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Abstract

:

Uranium is one of the strategic minerals used mainly in energetics. The main purpose of uranium mining is to achieve maximum production to meet the rapidly growing demand for energies. It needs to become aware that technological progress in mining processes could significantly reduce the negative impacts associated with environmental, economic, and social risks. Uranium mining is one of the most controversial topics. It is dealt with by many experts and scientists around the world. Various methods and technologies of uranium mining are encountered in professional journals, as well as political or socio-economic decisions based on the impact and importance of the energy potential of uranium deposits, or the environmental impacts of uranium mining. The deposit of Kuriskova is one of the most perspective deposits not only in Slovakia but also in the world. The deposit is located near the town of Kosice (with near 240,000 inhabitants) and near the recreational area of Jahodna in the east of the Slovak Republic. The analysis and determination of the energy potential of the deposit of Kuriskova shows that uranium reserves from this deposit would be able to fully cover the needs for nuclear power plants for the production of nuclear fuel, in the Slovak Republic, even in the longer term. With the above-mentioned energy potential of the deposit of Kuriskova at the level of 600 TWh, nuclear power plants in the Slovak Republic are able to be supplied with raw materials from the deposit of Kuriskova for about 40 years with the current amount of electricity produced (approx. 15 TWh). Therefore, for the purposes of this research, a proposal for the extraction of uranium reserves at the deposit of Kuriskova was made. Based on it, it is possible to determine the amount of recoverable uranium reserves from the deposit. A methodology has been determined with mining this proposal, which takes into account the basic criteria of uranium deposit mining, which was used for the selection of a suitable mining technology for the uranium deposit of Kuriskova.
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1. Introduction


Uranium is one of the strategic minerals used mainly in energetics. The main purpose of uranium mining is to achieve maximum production to meet the rapidly growing demand for energies. It needs to become aware that technological progress in mining processes could significantly reduce the negative impacts associated with environmental, economic, and social risks. Since the dawn of our atomic age in the early 20th century, uranium has been a vital resource for the production of nuclear medicine, energy, and defence systems [1]. Before uranium was used for energy production, it was used, for example, in early medical applications, for improved sealing of metal glass in electronic products under vacuum, as an additive in colored glass, and also as part of the pioneering raw material industry and radio discoveries that followed in previous centuries [2]. Uranium plays an important role in the nuclear military industry and the nuclear power industry provides a sufficient guarantee for the sustainable development of nuclear energy [3]. Uranium mining is a very diverse activity, depending on the chosen mining technologies, but it also depends on the conditions of a particular deposit. In addition to the common risks brought by any mining activity, uranium mining brings a threat mainly due to the handling of huge amounts of radioactive material.



Uranium mining is one of the most controversial topics. It is dealt with by many experts and scientists around the world. Various methods and technologies of uranium mining are encountered in professional journals, as well as political or socio-economic decisions based on the impact and importance of the energy potential of uranium deposits, or the impacts of uranium mining on the environment.



Like any other mining and processing of other minerals, uranium mining has destructive effects on the environment [4]. Quite large quantities of material, ranging from raw materials to materials that make up the waste that burdens the environment, are created by mining [5]. The presence of radon gas (Rn-222) and its short-lived progeny (Po-218, Pb-214, Bi-214, and Po-214) represent the risk to workers in uranium mines [6]. Three known methods are used for uranium mining, namely an underground, solution mining (in situ leaching or in situ recovery), and surface (open pit) depending on the geology, location, size, deposit grade, and economic considerations [7]. It is very important to choose the right way to mine uranium, which should be tailored to the company [8]. Within one enterprise, sometimes in mining, it is necessary to combine different extracting technologies [9] and [10] focus on economic efficiency with regard to uranium ore mining technology in their professional work.



To access ores, which occur close to the earth’s surface, open cut mining is used, which is capable of removing infertile or waste rocks (overburden) [11]. If we have a deposit that is economically viable and located relatively deep and open-pit mining would represent a high cost, then underground mining is recommended [12]. In situ recovery (ISR) technique removes the uranium while leaving the associated rocks in place [13]. Conventional mining methods represent the method where the uranium mineral and associated rocks are excavated together and the uranium is recovered on the surface [13]. Uranium is currently being recovered from in situ recovery (ISR), also known as in situ leach (ISL) mining [14].



A relatively common problem in the extraction of raw materials (especially heterogeneous raw materials) is the need to quickly determine the quantities of mined raw materials in operation [15].



After extraction, the uranium ore is processed in a hydrometallurgical processing facility to remove impurities and yellowcake is formed [16]. At present, strict irradiation control is carried out in modern uranium mines. Doses in the range of one year are in almost all cases significantly below the internationally accepted limit of 20 mSv/year (100 mSv in any period of five years without a dose above 50 mSv in any of these monitored years) [17].



