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Abstract

:

The depletion of non-renewable natural resources (primarily mineral and energy resources) and its assessment is a problem that is analyzed based on the concept of sustainable development. Mineral resource depletion assessment is particularly important for resource-based economies. It provides for assessing the impact of mineral asset disposal that results from the suspension or termination of operations conducted by a mining company due to insurmountable circumstances. The results of such an event will be manifested at the national, regional, and local levels and felt by mining companies, suppliers, workers, the population of the territory, and other stakeholders. The study clarifies the attributes and essence of mineral resource depletion, analyzes the advantages and limitations of the existing tools for assessing mineral resource depletion, identifies depletion factors, describes a methodology for assessing mineral resource depletion, and contains a case study of a tin deposit. The results of the study contribute to the development of the theory on the depletion of non-renewable natural resources. They provide for assessing losses to social wellbeing that can be caused by stopping the use of profitable mineral reserves.
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1. Introduction


The paradigm of sustainable development (SD) has been understood by the majority of developed and developing countries. However, still under discussion is what kind of contribution is made by non-renewable resources to the SD of countries whose economies largely depend on their availability, quality, and market demand, and are developed based on the efficient and rational use of mineral resources [1].



Among different countries, there is no single opinion as to the issue of mineral resource depletion (MRD); this can be seen in the opposing views surrounding the roles that mineral resources have played in the sustainable development of individual countries and the global economic system in general. These views are reflected both in the state policies of economically developed countries and developing resource-based economies (RBEs) and in the methodologies for assessing the depletion of non-renewable natural resources.



For example, the point concerning the use of natural resources that all the EU members agree on is that both economic growth and environmental protection are of equal importance [2]. It is possible to achieve goals in these areas only when there is weak sustainability, with reproduced capital and human capital dominating and the share of natural capital being insignificant. The environment and energy are shared competences between the EU and its member countries, and the main priorities of the EU’s development policy are primarily connected with energy resources, with almost 70% of them being purchased from third parties, including Russia [3]. With regard to energy resources, the EU has been consistently working on reducing greenhouse gas emissions and replacing fossil fuels with renewable energy sources [4,5,6]. In particular, the EU’s Climate and Energy Framework for the period from 2020 to 2030 plans to reduce greenhouse gas emissions by 40% (compared to the levels of the year 1990) and reach the target of at least 27% renewable energy sources [3], which should improve the situation of the EU’s dependence on countries exporting energy (primarily Russia).



Regarding the use of other mineral resources, the policies of the EU member countries are based on the general principles of the circular economy, which implies a transition to a closed-loop model that provides for the continual use of raw materials and makes it possible to involve production waste, secondary raw materials, and substitutes for natural resources in processing. However, as noted by the authors of [7], the mining sector (geological exploration, production, and primary processing) stands out from all the other sectors in this model as it does not solve the MRD problem. As the main strategies for successful development, such options are proposed as a complete rejection of the use of mineral resources and their replacement with artificial substitutes [8], accumulating the most in-demand metals (for example, rare earth elements) in the form of so-called metal banks [9], and using the most efficient technology in processing imported mineral resources to create high added value in developed countries.



Among RBEs, Russia provides the biggest and most vivid example of using mineral resources and solving methodological issues in this area [10]. After the collapse of the USSR, the MRD problem became acute in Russia, with its resource portfolio having twenty-one weak points, i.e., the supply of these resources did not meet demand [11]. MRD is considered by the country from the perspective of long-term supply of mineral and energy resources [12]; therefore, in contrast to the EU countries, the priority is traditionally given to the exploration industry. In the state program titled “Reproduction and use of natural resources” [13], the key goal is formulated, which is to ensure that the resources being extracted are fully compensated for by new mineral and energy reserves found in the course of prospecting and exploration operations. That is, the suggested solution of the MRD problem is the physical replacement of old mineral reserves with new ones as a result of expanded reproduction. The MRD problem in RBEs can lead to a decrease in production efficiency in both countries that extract resources and countries that consume them. This makes mineral resource depletion an issue of significance, along with such issues as using mineral resources in production, mineral resource monetization, and generating both direct and multiplicative income.



