler 

Compressor 2 
Aftercooler 

Compressor 3 
Aftercooler 

Cold fluid flow (L/s) 26.8 265 26.5 

Hot airflow (kg/s) 15.0 15.0 15.9 

Cooling duty (kW) 2 035.2 2 034.2 2 232.3 

Cold fluid temp in (°C) 25.3 25.3 25.0 

Cold fluid temp out (°C) 43.5 43.7 45.2 

Hot fluid temp in (°C) 95.0 95.0 95.0 

Hot fluid temp out (°C) 76.9 76.9 77.3 

 

The values in Table 14 and Table 15 give the results obtained from the simulation in Figure 35. 

The cold fluid in each case was the water used to cool the aftercooler, whereas the hot fluid was 

the compressed air from the compressors. Using the data obtained in Section 2.5.1 and 
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comparing it with the results obtained from the simulation model, the accuracy of the model 

compared with the system could be quantified. 

Figure 36 and Figure 37 compare the temperatures between the data and simulation of the 

aftercooler at Compressor 3 during winter and summer conditions. The rest of the graphs are 

given in Appendix C. These figures represent a column graph to visually display the difference 

between the simulated results and the data from the site audit. 

 

Figure 36: Compressor 3 aftercooler winter temperatures comparison 

 

 

Figure 37: Compressor 3 aftercooler summer temperatures comparison 
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Figure 36 and Figure 37 clearly show the accuracy of the comparison between the simulation and 

the data acquired. The results for the aftercoolers of Compressor 1 and 2 are given in Appendix C. 

Using the data obtained as discussed in Section 3.4.1 and comparing it with the data gathered 

from the simulation, the accuracy of the model compared with the system could be calculated. 

The comparison between the simulated results from this section and the data obtained from 

Section 3.3.1 demonstrated that the model simulated with a 96.33% accuracy. This percentage 

satisfied the requirements of obtaining a simulation error of less than 10% [65, 66]. Achieving 

such a high accuracy indicated the reliability of the simulation since it almost replicated the results 

obtained from the real-world operations. 

As mentioned in Section 2.3.3, once the results of the heat source model had been verified, the 

next step was to construct and develop an empirical model to verify the data obtained from the 

chemical plant. The results obtained from the investigation are discussed in the following section. 

3.5 Empirical model results 

3.5.1 Data obtained 

Referring to Section 2.5.1, the first step in the investigation is to obtain the data through a site 

inspection to verify the empirical model. The audit data of the plant, referred to as Plant X, is 

shown in Table 16. The overall dissolution calculations were based on these design parameters. 

The table provides the dissolution for both summer and winter seasons, density and flow rate. 

The data in Table 16 was used as input parameters for the potential heat recovery model. 

Table 16: Plant X audit data of the leaching process 

Parameter Min. Max. Avg. 

Specific heat of slurry (kJ/kg.K) – – 3.2 

Mass flow of slurry (tonnes/hr) 166.0 240.0 203.0. 

Mass flow of slurry (kg/s) 46.1 66.7 56.4 

Sulphuric acid concentration (kg/tonne) – – 130 

Density (kg/mᵌ) 1 500.0 1 500.0 1 500.0 

Uranium price (R/kg) 1 400.0 1 900.0 1 650.0. 
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Parameter Min. Max. Avg. 

Winter – at time of study 

Slurry incoming temperatures 12.0 24.0 19.0 

Slurry temperatures after reagent addition  
(sulphuric acid = exothermic reaction) 

15.0. 25.0 220 

Leach dissolution – – 47.0% 

Overall dissolution – – 60.0% 

Winter – with boilers 

Slurry incoming temperatures 12.0 24.0 19.0 

Slurry temperatures after reagent addition  
(sulphuric acid = exothermic reaction) 

38.0 45.0 50.0 

Leach dissolution – – 47.0% 

Overall dissolution – – 73.0% 

Summer – at time of study 

Slurry incoming temperatures 28.0 34.0 30.0. 

Slurry temperatures after reagent addition  
(sulphuric acid = exothermic reaction) 

30.0 40.0 33.0 

Leach dissolution – – 47.0% 

Overall dissolution – – 65.0% 

Summer – with boilers 

Slurry incoming temperatures 28.0 34.0 30.0 

Slurry temperatures after reagent addition  
(sulphuric acid = exothermic reaction) 

50.0 60.0 56.0 

Leach dissolution – – 75.0% 

Overall dissolution – – 80.0% 

 

Table 16 lists the results of the data required as mentioned in Section 2.5.1. The specific heat 

capacity of slurry, as measured by mining personnel, is 3.2 kJ/kg.K, which is lower than the heat 

capacity of water. The average mass flow rate of slurry is around 60 kg/s and the density is 

1 500 kg/mᵌ. Data from the decommissioned boiler was obtained from daily audits when the boiler 

was still operational, which is shown in Table 16. 

Plant X has different numbers of ore tonnes that are being treated each year, which are planned 

and updated each year by the mining personnel. The result is shown in Table 17 along with how 

much ore is currently being treated, how much will be treated, and how much uranium is expected 
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to be recovered from these processes. This table was used to calculate the mass flow required 

to treat the required tonnage, which is known to influences the slurry temperature [5]. 

Table 17: Life of mine plan of Plant X 

Financial year Planned tonnes treated Planned uranium delivered (kg) 

2021/2022 1 465 877 274 905 

2022/2023 1 565 144 288 889 

2023/2024 1 566 435 306 729 

2024/2025 1 395 140 337 441 

2025/2026 998 196 269 957 

2026/2027 735 203 195 627 

2027/2028 350 479 104 372 

2028/2029 182 607 56 755 

2029/2030 95 605 42 161 

 

The life of mine is important since it typically gives a good indication of the confidence the plant 

has regarding its system. If the life of mine is short, it usually represents that the plant will not be 

operational much longer. This could be used as guidance when designing the future aspects of a 

system. The results obtained from the empirical model are discussed during the following section. 