Mining activity leads to several environmental impacts. There are often worries about the consequences of uranium mining on human health and the environment including increased levels of radiation and pollution of soil or groundwater and surface water sources. The most common naturally occurring radioactive materials (NORMs) is uranium (U). Uranium (U) shows radioactivity, chemical toxicity, and contamination (U) is becoming more and more pronounced [18]. Uranium (U) is present in low concentrations in almost all rocks, sediments, soils, air, natural waters, humans, animals, plants [19]. Due to changes in the oxidation state and pH of the soil and compositions, the transfer of radionuclides into the environment occurs mainly in the unsaturated soil zone [20]. Therefore, much research has been done around the world to investigate the environmental impacts of uranium ore mining and processing. Only some of them can be mentioned. The ecological risk of the ecosystem and the carcinogenic risk to humans, for the study area contaminated with uranium, was published in [21]. Reference [22] deals with the impact of uranium mining on the environment in Labrador, Canada. Experts [20] created a radiological index based on an assessment of already completed uranium mining in Salamanca, western Spain and they created a radiological index.



The case study [23] focusing on the Pinhal do Souto mine looked at the environmental impacts of uranium mining. They are mainly contaminated in U and as (Arsenicum) and constituted an ecological threat. How much the environment was affected by the old mining activity was described through the computation of significant hot clusters [24]. In [25], soil physicochemical properties and heavy metal concentrations were measured. From Zoige County, Sichuan province, China has collected soils from three differently polluted ditches. So, the influence of heavy metals on bacterial community structure in a uranium mine was investigated. Soil physicochemical properties and heavy metal concentrations were measured. There is a serious problem in the handling of mining tailings, which contain thorium, radium, uranium, and polonium, and radon emission is a water-intensive mining process [26]. The experts [27] have been involved in assessing the risk of heavy metal and uranium sediment mining in the Abiete-Toko area of southern Cameroon. Influence of former uranium mining activities on the floodplains of the river Mulde in Germany was solved in [28].



The aim [29] was to evaluate the chemical quality of soil and water runoff uranium mine Fe (Saelices el Chico, Spain) to determine the diagnosis of the existing environmental problems and potential recovery actions to apply. These research studies have confirmed the need to seek measures to improve environmental protection during uranium ore mining and processing. Important measures to remedy the environment of the affected areas from old uranium deposits were obtained, for example, from research of these problematic areas in Portugal [30]. Extensive research of measures before radioactivity is also realized in Slovakia.



The research deals with testing of materials used for protection against radioactive substances and waste [31]. Findings [32] expand and supplement their possible use in waste and environmental management. The physical properties of these materials are addressed in the article [33]. The degree of sorption and the use of materials in practice in their work are discussed [34] and the advantages and extraction and management of highly radioactive waste in the Slovak Republic are described [35]. For nuclear power generation and nuclear arsenal, using Uranium (U) is an important strategic element, mostly used as enriched U-235 [36]. The demand for uranium is driven by the use of highly capital-intensive nuclear power plants operating continuously in order to achieve economies of scale electricity generation [37]. In the short term, it seems that nuclear energy is the only clean energy [38]. In many parts of the world, uranium deposits are a vital raw material for nuclear fuel [39].



The mining and processing industry of raw materials contributes to a huge share in the national economy and delivers an invaluable resource for modern civilization [40].



Previous mining focused mainly on coal mining, which destroys many mutual and supporting resources such as uranium, gas, and oil [41]. Nuclear fuel as a source of energy production has a number of economic benefits accompanied by environmental benefits. First, it offers a competitive price for fuel, taking into account the capital costs of the power plant for energy production, despite the costly licensing system. Compared to coal or natural gas, nuclear fuel represents only 15% of operating costs. Second, nuclear fuel is a low-carbon energy source [42]. The transition of energy from the current fossil energy system to a carbon-free energy production system is based on an appropriate energy mix combining nuclear energy and renewable energy sources [43].



The economic conditions have a very important position in uranium mining [44]. It is, therefore, necessary to draw up a strategy for investing in uranium resources and then draw attention to this, taking into account the possible difficulties in making overseas investments in uranium resources [45]. The current requirements of industrial enterprises in all industrial fields require a detailed view of the course of events in production systems [46].



To evaluate uranium supply shocks, the sale or purchase of uranium stockpiles or market effects of new uranium mines or enrichment technologies are used for economics analysis and market simulation tools [47]. Another important factor is the impact of the uncertainty of government policy on stock prices, which reflects the tension between the arguments of “private interest” (economic benefits) and “public interest” in connection with mining uranium [48].



The state can also influence the possibilities of uranium mining through its raw materials and energy policy. Raw materials policy is based on respecting the principles of a socially–ecologically oriented market economy [49] as well as the careful use of natural resources in the extraction and processing of minerals [50]. A global assessment of uranium mining resources from a social, environmental, and economic point of view is the basis for policy decisions on the use of uranium deposits [51]. Several works [52,53,54,55] deal with such an evaluation of uranium mining and processing from the above points of view.



There is often met aversion to mining, also higher quality uranium deposits in some countries. But the opposite experience can be met in other countries. The uranium mining industry in India is affected by the fact that most uranium deposits in India still fall into the low-quality category, but provide direct and indirect employment to thousands of people and still bring profit [56].