Despite the fact that there are many methodological approaches (mainly Western ones) to assessing MRD, the most popular methods are congruent with the SD concept developed by G. H. Bruntland [14]. Some methods are based on the principles of so-called strong sustainability, which means that mineral resources are limited and will not be available in the future [8]; hence, there is a radical option that implies a complete rejection of mining operations. Others are based on weak stability and define mineral resources as one of the forms of natural capital whose use should not lead to a decrease in total capital [15,16].



Current methodological approaches to assessing MRD from the perspective of both strong and weak sustainability reflect the situation that is typical of economically developed countries which have a high share of renewable, human, and social capital, with their natural resources (including mineral ones) being limited.



The experience of countries with RBEs (for example, Russia, Kazakhstan, Mongolia, Kyrgyzstan, etc.), especially developing ones, shows that the economic significance of mineral resources is much higher for them than for industrially developed countries, including the mining industry itself and related industries. For example, in the Russian Federation, the share of oil and gas revenues in the country’s GDP amounted to 41.0% of the total federal budget revenues in 2019 [17], and the share of mineral exports exceeded 65.0%, with the majority (over 98%) accounted for by fuel and energy products [18,19]. A similar situation can be seen in other RBEs [20,21].



For RBEs, both the commissioning of new mineral deposits and the loss of mineral assets due to the suspension or termination of operations conducted by mining companies play an important role [22]. The results of these processes will be manifested at the national, regional, and local levels and felt by mining companies, suppliers, workers, the population of the territory, and other stakeholders. For countries whose economies are not resource-based, the losses will be less significant at the national level because the structure of the economy in these countries is based on the exploitation of reproduced rather than natural capital. However, for the regional and local levels, such losses and damage can be catastrophic. It should be noted that, in addition to the impact on the economy, there are environmental and social impacts that should be considered in assessing MRD.



Mineral resources (MRs) and mineral assets (MAs) have a number of specific characteristics for the national economy and mining companies, respectively [23], and can be influenced by various depletion factors. On the one hand, MAs are characterized by the opportunity to create and increase value added (i.e., they have option characteristics), and, on the other hand, by a decrease in or a loss of their economic value under the influence of various factors. In terms of management and control, the owner of MAs is the government, while in terms of ownership and use, it is the operator or license holder, which makes it necessary to use MAs in an effective and rational way. In countries with RBEs, the use of MRs and MAs should be consistent with sustainable development goals [24].



A mineral asset is a broad notion that covers not only mineral deposits themselves but also various rights regarding their exploration, development, and mining, i.e., the blocks from which mining companies extract mineral resources are considered to be mineral assets. In most cases, mining implies conducting complex operations that require subsequent land rehabilitation as mining often alters the environment, sometimes damaging it significantly [25].



Regulations make attempts to define MAs (or property). Apart from mineral reserves, the following two assets are usually defined as MAs [26]:




	(1)

	
Rights, titles, or interests concerning the property held or acquired in connection with the exploration, development, extraction, or processing of minerals regardless of where this property is located;




	(2)

	
All of the equipment and infrastructure owned or acquired for the exploration, development, extraction, and processing of minerals, including mines and processing plants [27].









Physical factors of depletion are taken into account in feasibility studies when calculating mine life and production capacity. Economic factors of depletion are taken into account in a limited way (mainly when analyzing the resource conditions). The assessment of the influence of economic, social, and environmental factors is carried out under the current norms, standards, rules, prices, demand, the situation with the energy and transport infrastructure, the degree of government regulation, the form of ownership, etc.



The overwhelming majority of deposits are mined and operated for decades, with the exception of small precious metal deposits. Consequently, the influence of various factors can significantly increase, decrease, and change its direction over the course of time, which can lead to early termination of deposit operation, direct losses suffered by owners (mining companies and the government), and indirect losses suffered by related industries.



The objectives of the study are:




	
To conduct a comparative analysis of MRD assessment models.



	
To propose a method for assessing MRD based on comparative analysis and to test this method on a polymetallic ore deposit.