3.5.2 Empirical model results 

Referring to Section 2.4.2, the first step towards obtaining the model was to obtain all the plant 

input data as shown in Section 3.5.1. Secondly, the relationship between the slurry dissolution 

and temperature had to be quantified. The empirical model was constructed using Microsoft Excel 

by obtaining a relationship between the slurry temperature and the dissolution rates. The results 

obtained are discussed in this section. 

The life of mine obtained from the site inspection was used to calculate the mass flow needed to 

satisfy the projected tonnage treated for the upcoming years. The trend at which the slurry mixture 

could be heated for the tonnes treated, as shown in Table 17, at different slurry inlet temperatures 

is shown in Figure 38. 
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Figure 38: Outlet slurry temperature for different tonnages treated at different slurry inlet temperatures 

Figure 38 depicts the effect that the total tonnage treated has on the temperature of the mixture. 

The fewer tonnes treated, the higher slurry temperature is achieved since there are fewer particles 

that receive the same heat supplied from the compressors to heat the slurry to a certain point. 

This figure was constructed to show the effect of treating different tonnages because as the life 

of mine progresses, different temperatures could be obtained. Warmer ambient conditions lead 

to a faster slurry temperature increase as the water temperature supplied from the compressors 

is also warmer. This is seen in the results of the heat source in Section 3.4.3. 

Figure 39 depicts the relationship between the total tonnes treated to recover uranium slurry at 

different inlet temperatures, which represent seasonal changes in temperature. 
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Figure 39: Uranium recovery for different tonnages treated at different inlet temperatures 

It is clear in Figure 39 that if the tonnes treated increase, the slurry mass flow also increases to 

manage the same amount of slurry, since they are directly proportional. In turn, the increase in 

the mass flow implies that the slurry mixture’s temperature will decrease. This is due to the 

increase in the mass of the mixture being treated for the same amount of time, which will not heat 

the mixture as much as a smaller volume treated at the same time. 

Figure 39 further shows the effect for different inlet temperatures. A higher inlet temperature 

increases the recovery obtained for the same number of tonnes treated compared with other inlet 

temperatures. It clearly indicates that when treating minimal tonnes, the recovery rates of uranium 

at the different inlet temperatures are grouped more closely together. This is simply due to the 

sulphuric acid concentration that influences the process, as mentioned in the literature review in 

Section 1.4.2. If the amount of sulphuric acid used during leaching and the temperature increases, 

the mixture starts to extract the most out of the combination between the two variables. 

Figure 40 shows the relationship between the inlet temperature for the recovery for different 

tonnes treated. As known from literature, uranium recovery increases as the slurry temperature 

increases; however, for clarity, it was done on different tonnage being treated for recovery to 

incorporate the life of mine. 

63.0%

64.0%

65.0%

66.0%

67.0%

68.0%

69.0%

 -  500 000  1 000 000  1 500 000  2 000 000  2 500 000

R
ec

o
ve

ry
 [

%
]

Tonnage treated [kg]

12°C 15°C 18°C 21°C 23°C



63 

 

Figure 40: Uranium recovery for different inlet temperatures at different tonnages treated 

Figure 40 corresponds with literature that states that an increase in temperature results in an 

increase in the recovery of uranium slurry [6, 31, 33, 35]. Figure 40 assumes that the inlet slurry 

temperature is the same as the ambient air conditions. Making this assumption eliminates other 

variables such as heat loss due to conduction of the pipes. It emphasises the variable being 

controlled, namely the number of tonnes treated. Every line represents a scenario that could be 

used to monitor how much uranium could be recovered at certain temperatures while moving 

along the life of mine of the plant. 

The results obtained in Figure 40 again illustrates that if fewer tonnes are treated in Plant X, the 

heat that could be applied would result in a higher recovery since the mixture would be heated 

more effectively. The analysis was done for slurry inlet temperatures ranging from 12°C to 23°C. 

Figure 40 is an important figure for demonstrating the importance of temperature during the 

process. 

When the mixture is at 12°C, the extraction lines are further apart from the other lines obtained 

from the tonnes treated than the extraction rates at 23°C. This emphasises that if the temperature 

of the mixture is higher, a better extraction could be achieved in comparison with the tonnes 

treated. When the temperature is high, the variability of the treated tonnes does not have such a 

great impact as when the temperature is low. 

The results obtained in this section enable an analysis of the possibilities that could happen once 

the uranium dissolution process is heated. The verification procedure, as discussed in 

Section 2.4.3, is discussed in the following section. 
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3.5.3 Verification of the empirical model 

The results of the relationship between the slurry inlet temperature and slurry mixture extraction 

regarding the life of mine of the plant were discussed in Section 3.5.2. The results confirmed the 

statement from Section 1.4, namely that when the temperature of the slurry mixture increases, 

the extraction does as well. In this section, the temperature and dissolution values are verified. 

The relationship between temperature and dissolution was represented on a single graph at a 

certain year of the life of mine to only demonstrate the relationship between the two factors. Figure 

41 depicts the slurry mixture temperature versus the overall dissolution of the mixture at a 

constant slurry inlet temperature. 

 

Figure 41: Overall dissolution vs slurry temperatures at Plant X 

Figure 41 clearly shows that if the slurry temperature could be increased, more uranium could be 

recovered since the dissolution rate would increase. The purpose of the heat recovery model is 

to recover heat already being generated and rather use it to assist with the uranium recovery at 

Plant X. This uranium dissolution data had to be verified, which was done by comparing it with 

the literature reviewed on the uranium leaching process (refer to Section 1.4.2). 

Different studies used various factors that influence the uranium process as shown in Table 16. 

However, studies that investigated similar acid concentrations than used in South Africa were 

used to verify the results. From the data obtained it was determined that Plant X used 13 kg/tonne, 
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Lottering et al. [6] used 16 kg/tonne, and Gilligan and Nikoloski [31] used 25 kg/tonne. These 

studies were compared with Plant X as shown in Figure 42. 