Uranium mines are often an unwanted source of nuclear energy. It is sometimes appropriate to use an integrative approach to analyze the global–local dynamics of environmental change in relation to the extraction and flow of basic materials that support industrial economies [57]. An important aspect is always the view of the deposit as a mineral wealth that hides potential. At the same time, it should be noted that the value of raw materials reserves in the deposit may change significantly over time due to the development of society and the market. Therefore, even currently unused deposits can be very valuable in the future.




2. Materials and Methods


The Deposit of Kuriskova


The Kosice I. deposit, with the attribute of Kuriskova, is situated 7 km from the outskirt of the city of Kosice and 0.3–0.9 km from the state road going from Kosice to Spisska Nova Ves. The nearest villages are only a few kilometers from the deposit, for example: the village Nizny Klatov—4 km, the village Vysny Klatov—3 km, the recreation center of Jahodna—1.5 km from the subject of the deposit to the surface. The deposit is located below the surface of the mountain ridge, which runs from Kosice (Bankov) to Kosicka Bela. The location of the deposit is shown in Figure 1 [58].



The deposit of Kuriskova is one of the most perspective deposits not only in Slovakia but also in the world (Table 1) [59].



The deposit is geologically located in the North Gemer Permian, in its most eastern part. It has an intricate fold-scaly tectonic style of the structure. In this Permian, the occurrences and deposits of U-Mo (uranium-molybdenum) ores are located in the Petrovohorska complex of strata. The deposit of U-Mo ores is spatially closely related to the bed of basaltoid andesites to basalts with a thickness of max. 120 m and a slope depth of 1 km. Ninety percent of the reserves are located in the main ore position of the deposit. A small amount of reserves, about 10%, is found in tuffs near the volcanic overburden bodies. The primary ore elements are U and Mo. The secondary elements are Cu and S. The main U minerals are uraninite and coffinite (see in Table 2) [61,62].



The geological section of the deposit of Kuriskova is shown in Figure 2.



The deposit is divided into the following ore locations based on geological exploration, uranium ore quality, and reserves calculation:




	-

	
Main ore location (MOL);




	-

	
Overlying ore location (OOL);




	-

	
Ore location Z-45.









The largest amount of the reserves is in the main ore location, where the quality of reserves corresponds roughly to the average value of the quality of reserves in the deposit. The best reserves are in the ore location Z-45, however, the volume of reserves in this ore location is very low. The reserves level according to the last reserves calculation is in Table 3 [61].



In accordance with the legislation of the Slovak Republic, the reserves of mineral raw materials are classified into 3 basic categories, according to the degree of examination of the exclusive deposit or its part and according to the degree of knowledge of its bed conditions, quality, technological properties, and mining conditions (Table 4):




	-

	
Z-1 (verified reserves),




	-

	
Z-2 (probable reserves),




	-

	
Z-3 (estimated reserves) [61].









From the hydrogeological point of view, the uranium deposit of Kuriskova is below the local erosive level. The collector complex of rocks (andesite) is characterized by low permissibility, with dominant fracture permeability. Due to this, from the aspect of the future use of the deposit, the limiting factor will be the degree of draining of numerous fracture structures, which are also a source of fractured water springs on the surface in the vicinity of the deposit. The overall hydrogeological attitude is evaluated as simple (2nd degree of difficulty) [63]. The company Tetra Tech, Ltd., Golden, Colorado conducted a partial study that found that the main points of PFS were an initial rate of return of 30.8%, a 1.9-year payback, a net present value of USD 277 million at an 8% discount rate (pre-tax, base case assuming prices of USD 68/lb U3O8 and USD 15/lb Mo). Indicated resources total 28.5 million pounds of U3O8 (10 960 tU) and inferred resources amount to 12.7 million pounds of U3O8 (4 885 tU), using a cut-off of 0.05% U. It is important to note that the lifetime of mining operating costs are USD 22.98/lb U3O8 (USD 59.75/kgU), assuming a net molybdenum credit of about USD 1.27 per pound of U3O8 (USD 3.30/kgU). The project can be developed as an underground mine and a processing facility that would utilize conventional alkaline (non-acid) processing [64]. The method of the deposit opening was proposed by Tetra Tech Ltd. company in the final technical report for Kuriskova (June 2012), where the opening was chosen by a winze and two spiral ramps. The proposal of the deposit opening is shown in Figure 3. According to this proposal, the deposit is opened by the winze 2.6 km long with a cross-section of 6 × 6 m and 9.5% of decrement. The winze is further connected by two spiral ramps with a cross-section of 5 × 5 m and a degree of decrement about 10–12%. The first ramp is an opening work for the construction and access to an underground treatment plant. The second ramp is designed to access the deposit in its foot-wall and along its entire guide length. Transverse ditches will be gradually excavated from the ramp into the mining blocks [63].





3. Results


A valuable mineral is never extracted without losing a certain amount of reserves when mining deposits. Losses can be divided into:




	-

	
Losses due to geological and hydrogeological causes;




	-

	
Losses in protective pillars;




	-

	
Losses caused by a different way of mining;




	-

	
Losses caused by loading and transport of a mineral.