1.1. Analysis of Approaches to the Depletion of Mineral Resources: The Essence of Mineral Resource Depletion


In a broad sense, resource depletion is the result of an excess of resource consumption over its reproduction (physical depletion) [28]. For non-renewable resources (mineral and energy ones), depletion means a quantitative and qualitative deterioration of mineral reserves, resulting in their scarcity. From the viewpoint of the SD concept and its main thesis that SD can only be achieved when the satisfaction of current needs does not jeopardize the satisfaction of the needs of future generations [29], MRD is tantamount to limiting the access to MRs for future generations and making them suffer economic losses.



In the geological and economic aspect, the depletion of minerals is a decrease in initial reserves and a discrepancy between the norms for the extraction of natural resources and the needs of mankind (country, region, etc.) as a result of production costs (including processing costs in some cases) reaching the value of the produced economic effect, making the use of the natural resource socially and economically unprofitable [30]. This definition characterizes the depletion of MRs as primarily depending on objective natural and technological factors which limit the economic availability of the resource.



Economic depletion is a decrease in the economic return of a mineral resource [9,28] that is caused by lost earnings which could be used for social development. For MRs, depletion entails a shortage of potential earnings; consequently, for the facilities being operated, MRD means the impossibility of obtaining real economic, environmental, and social results by the mining company or reaching social wellbeing associated with the use of MRs. The factors causing the depletion of MAs at mining facilities are much more diverse than those causing the depletion of MRs, and, as R. Cairns rightly notes [31], are in large part determined by the goals that society associates with the use or rejection of the use of mineral resources.



For example, the fact that the UK and Germany closed their last coal mines (in 2014 and 2015, respectively) is linked to EU environmental policies and the development of the renewable energy sector, which makes coal less often used in electricity generation [32,33].



Royal Dutch Shell completely ceased oil production from the Brent field in the North Sea due to the fact that it was not competitive enough compared to production in other regions [34].



The largest oil field in Libya, El Sharara, was closed at the request of representatives of the Libyan tribes working there. After the pipeline connecting the field with the Zawiya oil refinery (the largest in the country) was shut down, all the Sharara wells, along with those at the nearby El Feel field, were suspended. Their daily production amounted to approximately 400 thousand barrels [35].



In Russia, several mines operated by Lovozersky GOK JSC have been closed due to inefficient processes and violations of occupational safety and health regulations [36]. The development of a barite deposit in Karelia has been stopped as it was declared unprofitable due to unfavorable hydrogeological conditions [37]. In these examples, depletion is connected with the goals of the community and the corporation; the mineral reserves themselves are preserved and can be used by future generations. Thus, the consequences of MRD can be witnessed in economic, environmental, and social spheres.




1.2. Analysis of Approaches to the Depletion of Mineral Resources: Methods of Assessing MRD


The problem of MRD has been studied for quite a long time, starting with the famous publication by H. Hotelling titled “The economics of exhaustible resources” [38]. The model proposed by Hotelling for evaluating an exhaustible resource was based on the assumption that a resource is extracted in an optimal way in the conditions of perfect competition, zero costs, clearly defined property rights to resources, and a constant real interest rate. The optimal trajectory of mineral extraction was defined as a function of social wellbeing [39]. The author is reasonably recognized as the founder of the theory describing the optimal extraction of exhaustible resources [40]. However, due to the development of ecological economics, welfare economics, and depletion concepts, Hotelling’s model was later modified taking into account a number of factors and revising its assumptions.



In academic and applied research, MRD is discussed by Solow [41], Adelman [15], El-Serafy [16], von Amsberg [8], Cairns [31], Boos [42], and others. Some researchers have shown that MRD assessment serves the tasks of managing MRs [9,28] at the national level, which is reflected in the calculation methods used in different models. For example, the indices of adjusted net savings (ANS) and genuine progress (GPI), which are the most important SD indicators, attempt to assess MRD for the entire national economy [43,44,45].



In the frameworks of ANS and GPI, MRD is assessed using the concept of economic rent [46,47]. However, the methods for calculating economic rent are simplified and do not make it possible to distinguish it from income. Economic rent is calculated using a universal methodology for the macro and micro levels. However, calculations are based on different foundations [48]. For the macro level, economic rent can be defined as the excess of actual income over the average income in the industry. Therefore, value added is used as the main indicator. For the micro level, calculating economic rent is more complicated as it is very difficult to choose the correct foundation (normal profit) for calculation. Decades of research have not yielded satisfactory results [49].