 

Figure 42: Verification of dissolution graph 

Figure 42 demonstrates the different dissolution rates for the different temperatures at different 

sulphuric acid concentrations. Recalling from Sections 1.3.6 and 1.4.2, the first aspect that 

influences uranium extraction is the type of ore being treated. From Reynolds et al. [34] it is clear 

that between uraninite to coffinite, brannerite is the most difficult uranium refractory for recovering 

uranium, which is also the type of ore at Plant X. Studies on brannerite minerals being treated to 

recover uranium clearly concluded that brannerite is the most difficult ore being used [6, 29, 34]. 

Another aspect discussed during the literature review was the acid concentration used during the 

extraction process [3, 5, 6, 29, 30, 34]. Although acid concentration had a significant effect, the 

effect was not as great as the temperature for such an application, as was discussed in Section 

1.3.6. The 13 kg/tonne line depicted in Figure 42 represents data obtained from the operations at 

Plant X, which used brannerite minerals with a 13 kg/tonne sulphuric acid concentration. 

Comparing this line with the 16 kg/tonne and 25 kg/tonne lines, respectively, it clearly had the 

lower concentration of the two rates. Lottering et al. [6] investigated the leaching process at a 

16 kg/tonne of acid concentration, whereas Gilligan et al. [29] investigated a 25 kg/tonne 

concentration. The lower concentration of sulphuric acid ran on a lower line than the rest of the 

concentrations, which ran on the higher lines. The important aspect to conclude from Figure 42 

is that the results of the 13 kg/tonne line had the same trend as the other two lines obtained from 
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literature. This clearly showed that the results of the empirical model were accurate since the 

results represented the 13 kg/tonne line. 

Most aspects affecting the process were kept constant throughout the literature to analyse the 

effect of the temperature to verify the uranium extraction rates. The heat recovery rates at different 

sulphuric acid concentrations were compared since the model had to be verified with a factor that 

influenced the extraction rates other than the effect of temperature. Although other factors do 

affect the process, such as manganese oxide, the studies that were reviewed concluded that the 

concentrations were typically the same. 

Once the empirical model had been verified and deemed accurate, it was used to analyse different 

possibilities at Plant X. This plant had the potential to form part of a heat recovery system since 

there were mining equipment that produced heat and there was a clear increase in uranium 

extraction when the temperature of the mixture increased. The following section discusses the 

integration of the verified models. 

3.6 Model integration 

3.6.1 Data obtained 

Once all the models had been verified, they were integrated to simulate the heat recovery 

potential of the system. As mentioned in Section 2.5.2 and Figure 27, the uranium plant had to 

be integrated with a heat recovery system. 

The integrated layout shown in Figure 43 was created using the heat source layout of Mine B as 

seen in Figure 34 and the data obtained from the site inspection. Some values in Figure 29 were 

used as parameters for the simulation to ensure that the model simulated with the required 

accuracy. 

Figure 43 represents the layout and integration of the solution model, which is the integration of 

the uranium plant with the compressors at Mine B. It follows the same concept as the heat 

recovery on Mine A. The water leaving the compressor aftercoolers usually flows to the cooling 

towers, as observed in Figure 29, and this heat is dissipated into the atmosphere. Instead of the 

warm water being pumped to the cooling towers, the water could rather be redirected towards 

Plant X. 
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Figure 43: Solution model heat recovery layout 

The water is pumped through cladded pipes as in Mine A to reduce the heat loss through pipes 

subjected to the environment. Currently, the uranium-carrying slurry being transferred to Plant X 

is subjected to atmospheric conditions, which keep the slurry at a lower temperature. In the slurry 

feed line, a spiral heat exchanger is inserted to transfer the heat from the warm water to the colder 

uranium slurry, compared with the heat transfer from the warm water to the change house in 

Section 3.3. 

Since the integrated layout of the solution model was constructed as shown in Figure 43, the 

simulation model could be developed, which is discussed in the following section. 

3.6.2 Solution model integration results 

Referring to Section 2.5.2, the next step was to modify the simulation model and integrate the 

necessary components. Using the solution model layout as shown in Figure 43, the simulation 
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was modified using the PTB software. Figure 44 shows the simulation layout for the heat recovery 

system. 

 

Figure 44: Mine B heat recovery proposed layout 

Figure 44 displays the simulation obtained from PTB. It recovers the heat at the compressors at 

Mine B, transfers it through the pipeline to the heat exchanger, and exchanges the heat at the 

heat exchanger situated at Plant X. The results obtained from the simulation is analysed during 

the following section, starting with optimal duty results used for the heat exchanger. 

3.6.3 Results of solution model 

As mentioned in Section 2.5.3, the heat recovered from a heat source needs to be transferred 

and exchanged through a system. A heat exchanger could be used for such a purpose. The 

working principles were discussed in the literature review in Section 1.4.3. 

Figure 27 showed that the next step after modifying and integrating the system is to choose the 

type of heat exchange equipment. A spiral heat exchanger was chosen for the application due to 

its reduced fouling, simplified maintenance, increased heat transfer, and being compact in size 

with still great heat transfer capabilities [56]. The design of the spiral heat exchanger makes it 

ideal for dirty and highly viscous liquids. The heat exchanger has the potential of achieving an 

approach temperature of 2°C and one of its greatest advantages is the self-cleaning effect [77]. 

Using the data obtained from the design specification, as indicated in Appendix A, the heat 

exchanger potential was simulated to determine which conditions would be ideal for the heat 

recovery system. The effect of the heat exchanger during different seasons throughout the year 

was simulated. The results of the heat transfer potential during winter and summer conditions are 

shown in Figure 45 and Figure 46, respectively. 
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Figure 45: Heat exchanger potential at different water flow rates during winter conditions 

 

 

Figure 46: Heat exchanger potential at different water flow rates during summer conditions 

Figure 45 and Figure 46 explain the behaviour of the heat exchanger. As the flow rate of the hot 

water increased, it caused a significant increase in slurry outlet temperatures. Most temperatures 

started to converge between 60 L/s and 70 L/s. As the average water flow entering the heat 

exchanger was 90 L/s, as mentioned in Section 3.6.1, convergence was possible. 