Therefore, a proposal for the extraction of uranium reserves at the deposit of Kuriskova was made for the purposes of this research. Based on it, it is possible to determine the amount of recoverable uranium reserves from the deposit. The methodology (Figure 4) of this mining proposal was determined to take into account the basic criteria of uranium deposit mining, which was used for the selection of suitable mining technology for the Kuriskova uranium deposit.



The main limiting factor for the choice of the mining technology but also for the treatment of raw ore is the uranium deposit itself, which is located near the big city and near the areal for recreation. Thus, the impact of mining technology on the environment is extremely significant not only from the point of the protection of landscape but also of the protection of the population. As can be seen from the many experiences of uranium mining in the world, uranium mining has a number of environmental impacts, such as air pollution, contamination of groundwater, soil, the impact of undermining, etc., and this factor is very important when choosing a suitable method of mining [65,66,67]. Because the mining of uranium deposits brings a number of specifics with it, such as air pollution, contamination of groundwater, soil, impact of undermining, etc., this factor is very important for the choice of a suitable mining method. The right technology for deposit mining can ensure the smallest possible or acceptable environmental impact. For the extraction of the deposit, due to the effort to eliminate the impacts of mining on the environment, a system of uranium ore treatment in underground spaces and subsequent loading of waste from the treatment process into the excavated areas in the form of their foundation with a solidifying foundation with control was designed. In this way, surface loads in the form of heaps and sludge are prevented. In addition, the mining water that would be pumped into the mining water treatment plant was also located underground and regular monitoring was proposed [68,69].



The mining method of cut and fill stopping with a solidifying backfill substance was selected according to the mentioned methodology and with regard to the known characteristics of the main ore position. It is the method which, by its nature, meets the requirements of environmental protection and labor safety. It is also the method that takes into account the variability of mined raw material quality, while this often plays a key role in the efficiency of mining itself.



Mining will be carried out in mining blocks whose dimensions have been designed to 4 × 4 × 100 m with this mining method. The mining process in a mining block can be divided into 4 phases (Figure 5). The initial phase is focused on breaking down the transverse central mining ledge, the implementation of which can be obtained the necessary information about the quality and thickness of the ore body in a block. The second phase is mining of the first directional ledge on both sides of the ledge. During the third phase, the extracted spaces are backfilled with a solidifying backfill substance. At the same time, mining in the second directional mining ledge can be prepared. After the backfill has hardened sufficiently, the second mining ledge is mined, which is also filled with the solidifying backfill in the next phase. In the case of a larger thickness of the body in a mining block, it is possible to proceed with the mining and foundation of another mining ledge after the backfill has hardened in the second mining ledge.



By alternating the mentioned basic phases of the cut and fill mining, all mining blocks will be mined and backfilled at the zero level. Subsequently, it can be progressed with the mining level up to the next slice and the whole ore body is mined by this way (Figure 6).



Such mining method was designed to allow, in particular, the highest possible excavation of reserves from the deposit. There are no tied reserves in the protective pillars in a mining block, the entire mining block is mined and then founded with a solidifying backfill. Protective pillars are left only among the individual mining blocks, i.e., level. Due to the fact that each slice is backfilled by a solidifying backfill, only very low losses and contamination are arisen with the chosen mining method.



The basic parameter that affects the mining results is productivity. This includes the losses just mentioned. The productivity is the weight or volume ratio of the amount of ore mined to the ore reserves in a deposit, as defined in the following Formula (1) [68]:


  η =  B  A     × 100 ,  



(1)




where:



A—is the ore reserves in the deposit in tons or m3,



B—is the real extracted ores in tons or m3.



The total excavation of reserves at the deposit was estimated at 82% when used by the proposed method of mining. This value was also taken into account when calculating the potential amount of electricity produced in a nuclear reactor from extracted uranium of the deposit “E” based on specific energy of natural uranium “e” and amount of natural uranium “m”. This means, according to this mining proposal, it will be possible to obtain approximately 4,613,000 tons of uranium ore from the total amount of geological reserves of uranium ore in the deposit, i.e., 5,427,000 tons listed from the calculation of reserves based on the former geological survey. This mined ore will be a batch to a treatment plant and will be used for the production of so-called yellowcake as an intermediate product for the production of nuclear fuel.



The production of nuclear fuel from extracted ore can be described in several steps.



Step 1: After mining, the ore is crushed in a mill, where water is added to produce a slurry of fine ore particles and other materials.



Step 2: The slurry is leached with sulfuric acid or alkaline solution to dissolve the uranium, leaving the remaining rock and other minerals undissolved.



Step 3: The uranium solution from the mines is separated, filtered, and dried to form a uranium oxide concentrate, often referred to as a “yellowcake”. The vast majority of nuclear reactors use the isotope U-235 as fuel; however, it accounts for only 0.7% of natural mined uranium and must, therefore, be increased through a process called enrichment. This increases the concentration of U-235 from 0.7% to an interval between 3% and 5%, a level used in most reactors.



Step 4: The enrichment process requires that the uranium is in gaseous form. This is achieved by a process called conversion, in which uranium oxide is converted into another compound (uranium hexafluoride), which is a gas at relatively low temperatures. Uranium hexafluoride is filled into centrifuges with thousands of rapidly rotating vertical tubes that separate uranium 235 from the slightly heavier isotope U 238.