In terms of comprehensiveness, the best analyses of MRD models can be found in [28,50]. Using uniform symbols for some parameters, Table 1 presents information on a range of MRD assessment models and methods [8,15,16,28,43,46,51,52,53].



An analysis performed by the authors showed that the first five methods are different versions of the income approach. The sixth method is connected to the cost approach. The seventh method is a comparative one (market approach). The eighth method can be called comprehensive as it includes elements of both the comparative and the income approaches. The drawbacks of the cost approach and the comparative approach that arise in MRD assessment were identified quite long ago [54], which makes it impossible to correctly apply them and adequately interpret their results. For example, it is necessary to calculate the marginal costs of extracting mineral resources based on ranking deposits (Model 6); it is necessary to have information on market transactions taking into account the fulfillment of the requirements concerning market prices (Model 7); and there are issues surrounding the complexity of the economic assessment of MAs in the value of the company’s assets and obtaining different results due to the use of different methodological approaches (Model 8).



Therefore, the income approach should be used to estimate costs and to assess the depletion of MRs as it has a number of well-known advantages [55]. However, the main problem in applying the income approach to MRD assessment is the need to separate economic rent from the income obtained by the use of MRs. This is due to the fact that mining companies generate income only through the joint use of fixed assets (reproduced capital) and MAs (natural capital). By analyzing Models 1 to 5, it can be seen that natural rent is not completely separated from the total profit obtained from the use of MAs. In assessing MRD at the macro level or for mining companies with state participation (at the micro level), the separation of natural rent from the total income is not essential as it is used for calculation purposes only or is fully appropriated by the government. The only problem to solve is the distribution of economic rent between the present and future generations. For private companies operating mineral deposits, separating the natural rent from the income is fundamentally important since they use their own capital in the formation of income, the rent part of which should be appropriated by future generations and the rest of the income should be appropriated by the present generation represented by the owners of MAs. One of the options for the distribution of economic rent between generations is proposed by El-Serafy.



Russian studies on the subject first appeared in the 1960s. Since then, they have not considered MRD assessment as an independent issue as they were mainly focused on selecting the best option for starting to develop new deposits. At the same time, K.G. Gofman, A.S. Astakhov, T.A. Gatov, N.Ya. Lobanov, S.A. Kimelman, V.I. Nazarov, and others made significant contributions to the issue of economic assessment in the mineral sector. In the Soviet period, depletion was mainly viewed as the deterioration of the physical properties of mineral resources in a deposit, i.e., a decrease in the content of valuable components combined with losses and dilution arising from the extraction and processing of minerals, which ultimately lead to losses suffered by the country’s economy. That is, depletion was assessed by the final direct and indirect results (consequences) [56].



By the 1990s, the economic assessment of MRD in Russia had developed into a substantial body of theory including various directions ranging from geological and economic assessment to the assessment of losses caused by the irrational use of MRs and the environmental impact of the mining sector. This was due to the fact that vast mineral and energy reserves were available for extraction, which led to evaluating MRs from the standpoint of maximizing income for the current generation rather than from that of assessing losses for future generations. However, the main principles of using MRs have always included rationality, comprehensive extraction and processing operations, reduction of ore loss and dilution, as well as mining and mineral processing waste utilization [57].





2. Materials and Methods


To assess the depletion of MAs caused by the termination of operations conducted by a mining company, a new methodology is proposed that is based on combining the methods for depletion assessment used in the income approach. It should be noted that the proposed methodology can only be used for MRD assessment at economically viable mining companies. In the version discussed here, the methodology can be applied to MAs consisting of only one mineral because complex ores require that the contribution of each mineral to costs and income should be taken into account, which makes the calculation procedure more difficult. It is assumed that ore reserves will be mined for a period that does not exceed 25 years, which does not require the use of complex tools for predicting the influence of depletion factors.



The methodology consists of two steps:



Step 1. Assessing specific depletion using rent per unit. Rent per unit (per 1 ton of reserves) is calculated using the net price equation (Model 3). The choice of model depends on the source of financing prospecting and exploration operations.