The higher overall heat transfer coefficient of the heat exchanger, represented by the lines in 

Figure 45 and Figure 46, resulted in higher temperatures being achieved faster. Using the data 
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obtained from the simulations in Figure 45 and Figure 46, it was determined that 1 750 kW/°C 

was the ideal heat transfer coefficient to be used as the duty for the heat exchanger. This ensured 

that the heat exchanger in the simulation model for the heat recovery would be accurate. The 

modified simulation model, as shown in Figure 44, was ready for simulation with a heat exchanger 

duty of 1 750 kW/°C. 

The different scenarios simulated for the solution model are summarised in Table 18. The four 

scenarios were simulated for winter and summer conditions, at 12°C and 23°C, respectively. 

Table 18: Heat recovery scenarios for Solution model 

Scenarios Description 

Scenario 1 Heat recovered from one compressor running 

Scenario 2 Heat recovered from two compressors running 

Scenario 3 Heat recovered from all three compressors running 

Scenario 4 Heat recovered from just the aftercoolers 

 

Table 18 shows all the simulated scenarios. Scenario 1 to 3 recovered heat from the different 

aftercoolers of different compressors, which were combinations of Compressor 1 to 3. Scenario 4 

recovered the heat from all the aftercoolers of the three compressors, which resulted in a higher 

temperature as discussed in the following tables. 

Table 19 shows the results for Scenario 1. The tables showing the results follow the same layout 

as Table 12, with the only change being the slurry heat exchanger column that was inserted to 

analyse the heat pickup from the different scenarios. 

Table 19: Results for Scenario 1 at winter conditions 

  

Scenario 1 – Winter 

Compressor 1 
aftercooler 

Compressor 2 
aftercooler 

Compressor 3 
aftercooler 

Slurry heat 
exchanger 

Cold fluid flow (L/s) 27.9 26.6 26.5 67.0 

Hot fluid flow (kg/s) 15.0 15.0 15.9 90.6 

Cooling duty (kW) 2 107.1 2 103.1 2 304.4 3 812.5 

Cold fluid temp in (°C) 19.3 19.3 19.2 12.0 

Cold fluid temp out 
(°C) 37.4 38.3 40.0 25.6 

Hot fluid temp in (°C) 95.0 95.0 95.0 26.5 

Hot fluid temp out 
(°C) 75.6 75.7 76.1 16.4 
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Referring to Table 19, the cold fluid is the slurry subjected to ambient conditions with a flow rate 

of 67 L/s according to the design specifications (see Appendix A), whereas the hot fluid is the 

recovered hot water from the compressors at Mine B. The winter temperature was assumed to 

be the same as the slurry temperature, which was 12°C. Recovering heat from one compressor 

increased the slurry temperature to 25.6°C, which we knew from literature would increase uranium 

recovery [2, 5, 6, 23, 30, 34]. The heat recovered from one compressor and the rest of the 

compressors still used the water-cooling circuit, as observed in Figure 34. 

Table 20 and Table 21 show the results for Scenario 2 and Scenario 3, respectively. 

Table 20: Results for Scenario 2 at winter conditions 

  

Scenario 2 – Winter 

Compressor 1 
aftercooler 

Compressor 2 
aftercooler 

Compressor 3 
aftercooler 

Slurry heat 
exchanger 

Cold fluid flow (L/s) 27.1 26.9 26.5 67.0 

Hot fluid flow (kg/s) 15.0 15.0 15.9 92.3 

Cooling duty (kW) 2 118.3 2 117.5 2 304.4 4 754.7 

Cold fluid temp in (°C) 18.1 18.1 19.2 12.0 

Cold fluid temp out 
(°C) 36.8 36.9 40.0 29.0 

Hot fluid temp in (°C) 95.0 95.0 95.0 30.0 

Hot fluid temp out 
(°C) 75.4 75.4 76.1 17.7 

 

Table 21: Results for scenario 3 at winter conditions 

  

Scenario 3 – Winter 

Compressor 1 
aftercooler 

Compressor 2 
aftercooler 

Compressor 3 
aftercooler 

Slurry heat 
exchanger 

Cold fluid flow (L/s) 27.0 26.7 26.8 67.0 

Hot fluid flow (kg/s) 15.0 15.0 15.9 92.5 

Cooling duty (kW) 2 107.3 2 106.4 2 272.5 5 465.3 

Cold fluid temp in 
(°C) 19.1 19.1 21.9 12.0 

Cold fluid temp out 
(°C) 37.8 37.9 42.2 33.7 

Hot fluid temp in (°C) 95.0 95.0 95.0 35.0 

Hot fluid temp out 
(°C) 75.6 75.6 16.7 19.4 
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Table 20 and Table 21 show that the slurry temperature entering Plant X after the heat exchanger 

could reach temperatures of 29.0°C and 33.7°C, respectively. This is a good increase since the 

slurry temperature during winter conditions is usually 12°C and could possibly multiply the 

temperature by 2. 

After determining the winter results for Scenario 1 to Scenario 3, the same three scenarios were 

repeated for summer conditions. Table 22, Table 23 and Table 24 show the results for the three 

scenarios simulated during summer conditions. 