Step 5: The enriched uranium is transported to a fuel fabrication facility where it is converted to uranium dioxide powder.



Step 6: This powder is then compressed into small fuel pellets and heated to the hard ceramic material.



Step 7: The pellets are then inserted into thin tubes known as fuel rods, which are then grouped into fuel assemblies [69].



In utilization of uranium ore, a significant technical and economic indicator is the recovery of ore (leaching) from the processing. According to a study by Tetra Tech Ltd. for the Kuriskova deposit, it is a basic leaching process using sodium hydroxide and hydrogen peroxide. The total recovery of uranium from the processing is estimated at 92% [62].



It was chosen the method of determining the specific energy of natural uranium—“e” for the production of electricity. Then, follow its subsequent recalculation to determine the energy potential of the deposit of Kuriskova (potential amount of electricity produced from extracted uranium) was calculated according to the Formula (2) [70]:


  E = e × m ×   10   − 6   ,  



(2)




where:



	
E—potential amount of electricity produced in a nuclear reactor from extracted uranium (GWh),



	
e—specific energy of natural uranium for the production of electricity in a nuclear reactor (kWh/kg),



	
m—amount of natural uranium (kg).






It was possible to determine the value of specific energy in 4 ways within the available sources. Due to the fact that these are always general guide values, certain small deviations have been registered, however, which can be accepted due to the fact that it is a question of determining the approximate energy potential of the unmined deposit.



The first method for determining the specific energy of uranium is based on information published by the WNA (World Nuclear Association) [70], which is provided on its website. WNA reports heat values (HV) of various fuels (Table 5, where for natural uranium, in LWR (normal reactor—based on 45,000 MWd/t burn-up of 3.5% enriched U in LWR) is reported as HV value 500 GJ/kg. It is recommended to consider 33% efficiency and then it can be determined according to the following formula to determine the value of specific energy “e” for the production of electricity derived from HV Formula (3) [70]:


  e = H V × 0.0926 ,  



(3)




where:




	
e—specific energy for the production of electricity in a nuclear reactor (kWh/kg),



	
HV—heat value of uranium (MJ/kg).








The value of specify energy of natural uranium for the production of electricity in a nuclear reactor was set at 46,300 kWh/kg according to the value mentioned above. The second way of determination is based on information published by Ashby [71]. In his publication (Ashby, 2013), the energy density of uranium “U” is set to value of 470,000 MJ/kg and it considers a conversion efficiency of 38% (ce = 0.38) when converting to electrical power. Subsequently, it is possible to determine the specific energy according to the Formula (4) [71]:


  e =     U ×  c e    3 , 6   ,  



(4)




where:




	
e—specific energy for the production of electricity in a nuclear reactor (kWh/kg),



	
ce—conversion efficiency (−),



	
U—energy density of uranium (MJ/kg). The factor 3, 6 converts MJ to kWh.








According to the above, the value of specify energy of natural uranium for the production of electricity in a nuclear reactor can be determined: e = 49,600 kWh/kg.



Many authors [72,73] introduced an indicative value of specific energy for the production of electricity in a nuclear reactor: e = 50,000 kWh/kg.



It is also possible to use the value of specific energy of 0.3% uranium ore (similar quality as the average at the deposit of Kuriskova) to determine the energy potential of the deposit of Kuriskova for electricity production in the nuclear reactor “eo”, which Bartalsky [58] presents in his contribution, citing several sources (eo = 150 kWh/kg). It is possible to determine approximately the value of the energy potential of the deposit of Kuriskova from this value according to the Formula (5) [58]:


  E =    e O  ×  m O  ,  



(5)




where:



	
E—potential amount of electricity produced in a nuclear reactor (GWh),



	
eo—specific energy of natural uranium for the production of electricity in a nuclear reactor (kWh/kg),



	
m0—amount of uranium ore (kt).






The values of geological reserves from Table 5 were used to determine the energy potential of the whole deposit, based on the total amount of uranium contained in known uranium ore reserves according to the year 2012 calculation of reserves and these values were reduced by losses proposed from the method of mining (η = 82%)—Table 5.



The energy potential of the deposit of Kuriskova (potential amount of electricity produced from extracted uranium) was determined according to all the described methods of determining the specific energy—“e”. Due to the fact that reserves of category Z3 are only proposed, and in their case, there is a lower geological examination, the energy potential of the deposit was determined only for reserves of category Z2 (probable) in addition to the total energy potential of the deposit [58]. The determined values of the energy potential of the total amount of extractable reserves (Z2 + Z3) and geological reserves of category Z2 are given in Table 6.



Similar values were set at all ways of calculating of the energy potential of the total determined extractable reserves at the deposit. The value of approximately 600,000 GWh of electricity can be taken as an indicative value of the total current energy potential of the deposit of Kuriskova. In the case of assessing the energy potential of only more geologically examined Z2 reserves, the value is also similar for the first three methods. For the 4th method, the data were distorted due to the fact that the quality of reserves in category Z2 is significantly higher (0.471% U) than the value of 0.3% U, which was taken as the standard for determining the value of specific energy of uranium ore. The value of 415,000 GWh of electricity can be taken as an approximate value of the total potential of Z2 reserves at the deposit of Kuriskova [58].