Step 2. Assessing total mineral asset depletion depending on the period of the suspension or termination of mining operations using the World Bank model (Model 1) or the present value of future income (Model 2). When the operations are stopped temporarily, the discrete summation of rent per unit according to Model 1 for the period of the shutdown is performed. If the operations are stopped permanently, Model 2 is applied with a continuous summation of rent per unit.



The example of a tin deposit was used to assess the depletion of MAs. The situation was modeled in which there is fixed capital and a decision is made to stop mining operations. The main characteristics of the deposit and the initial data for calculation are presented in the Results section.




3. Results


The Syrymbet tin deposit is the largest one in Central Asia. The development of the deposit began in 2001 but had to be stopped several times for various reasons. Tin is the main valuable component of ore in the deposit. According to the JORC international classification, the deposit contains 463.5 thousand tons of tin ore with an average tin content of 0.49% [58]. The estimated mine life of the first block is 14 years. The ore contains tungsten (0.172%), silver (4 g/t), gold (0.15 g/t), molybdenum (0.022%), and zinc (0.026%) [58,59,60]. Thus, Syrymbet can be described as a polymetallic deposit with ores than contain rare metals. The fact that it is a fine-grain deposit containing associated minerals makes its ores difficult to process [61].



The goal of the project is to foster tin production in the Republic of Kazakhstan taking into account current environmental standards and the introduction of the most effective technological solutions. There are two options: the first one is a full production cycle (which includes mining, ore processing, and metal production) and the second one is concentrate production (which includes only mining and ore processing). The planned production and processing volume does not exceed one million tons of ore per year. In the future, the expansion of the production capacity of the facility is planned, increasing the production of tin up to six or eight thousand tons per year.



Tin-containing minerals, ore minerals, and rock-forming minerals have different densities as well as radiometric and flotation properties, which determines the beneficiation technology. Gravity concentration is the most advanced beneficiation method today. First, coarse ores are subjected to crushing, which is followed by dense medium separation. These stages provide for separating the major share of waste rock and reduce costs in subsequent concentration stages.



As Syrymbet is a complex deposit in terms of its geological and mineralogical properties, mining, beneficiation, and processing operations require individual solutions. To choose the right process flow sheet, R&D was conducted over a period of several years, which resulted in classifying the ore as difficult to treat. It also resulted in choosing a process flow sheet based on gravity concentration methods that make it possible to produce concentrates with almost any content. The process flow sheet provides for the production of two types of fractions: a rich concentrate with a tin content of 45.32% and an intermediate product with a tin content of 4.90% with the following extraction of tin into a concentrate with a content of 56.1%. When applying complex ore processing technology to the ores at the Syrymbet deposit, it is possible to produce concentrates with a high content of the valuable component (that exceeding 90%).



Based on an analysis of the experience accumulated by Russian tin producers, common problems were identified that included major losses of the valuable component in slag, significant anthropogenic impact on the environment, energy-, labor-, and material-intensive products, and the absence of integrated process flow charts covering a full production cycle from mining to the output of high value-added products. These factors can suspend production and cause the depletion of MAs.



MRD can be demonstrated using the example of any of the valuable components of the run-of-mine and processed ore that are either not recovered and go into the tailings or are not used in a high value-added product. To analyze depletion at the Syrymbet deposit, data on the tin extracted there was used.



Geological and production conditions at mineral deposits include qualitative characteristics, quantitative indicators (the amount of reserves), and geological structures (modes of occurrence). Among the qualitative characteristics are the content of the valuable component in the ore, chemical composition, the structure of the ore body, and ore concentration properties.



The initial data are presented in Table 2 for two tin production options: a full cycle (metal production) and concentrate production [61]. All costs ($ mln) are annual.



The calculations include an assessment of the specific and total depletion of the deposit in case a decision is made to stop operating the deposit.



Step 1. Assessing specific depletion using rent per unit. Rent per unit (per 1 ton of reserves) is calculated using the net price equation (Model 3).



The choice of a model depends on the source of financing prospecting and exploration operations. Model 3.1 is not used to calculate rent because marketable products are those that are produced through processing rather than mineral reserves themselves. Model 3.3 is not used either, as investments in prospecting and exploration were made over a long period and there is no reliable information covering this aspect. Therefore, Model 3.2 was chosen to make the calculations (Table 1).