Table 22: Results for Scenario 1 during summer conditions 

  

Scenario 1 – Summer 

Compressor 1 
aftercooler 

Compressor 2 
aftercooler 

Compressor 3 
aftercooler 

Slurry heat 
exchanger 

Cold fluid flow (L/s) 27.8 26.5 26.6 67.0 

Hot fluid flow (kg/s) 15.0 15.0 15.9 91.0 

Cooling duty (kW) 2 016.1 2 011.6 2 232.8 2 911.5 

Cold fluid temp in 
(°C) 27.2 27.2 25.0 23.0 

Cold fluid temp out 
(°C) 44.6 45.3 45.1 33.3 

Hot fluid temp in (°C) 95.0 95.0 95.0 34.0 

Hot fluid temp out 
(°C) 77.2 77.2 77.3 26.4 

 

Table 23: Results for Scenario 2 during summer conditions 

  

Scenario 2 – Summer 

Compressor 1 
aftercooler 

Compressor 2 
aftercooler 

Compressor 3 
aftercooler 

Slurry heat 
exchanger 

Cold fluid flow (L/s) 27.1 26.9 26.5 67.0 

Hot fluid flow (kg/s) 15.0 15.0 15.9 92.3 

Cooling duty (kW) 2 024.5 2 023.6 2 232.4 3 884.1 

Cold fluid temp in 
(°C) 26.3 26.3 25.0 23.0 

Cold fluid temp out 
(°C) 44.2 44.3 45.2 36.9 

Hot fluid temp in (°C) 95.0 95.0 95.0 37.7 

Hot fluid temp out 
(°C) 77.0 77.0 77.3 27.7 
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Table 24: Results for Scenario 3 during summer conditions 

  

Scenario 3 – Summer 

Compressor 1 
aftercooler 

Compressor 2 
aftercooler 

Compressor 3 
aftercooler 

Slurry heat 
exchanger 

Cold fluid flow (L/s) 27.0 26.7 26.8 67.0 

Hot fluid flow (kg/s) 15.0 15.0 15.9 93.1 

Cooling duty (kW) 2 017.6 2 016.7 2 187.9 4 985.8 

Cold fluid temp in 
(°C) 26.9 26.9 28.4 23.0 

Cold fluid temp out 
(°C) 44.7 44.9 48.0 40.8 

Hot fluid temp in (°C) 95.0 95.0 95.0 41.8 

Hot fluid temp out 
(°C) 77.1 77.1 77.9 29.0 

 

Table 22, Table 23 and Table 24 demonstrate the potential of the uranium slurry temperature 

yield. From an ambient temperature of 23°C, the hot water recovered during these scenarios had 

the potential of heating the slurry to 33.3°C, 36.9°C and 40.8°C, respectively. 

Table 25 and Table 26 display the simulation results for Scenario 4 for winter and summer 

conditions, respectively. 

Table 25: Heat recovery results from only the aftercooler during winter 

  

Only aftercooler – Winter 

Compressor 1 
aftercooler 

Compressor 2 
aftercooler 

Compressor 3 
aftercooler 

Slurry heat 
exchanger 

Cold fluid flow (L/s) 30.2 30.0 29.6 67.0 

Hot fluid flow (kg/s) 15.0 15.0 15.9 89.8 

Cooling duty (kW) 2 114.2 2 113.5 2 304.4 6 529.7 

Cold fluid temp in 
(°C) 19.3 19.3 20.1 12.0 

Cold fluid temp out 
(°C) 36.0 36.2 38.7 35.3 

Hot fluid temp in (°C) 95.0 95.0 95.0 36.9 

Hot fluid temp out 
(°C) 75.5 75.6 76.2 19.5 
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Table 26: Heat recovery results from only the aftercooler during summer 

  

Only aftercooler – Summer 

Compressor 1 
aftercooler 

Compressor 2 
aftercooler 

Compressor 3 
aftercooler 

Slurry heat 
exchanger 

Cold fluid flow (L/s) 30.2 30.0 29.6 67.0 

Hot fluid flow (kg/s) 15.0 15.0 15.9 89.8 

Cooling duty (kW) 2 028.3 2 027.5 2 213.9 5 394.0 

Cold fluid temp in 
(°C) 26.8 26.8 27.3 23.0 

Cold fluid temp out 
(°C) 42.9 43.0 45.2 42.2 

Hot fluid temp in (°C) 95.0 95.0 95.0 43.6 

Hot fluid temp out 
(°C) 77.0 77.0 77.0 29.2 

 

Table 25 and Table 26 show that the water leaving the compressor had a slightly higher 

temperature than the slurry outlet temperature after the heat exchanger. The temperature 

entering the uranium plant was 35.3°C and 42.2°C, respectively. This difference between these 

two temperatures was below 2°C, which was correct according to the approach’s design 

specifications. 

The results obtained from the solution model simulation clearly demonstrated the effect of the 

heat recovery system. Using the heat recovered from the compressors had a clear impact on the 

temperature of the uranium after the heat exchanger. To provide more clarity relating the effect, 

Figure 47 compares the slurry outlet temperatures obtained from the simulation. 

 

Figure 47: Slurry outlet temperature from the different heat recovery combinations at winter and summer 
conditions 
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Figure 47 clearly highlights the effect between winter and summer conditions for the respective 

running configuration scenarios that were running constantly. There was a temperature increase 

each time another compressor was added to the heat recovery circuit, which resulted in the best 

heat recovery being obtained during drilling shifts when all three compressors were running. 

Since all the previous models had been verified to ensure the accuracy of the solution model, the 

results obtained in this section could be used to conduct a feasibility study to estimate the possible 

revenue versus expenditures for the system. The feasibility study is discussed in the next section. 

3.7 Feasibility study of the heat recovery system 

The effect of heat recovery was studied in Section 3.6, which concluded that slurry temperature 

clearly increases by using the heat recovered from Mine B. An important aspect to consider was 

how much this heat increase could benefit production financially. This was quantified by 

conducting a feasibility study. Recalling the steps from Section 2.6, the first step was to 

investigate all the costs involved in such a project. The capex of the project included the quoted 

price for the heat exchanger and the pipe prices per size and length. Table 27 shows the capex 

of the project [78].1 

Table 27: Cost analysis of heat recovery [78] 

Component Price Quantity Total 

Heat exchanger R3 000 000 1 R3 000 000 

Control valves R43 000 8 R344 000 

Piping to heat exchanger (250 mm) R18 639 81 R1 509 764 

Piping from heat exchanger (200 mm) R15 154 81 R1 227 467 

Cladding to heat exchanger (per metre) R824 730 R601 243 

Total (incl. 20% labour) R8 m2 

 

The quantities were obtained from recommendations in price lists and the layout obtained from 

the site inspection. Using the information obtained in Table 27, the yearly costs and benefits were 

calculated and inserted into Table 28. 