It is also appropriate to determine the energy potential of the mined ore at the planned annual production of 270,000 t from the point of continuous utilization of uranium reserves at the deposit of Kuriskova for the needs of electricity production in nuclear reactors. The quality of uranium ore with an average uranium content of 0.292% U was considered for the calculation of the energy potential, as it is the case for the total uranium ore reserves determined on the basis of the 2012 reserves calculation. It is possible to consider with the amount of 788 t U at this content of uranium ore [58].



The informative energy potential from the annual planned uranium mining at the deposit of Kuriskova according to particular conversion methods is shown in Table 7.



It is possible to calculate the potential of approximately 35,000 GWh of electricity produced from the planned mined ore per year according to the calculated values.




4. Discussion


Electricity production is constantly growing in the world, while up to 13% of the world’s population still lives without electricity. However, global electricity production was at the level of 11,882 TWh in 1990, 15,494 TWh were produced in 2000, 21,539 TWh were produced in 2010 and 26,589 TWh were already produced in 2018. It can be assumed that this trend of growth will continue. The largest share in the increase in electricity production is in Asian countries, where the amount of electricity production in 2018 reached 12,009 TWh, which is more than 5.3 times the amount of electricity produced in 1990. On the contrary, electricity production in Europe is growing much slower and 3883 TWh were produced in 2018, which is only about one third of an increase compared to the amount of electricity produced in 1990 [74].



Within the total electricity production, which represented 25,691 TWh in 2017, the share of nuclear energy is 10.3% (see Eurostat, Scheme 1) [75]. According to the forecasts of the international agencies dealing with this issue, this share could rise to 15% over the next 20 years. This assumption is based mainly on the probable impact of environmental policy and the “sustainable development scenario”, where there will be pressure to increase the share of use of so-called low-carbon energy sources at this time [76].



The prediction from the Redbook [70] says that there will be an increase in uranium capacity requirements. From this, it can be stated that there will be an increase from about 391 GWe net at the beginning of 2017 to between about 331 GWe (low case) and 568 GWe (high case) by the year 2035. In case of a decrease, we are talking about a decrease of 15% from 2016 nuclear-generating capacity, while in the case of an increase, it represents an increase of about 45%. In the case of the next forecast, an increase of 10% is expected, meaning that some countries have already started to prepare for this in their work in this area [77].



In order to meet the demand by 2025 (secondary supplies will not be taken into account), all existing mines and mines that plan to mine must operate and mine at the required production capacity. Even so, it is assumed that these required capacities will be met by 2035 for normal operations and to 60% for high case requirements. Very important is the fact that, in general, real production of mining is more than 85% of the required mining capacity. It is necessary to think about this in the future and consider a secondary complementarity strategy [77]. Within the European Union (EU), 3100 TWh of electricity were produced in 2017, while approximately 25% of this amount (Scheme 1) involved the amount of nuclear energy [74]. There are still different opinions about production electricity in nuclear power plants in the EU. While some countries are preparing and building new nuclear reactors (including Slovakia, which is completing and preparing to start new units of the nuclear power plant of Mochovce), other EU countries have accepted and are implementing plans for the decommissioning of nuclear power plants as a result of the Fukushima incident in 2011 (e.g., Germany plans to shut down the last active nuclear reactor by the end of 2022).



In 2018, 27,149 GWh of electricity were produced in the Slovak Republic, while the share of nuclear energy in this production was 57.4%. For comparison, there was an increase of about 12.8% of electricity production in the Slovak Republic during the period 1990–2018 (Scheme 1). However, during this period, there was also a decrease in electricity production caused by the shutdown of the V1 nuclear reactor in Jaslovske Bohunice as well as several units in thermal power plants [78].



Electricity consumption in 2018 was at the level of 30,947 GWh and similarly to 2016 and 2017, it exceeded the level of 30 TWh. Thus, the trend of slightly higher consumption than electricity production continues, which can be observed since 2007 (Scheme 2), when there was a decrease in electricity production for the reasons mentioned above [78].



In terms of natural conditions and current technological possibilities, the Slovak Republic can only use a small extent of its own primary energy sources and is very dependent on imports. Almost 90% of primary energy resources (PER), including nuclear fuel, are imported. In 2017, the dependency reached the level of 64.7%, which is the highest value in the last six years. The use of domestic energy resources in the Slovak Republic is mainly involved in the production of electricity through water, renewable energy sources and fossil fuels. In 2017, 4677 GWh of electricity were produced by hydroelectric power plants in Slovakia, 2445 GWh from renewable energy sources and 1484 GWh from brown coal (mined in the Slovak Republic) by the Novaky power plant. In 2018, there was a further decrease in the amount produced electricity, when 3920 GWh were produced in hydroelectric power plants, 2399 GWh from renewable energy sources and 1271 GWh from brown coal (mined in SR). It is assumed that the share of currently used own energy sources will continue to decline during the next years. There is even no expectation of significant increase in use of hydropower for electricity production. Higher use of renewable energy sources for electricity production can only be considered with the introduction of more massive support. Without it, the amount of energy produced from these sources will stagnate [79].



There will also be a decrease and later total decommissioning in the production of energy from brown coal mined in the Slovak Republic during the next years, which will further increase dependence on foreign primary energy sources for electricity production in Slovakia. As part of the Slovak Republic’s commitments in connection with reducing carbon emissions, brown coal mining is to be terminated. The extraction of brown coal has decreased in recent years from 1834 kt mined in 2017 to 1465 kt mined in 2019 [80]. The amount of electricity produced by the power plant of Novaky, which produces on the basis of mined brown coal in the Slovak Republic, is also declining, where it produced 1908 GWh in 2012, there was a gradual decline in production to 1271 GWh produced in 2018. From the perspective of the further development of electricity production in the Slovak Republic, the share of energy produced from nuclear reactors is expected to increase. After the completion and putting to the operation of units 3 and 4 of the nuclear power plant in Mochovce, the production of electricity will increase significantly and the Slovak Republic will become again self-sufficient in the production of electricity [79].



As it was mentioned above, due to natural conditions and known reserves of energy raw materials in the Slovak Republic, the most promising option for reducing the dependence on supplies of primary energy sources from abroad, especially from Russia, is the use of own uranium reserve. When using its own uranium deposits, in addition to the deposit of Kuriskova, it is also possible to consider the deposit of Novoveska Huta (where, however, the quality of uranium ore is significantly lower—approx. 0.1%). The analysis and determination of the energy potential of the deposit of Kuriskova shows that uranium reserves from this deposit would be able to fully cover the needs for nuclear power plants for the production of nuclear fuel, in the Slovak Republic even in the longer term. With the above-mentioned energy potential of the deposit of Kuriskova at the level of 600 TWh, nuclear power plants in the Slovak Republic are able to be supplied with the raw materials from the deposit of Kuriskova for about 40 years with the current amount of electricity produced (approx. 15 TWh). The increase of electricity production is expected after the completion of new units of the nuclear power plant in Mochovce (approx. up to 19 TWh) and the reserves of the deposit are still enough for 32 years of supply. Of course, these values are very approximate and it is very problematic to predict the development of the energy politics for such a long period [80].




5. Conclusions


It is necessary to mention several obstacles that significantly complicate the use of the uranium deposit of Kuriskova in this proposed solution of the elimination of dependence of the Slovak Republic on the supply of primary energy sources from abroad. The first problematic factor is the technology of our nuclear reactors VVER-440 in Slovak nuclear power plants, which require precise requirements for nuclear fuel. The only supplier of this fuel is the Russian company TVEL, which supplies it to reactors in the total of 15 countries and also has a 45% share on the world market in terms of uranium enrichment. That is why there would not be complete acquittal from dependence on foreign countries, even in the case of using the deposit of Kuriskova [81].



The second problematic factor in the use of the deposit of Kuriskova is the development of uranium (U3O8) prices. The price of uranium is changing significantly, which can be seen in the Scheme 3 of the development of uranium price since 2010. The price of uranium is approximately 34 USD/LB and it is currently about half of the price in comparison with year 2010. Even more significant is the difference compared to the maximum price of uranium in the last 25 years, which reached the highest value in 2007, above 140 USD/LB. Such dynamic changes in the price of the commodity can have very negative impact on the mining of the deposit during the implementation phase and therefore, they make it very difficult to plan the extraction of the deposit. Such price fluctuations can be caused, for example, by releasing uranium reserves from non-natural sources (e.g., military arsenal, etc.) [80].



The location of the deposit of Kuriskova itself is another problematic factor. The deposit is located near the town of Kosice (near 240,000 inhabitants) and near the recreational area of Jahodna. Therefore, the use of uranium obtained from the deposit of Kuriskova is most hinder8/ed by a public acceptance and public concern about the negative effects of mining and subsequent technological processing of uranium ore to a tradable commodity. Despite the fact that all procedures, proposed for the deposit of Kuriskova, have been designed to prevent environmental contamination, there is still strong resistance to the mining plans. Any activities at the deposit of Kuriskova are also strongly limited by the legislation of the Slovak Republic nowadays. According to it, uranium mining is possible in Slovakia only if it is agreed in a referendum by the inhabitants of all affected municipalities, which is currently the most serious obstacle to exploiting the energy potential of the deposit, due to the prevailing opinion against uranium mining [80].



The reserves of the Kuriskova uranium deposit (Kosice I.) represent an interesting potential for their use for the production of electricity. Although these problems make their current use difficult, uranium reserves must be considered in the future as a potential source of large amounts of energy that could cover the energy needs of the Slovak Republic for several years. Especially in a situation where the gradual cessation of coal-fired power generation is planned within the EU. The basis for their use, however, remains the environmental safety of their use while maintaining acceptable economic efficiency, which is the key to a possible change in the current opinion of the population and government on uranium mining in the Slovak Republic.
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Figure 1. The location of the deposit of Kuriskova [58]. 
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Figure 2. The geological section of the deposit of Kuriskova [58]. 
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Figure 3. The deposit opening method [58]. 
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Figure 4. Methodology for selecting the technology of uranium mining in the deposit of Kuriskova. 
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Figure 5. The procedure of excavating of a mining block. 
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Figure 6. The procedure of excavating inside a mining block. 
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Scheme 1. The share of particular sources in the production of electricity in the world, EU, and the Slovak Republic, source: [74,75,78]. 
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Scheme 2. Generation and consumption of electricity in the Slovak Republic, source: [78]. 
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Scheme 3. The development of uranium prices, source: [75]. 
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Table 1. The comparison of selected significant uranium deposits [59,60].