Table 28: Yearly costs and benefits 

Years Yearly costs Yearly benefits 

1  R8 960 000.00   R1 883 505  

2  R1 008 000.00   R2 890 429  

 

1 Cost estimate issued by Zonke Engineering on 19 May 2021. 
2 The exact value may vary with a 10% contingency. 
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Years Yearly costs Yearly benefits 

3  R1 058 000.00   R7 913 099  

4  R1 111 000.00   R10 880 205  

5  R1 166 000.00   R10 470 950  

6  R1 225 000.00   R14 156 910  

Total:  R14 528 000.00   R48 195 098  

 

The calculations were done with an initial cost of R8 000 0003 for the heat exchanger and its 

components, such as pipes and valves. A monthly maintenance cost of 1% of the total capex was 

added for redundancy to maintain the heat exchanger and implications such as broken pipes [75]. 

This resulted in R80 000 monthly, and 5% was used for yearly inflation to estimate the 

expenditures yearly toward the end of the life of mine [79]. The benefit values were quantified by 

using the amount of uranium treated, the temperature increase of the uranium slurry, and a 

uranium price of R1 700/kg [80]. The expected increase in the slurry temperature, which leads to 

a higher dissolution rate, resulting in higher uranium recovery, was multiplied by R1 700/kg to 

determine the opportunity cost in terms of revenue.   

Using the values from Table 28, the life of mine and the solution model simulation, a breakdown 

of the benefit was compiled for different year groups. Figure 48 and Figure 49 show the benefits 

for Year 1 and Year 2, respectively. The resulting years are shown in Appendix D. 

 

Figure 48: Monthly benefit for Year 1 of solution model 

 

 

3 Cost estimate issued by Zonke Engineering on 19 May 2021. 
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Figure 49: Monthly benefit for Year 2 of solution model 

Recalling the results of the empirical model in Section 3.5 it was concluded that each year group 

treated different uranium tonnes, which resulted in different yields of uranium. It was investigated 

further to depict each year with monthly tonnes treated. Figure 48 and Figure 49 show the 

dynamic change in the benefit. This variability is due to the different tonnes being treated in the 

first year of the project as the same amount of ore was not treated each month. It is important to 

remember that this is still less than the initial capex of the project shown in Table 28; however, 

the benefit will outweigh the cost over time. This payback period is discussed later in this section. 

Figure 49 depicts Year 2 of the project and the benefit that could be obtained. The benefit for 

Year 2 is more than Year 1 since fewer tonnes were treated, resulting in a warmer mixture (refer 

to Section 3.5.2). Figure 48 and Figure 49 show that a smaller benefit was obtained for Month 12, 

which is December, since the mine from which the ore was received underwent maintenance and 

did not supply for a time [66]. An important aspect to consider is that these calculations were 

based on the planned life of mine, which is a prediction of what the benefit should be since the 

models had been verified. 

Using the same data as in Figure 48 and Figure 49, the payback period of the project was 

calculated. Calculations were done to quantify the total cost of the project including maintenance 

and inflation and to quantify the benefit of the project, which included the yearly benefit and the 

different tonnages treated. Figure 50 shows the cost for the solution model versus the cumulative 

benefit. 
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Figure 50: Heat recovery break-even point for six years 

Figure 50 represents the total cumulative cost versus benefit for the solution heat recovery model. 

The substantial benefit from a heat recovery project is that mostly just the installation expenditure 

is expensive since there are no running costs. Monthly maintenance costs were included for 

redundancy using the values obtained from Table 28. 

The red dashed line in Figure 50 indicates the payback period for this project, which was an 

estimated 2.6 years. More tonnes are processed during the first part of the life of mine, which 

leads to a colder mixture than in Year 3 to Year 6. This trend was discussed extensively in 

Section 3.5. The cumulative benefit line takes around 2.6 years to cross the cost line. The cost 

line is not a straight line as it includes monthly expenditure due to maintenance. However, since 

no electricity cost is needed for the project, as for boilers and heat pumps, the yearly expenditure 

is not much. This proves that the best option for the heat recovery application is to use the 

compressor waste heat obtained from Mine B and using a heat exchanger at Plant X. 

The cumulative revenue obtained from the six years of available data used to determine the effect 

of the heat recovery project compared to the normal operating conditions at Plant X, is depicted 

in Figure 51. 
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Figure 51: Normal operations revenue versus its heat recovered benefit 

Figure 51 depicts the current operations at the uranium plant versus the projected benefit should 

the heat recovery be implemented each year. The figure shows that the current benefit after six 

years is an estimated R16m. The findings were calculated using a uranium price of R1 700/kg. A 

percentage increase is also listed in Figure 51, which depicts the higher increase obtained from 

the heat recovery model each year since the benefit increases each year (refer to Section 3.5.2) 

and the operational cost remains low. 

The heat generated by the compressors was assumed to be the same every year, which implies 

that the heat exchanger at the uranium plant has the same amount of heat available to heat the 

slurry. Although the first year already shows a benefit, the tonnes treated are quite high according 

to the life of mine, thus the slurry will not be heated as much as when fewer tonnes are treated, 

as shown in Figure 48 and Figure 49. This is mainly due to the predicted decrease in tonnes 

treated towards the end of the life of mine, which enables a warmer mixture during the leaching 

process, resulting in the increasing gap between the benefit and revenue shown in Figure 51. 

The results of the study were discussed and analysed in detail throughout this chapter. The last 

step is to validate the study by evaluating the study objectives mentioned in Section 1.5. The 

validation and conclusion of the study are discussed in the following section. 

3.8 Validation and conclusion 

3.8.1 Validation of the study 

A crucial step in a study is to ensure that the study objectives have been achieved. Recalling from 

Section 1.5, the successes of the objectives can be summarised as: 
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• Develop and verify a current operational heat recovery model, which was completed 

successfully in Section 2.2 and Section 3.3. 

• Develop and verify a current operational heat source model, which was completed 

successfully in Section 2.3 and Section 3.4. 

• Develop and verify an empirical model for uranium leaching analysis, which was 

completed successfully in Section 2.4 and Section 3.5. 

• Integrate the verified models, which was completed successfully in Section 2.5 and 

Section 3.6. 

• Conduct a feasibility study, which was completed successfully in Section 2.6 and 

Section 3.7. 

The methodology that was developed can be used in most industries where heat from a working 

system can be recovered to improve and evaluate a system, such as a uranium plant. These 

simulations may be used to aid with a prefeasibility and concept study before an actual project is 

implemented. 

3.8.2 Conclusion 

The generic methodology developed was implemented successfully in various cases. These case 

studies were included to successfully investigate a working heat recovery system and verify its 

simulation accuracy. The next step was to investigate a heat source that had potential to be 

integrated with a heat recovery model, whereafter the simulation results were verified. The third 

step was to derive an empirical model to analyse the data obtained from the uranium plant, which 

was completed successfully. Lastly, the verified models had to be combined to investigate the 

simulation model used to assess the improved performance of such a system. 

The solution model was used to assess the performance of a uranium plant and simulate possible 

improvements to the system. To assess the uranium plant, a feasibility study was included to 

determine whether the heat recovery system was feasible. The payback period of the solution 

model was calculated to be around 2.6 years with great additional benefits. 

Using all the steps mentioned in the study, a clear and accurate understanding of such a system’s 

performance was obtained and quantified. This indicates that should this methodology be used 

to assess other aspects, it will be successful. The following chapter concludes the study by 

discussing the overall conclusion of this dissertation, which includes a summary and 

recommendations that could assist with future studies. 
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CHAPTER 4 – CONCLUSION 

4.1 Summary 

Mining in South Africa encompasses various mineral extraction processes, including the retrieval 

of uranium from leaching slurry at gold processing plants. Heating is necessary to increase the 

temperature and hasten the uranium leaching process. However, declining ore quality coupled 

with high electricity pricing tariffs in South Africa has led to reduced efficiency of uranium plants. 

The current method to extract uranium was conducted at normal ambient temperatures. Other 

heating methods available to assist with the process have been proven to be energy intensive, 

leading to an increase in energy consumption that outweighs the yield it provides. Therefore, there 

was a need to develop a method for investigating a heat source that could form part of a heat 

recovery system to increase the efficiency of a chemical plant. This could ensure an increase in 

in the yield of the uranium extraction and reduce operational costs. 

Thus, the study objectives were to: 

• Develop and verify a current operational heat recovery model, refer to Section 2.2 and 

Section 3.3. 

• Develop and verify a current operational heat source model, refer to Section 2.3 and 

Section 3.4. 

• Develop and verify an empirical model for uranium leaching analysis, refer to Section 2.4 

and Section 3.5. 

• Integrate the verified models, refer to Section 2.5 and Section 3.6. 

• Conduct a feasibility study, refer to Section 2.6 and Section 3.7. 

The study methodically described the development of a process to investigate and verify a heat 

recovery system. It was used and applied to a case study, starting with investigating and verifying 

a current working heat recovery system. It was further used to investigate a heat source system 

that could be form part of a heat recovery system. 

Furthermore, an empirical model was developed to analyse the uranium dissolution data and 

verify the data obtained from the uranium plant. Lastly, a potential heat recovery system was 

identified that could use the heat source to form part of a heat recovery system to improve the 

efficiency of the process. Once the solution model had been verified, the results were used to 

evaluate the improved efficiency of the plant. 
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The heat recovery model and the heat source model were verified successfully. Both models 

simulated to an accuracy higher than 95% by comparing the simulation results with the actual 

data obtained from the systems. The systems can be used to predict system behaviour with an 

error of approximately 5%, which is a good guideline to adhere to. The results presented revealed 

that the dissolution rates at the uranium plant could be improved. In the past, boilers had been 

used for heating purposes; however, as concluded in this study, it is not a feasible method. A 

model that recovers the heat at the compressors of Mine B was simulated and assessed. 

The simulation included all the necessary components required for the simulation, the correct 

dimensions and design specifications using current heat produced instead of the heat being 

wasted. Once the simulation model had been verified, an empirical model was developed to 

analyse the data obtained from the uranium plant, which was verified during this study. 

After model verification, the models were integrated to form a solution model to simulate the 

benefits illustrated by such a system. Clear benefits were obtained from the solution model 

simulation and it was used to conduct the feasibility study, which included all the benefits obtained 

and the expenditures relating to the study such as capital and operating expenditure. 

The study was conducted over the entire life of the uranium plant, and included summer and 

winter temperatures, separately. Yearly benefits were obtained and the overall benefit of the entire 

system was quantified. The feasibility study determined a payback period of 2.6 years, resulting 

in a R16m benefit for a six-year life of mine. 

In conclusion, the study proved to be successful in achieving all the objectives. The methodology 

derived can be used to identify and simulate heat recovery systems and integrate them with other 

plants, such as uranium plants. The developed models can be used to predict the performance 

of the systems before implementation. The models can further be used to aid with the preplanning 

and predesigning processes. 

4.2 Future recommendations 

This section’s objective is to provide recommendations for future possibilities by which the study 

could be of assistance. Typical problems during the case study included acquiring trusted and 

detailed information about the mining systems and uranium plant. This was due to the old 

infrastructure being used, which entailed that the information always had to be checked and 

verified to ensure the equipment used was correct. It is therefore recommended to update the 

equipment and infrastructure to enhance the reliability of the results. 
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The following recommendations are made and will be discussed: 

• Implementing the project and verifying the improved uranium plant’s performance with 

actual data. 