Table 1. The comparison of selected significant uranium deposits [59,60].





	Project
	Location
	Volume U3O8 (%)
	Deposit Suitable for Mining
	Resources U3O8 (mil. lb.)





	Rough Rider
	Canada
	2.57
	underground
	10.8



	Matoush
	Canada
	0.58
	underground
	20.2



	Kuriskova
	Slovakia
	0.43
	underground
	41.1



	Gas Hills Roca Honda Dewy Burdock
	USA
	0.2
	surface
	59.2



	Centenial, La Jera Mesa
	USA
	0.11
	in situ leaching
	24.3



	Westmoreland
	Australia
	0.09
	in situ leaching
	61.1



	Hatagen
	Sweden
	0.08
	surface
	20.3



	McArthur River
	Canada
	6.91
	underground
	391.9



	Cigar Lake
	Canada
	14.69
	underground
	176.6



	Inkai
	Kazakstan
	0.03
	in situ leaching
	251.8
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Table 2. Mining—geological parameters of the deposit of Kuriskova [62].






Table 2. Mining—geological parameters of the deposit of Kuriskova [62].





	Mountains—Part
	Slovenske Rudohorie, Spis-Gemer Rudohorie





	The primary carrier of uranium mineralization
	Uraninite (UO2)



	The secondary carrier of uranium mineralization
	Coffinite U(SiO4)1-x(OH)4x



	Other representation of minerals in the deposit
	Molybdenite (MoS2), Chalcopyrite (CuFeS2), Pyrite (FeS2), Galenite (PbS), Silica (SiO2)



	Shape of the ore body
	Mostly plate-like



	Depth of the ore body
	2–10 m



	Altitude of the ore body
	from 600 m.a.s.l.–down to 200 m.a.s.l.



	Guide length of the ore body
	600 m



	Deposit width in ground plan
	440 m



	Slope depth of the ore body
	800 m



	Inclination of the ore body—northern zone
	60°–70° to SW



	Inclination of the ore body—southern zone
	45°–50° to SW
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Table 3. The reserves level of the deposit of Kuriskova [61].
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	Ore Location
	Average U Content (%)
	Average U3O8 Content (%)
	Weight of Ore (t)
	Weight of U3O8 (t)





	MOL
	0.320
	0.378
	4,182,000
	15,810



	OOL
	0.167
	0.197
	1,137,000
	2240



	Z-45
	0.488
	0.575
	108,000
	630



	Total reserves
	0.292
	0.344
	5,427,000
	18,660
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Table 4. The reserves of mineral raw materials are classified according to the degree of examination of the exclusive deposit Kuriskova [61].






Table 4. The reserves of mineral raw materials are classified according to the degree of examination of the exclusive deposit Kuriskova [61].





	Accepted Calculation of Reserves—Year 2012
	Weight of Ore (kt)
	Average U Content (%)
	Weight of U3O8 (t)
	Weight of U (t)





	Category Z2—probable
	2328
	0.471
	12,921
	10,957



	Category Z3—estimated
	3099
	0.157
	5744
	4871



	Total reserves
	5427
	0.292
	18,666
	15,831
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Table 5. The amount of geological and extractable reserves at the deposit of Kuriskova.
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	Parameters
	Category Z2 + Z3
	Category Z2





	Amount of geological reserves of ore (kt)
	5427
	2328



	Amount of U in geological reserves (t)
	15,831
	10,957



	Amount of extractable ore reserves at mining (η = 82%) (kt)
	4450
	1909



	Amount of U in extractable ore reserves at mining (η = 82%) (t)
	12,981
	8985
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Table 6. The energy potential of reserves at the deposit of Kuriskova.






Table 6. The energy potential of reserves at the deposit of Kuriskova.





	Method of Determination of Specific Energy—“e”
	Energy Potential of Total Reserves (Category Z2 + Z3) (GWh)
	Energy Potential of Reserves Category Z2 (GWh)





	(1) According to WNA
	601,020
	416,005



	(2) According to Ashby
	643,858
	445,656



	(3) According to Valkovic
	649,050
	449,250



	(4) According to Bartalsky
	667,500
	286,350
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Table 7. The energy potential at planned annual mining production at the deposit of Kuriskova.






Table 7. The energy potential at planned annual mining production at the deposit of Kuriskova.





	Method of Determination of Specific Energy—“e”
	Energy Potential at Planned Annual Production (GWh)





	(1) According to WNA
	36,484



	(2) According to Ashby
	39,084



	(3) According to Valkovic
	39,400



	(4) According to Bartalsky
	40,500
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