• Investigating the effect of acid concentration since it also has a great effect on uranium 

leaching. 

• Testing the methodology on other industrial plants. 

Referring to Section 3.7, the results of the solution heat recovery model were used to calculate 

the yield provided by the heat recovery model. Implementing and testing the methodology 

developed with increased uranium dissolution rates could lead to more accurate results and 

alterations could be made to the system. The data obtained during this study for the uranium plant 

was verified against literature that conducted similar work and used to analyse the benefit. 

However, if the results could be compared with actual physical measurements, it should ensure 

a higher degree of accuracy. 

As mentioned in Section 1.3.6, various parameters affect the uranium leaching process. Since 

the influence of heat was used for the study, other aspects could also be investigated. The model 

could be used to test the behaviour of uranium leaching at different acid concentrations, which 

could be done by keeping the temperature within a certain range and testing three to five different 

concentrations. This test could further be repeated by using different temperature ranges. Thus, 

an ideal mix between the slurry temperature and acid concentration could be achieved, which 

would further increase the efficiency of the uranium processing plant. 

Recalling from Section 3.5, the chosen industrial plant was a uranium processing plant. Since the 

methodology developed was a generic procedure for obtaining information and simulating the 

chosen systems, it could be used to test other industrial plants. Other plants, such as gold 

leaching, copper leaching and platinum plants, could be used to test the process as described in 

this study.  

Other to be considered: 

• What would the impact be if all the heat sources (intercooler, motor and oil cooler) were 

considered. 

• Effect of insulated versus non-insulated pipes. 
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APPENDIX A: SPIRAL HEAT EXCHANGER 

This appendix serves to view the design purpose of the spiral heat exchanger chosen for the 

study. 

Referring to Figure 13, the hot fluid enters at the centre of the heat exchanger and flows in a 

circular motion inside outwards, leaving the heat exchanger. The cold fluid enters from the outside 

of the heat exchanger and also flows in circular motion outside inwards, creating a countercurrent 

flow in the heat exchanger. 

Figure 52 shows the self-cleaning effect of the spiral heat exchanger. As the fluid flows in the 

inner or outer direction (Figure 13), there is a constant change in direction. High shear stresses 

are generated that remove the solids in the stagnant zones that cause fouling or sedimentation 

[77]. This further leads to greater heat transfer coefficients since there is closer contact between 

the two fluids. Another advantage is the single channel flow, which ensures that the two mediums 

do not mix and only transfer heat. 

 

Figure 52: Spiral heat exchanger self-cleaning channel [57] 

Cold water flows through the coils, which absorbs the heat from the hot air and cools the air. In 

this process, the water receives the heat and it is pumped away. There is an opportunity to use 

the heat to preheat the uranium-carrying slurry. The impact that an increase in the temperature 

of the slurry has on its uranium extraction was investigated during the literature review along with 

other factors that could lead to a better leaching. 

Figure 53 shows an actual representation of a spiral heat exchanger. 
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Figure 53: Spiral heat exchanger as in the industry4 

The process flow that happens in the shell of the spiral heat exchanger cannot be observed in 

Figure 53. The process flow is depicted in Figure 54. 

 

Figure 54: Flow process of spiral heat exchanger [57] 

The technical design specifications were used to calculate the duty and flow used in the 

simulations done in Section 3.5. These design specifications are shown in Figure 55. 

 

4 Cost estimate with technical notes issued by Zonke Engineering on 19 May 2021. 
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Figure 55: Design specification of the spiral heat exchanger [57] 
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APPENDIX B: HEAT RECOVERY SYSTEM 

This section serves as the information gathered and used for the heat recovery system of Mine A. 

Referring to Section 3.3, the remaining data and results are presented in this section. The 

aftercooler process as displayed on the SCADA system and discussed in Section 3.3, is shown 

in Figure 56. 

 

Figure 56: SCADA view of the two-stage aftercooler used at Mine A 

Figure 57 depicts the simulation used to calculate the airflow used for the aftercooler system. The 

pressures and temperatures were obtained and inserted into the simulation, from where the 

airflow was calculated to satisfy the temperature drop. This value was used in numerous tables 

throughout the study. 

 

Figure 57: Simulation used to calculate the airflow needed in the aftercooler  
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APPENDIX C: HEAT SOURCE SYSTEM 

This section serves as the information gathered and used for the heat source system used in 

Mine B. Referring to Section 3.4, the remaining data and results of the heat source system at 

Mine B are presented in this section. Figure 58 and Figure 59 show the results of the comparison 

between the simulated and acquired data of Compressor 1 and Compressor 2, respectively, 

during winter conditions. Figure 60 and Figure 61 display the same results for summer conditions. 

 

Figure 58: Compressor 1 aftercooler winter temperatures comparison 

 

 

Figure 59: Compressor 2 aftercooler winter temperatures comparison 
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Figure 60: Compressor 1 aftercooler summer temperatures comparison 

 

 

Figure 61: Compressor 2 aftercooler summer temperatures comparison 
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APPENDIX D: HEAT RECOVERY ANALYSIS 

This section serves as the information gathered and used for the heat recovery analysis of the 

uranium plant, which is also the solution model. Referring to Section 3.7, the remaining data and 

results of the heat recovery system for the solution model are presented in this section. 

The results of Year 1 and Year 2 of the benefit were calculated in Section 3.7. The remaining 

years are presented in Figure 62, Figure 63, Figure 64 and Figure 65, respectively. The total 

benefit increased as mentioned throughout the study. 

 

Figure 62: Monthly cost versus benefit for Year 3 of heat recovery model 

 

 

Figure 63: Monthly cost versus benefit for Year 4 of heat recovery model 
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Figure 64: Monthly cost versus benefit for Year 5 of heat recovery model 

 

 

Figure 65: Monthly cost versus benefit for Year 6 of heat recovery model 
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