  R =    (  p q − c q  )  − r  (   I D  +  I  E . D   − D e p  )   q   











ID is investments in the fixed capital associated with mineral extraction, IE.D is investments in R&D and exploration, Dep is investment amortization, and r is the discount rate equal to the minimum rate of return on investment.



Step 2. Assessing total mineral asset depletion depending on the period of the suspension or termination of mining operations using Models 1 and 2. When the operations are stopped temporarily, the discrete summation of rent per unit according to Model 1 for the period of the shutdown can be used. If the operations are stopped permanently, Model 2 can also be used with a continuous summation of rent per unit (Table 3). The initial data (sales revenue, profit from sales, and net profit) were obtained from [58,59,60].




4. Discussion


The differences in the depletion values that were calculated based on rent and NPV (Table 3) are explained by the differences in the calculation models. It should be noted that the option that implies concentrate production gives a more visible economic effect (NPV) and a higher value of rent consequently implies a higher value of depletion. Such results can be explained by additional investments in metallurgical processing amounting to 28.7 USD million and an increase in operating costs of 9.03 USD million. In addition, the need to develop and implement innovations in metallurgical processes due to their complexity, complex ores, and the lack of similar experience reduces the economic efficiency if the full cycle of production is used. Thus, if MRD is assessed based only on economic results (rent and NPV), only the influence of economic factors is reflected, and only direct economic effects are included, making this kind of assessment incomplete.



We believe that along with direct economic effects, the multiplier effect associated with related industries should also be considered. This requires a targeted study that will consider assessments made for individual countries [62,63].



The methods for assessing non-renewable resource depletion that were analyzed (except for El-Serafy’s method) are based on the fact that the opportunity of making a profit from the use of an exhaustible natural resource today deprives future generations of making a profit in the future because non-renewable resources cannot be replenished in a reasonable period of time (the life of several generations). The limitations of the methods are as follows:



First, the profit made can be allocated for future development, i.e., natural capital is transformed into other types of capital, which compensates for the physical loss of natural resources.



Second, some exhaustible natural resources may lose their value due to the use of alternative sources or substitutes.



Third, the economic consequences of depletion (reduced income from the use of mineral resources) can significantly influence the wellbeing of the current generation. Its social and environmental consequences can also have an impact on future generations [23].



The first and second models (Table 1) make it possible to obtain a total assessment of mineral asset depletion based on rent. The first model gives an assessment by years, and the second one assesses depletion continuously, taking into account volumes. Both models are characterized by significant methodological problems. The first problem is the price factor in calculating rent. If natural rent is to be correctly calculated, then the resource that has not been yet extracted should be analyzed. As there is no market and neither are there market prices for resources that have not been extracted, it is possible to use the price of end products, intermediate products, or extracted minerals. Accordingly, the costs should be taken as costs for the production of end products, intermediate products, or for the extraction of minerals. The difference between the price and costs is income that includes rent. In the production of several types of products, as well as in the extraction of complex ores, calculations become significantly more complicated.



The second problem is the cost factor in calculating rent. If prices for end products are adjusted, costs should also be adjusted. The problem here lies in different cost structures of production processes (extraction, beneficiation, and processing) and different profitability, which distorts the adjustments. The average cost of extracting a resource in a country can be found only based on corporate reports [64] or the results of company surveys and additional analytical materials because mining companies operate under various geological conditions and therefore have significant differences in the costs they bear. Therefore, when this model is applied at the macro level (for example, a region), statistical data (for example, the information on gross value added in the mining sector) rather than the direct counting method for each MA is used [46].



Third, the depletion period, which is calculated as the ratio between the volume of mineral reserves and annual production volumes, is accepted to be not shorter than 25 years. This period is then taken as the summation interval for the annual values of natural rent.



Fourth, a reasonable proposal to adopt the social norm as a discount rate requires justification.



Depletion assessment in Model 2 is based on the specific depletion of MAs, which makes it possible to take into account excess losses more correctly. In general, the application of Models 1 and 2 can give an estimate of mineral asset depletion over an assessment period or for a volume of mineral reserves, taking into account the identified limitations.



Net price calculation without factoring in the return on investment can be called a rent calculation method at a stretch, as it has the same disadvantages in terms of rent calculations that are associated with the influence of the price and cost factors described in relation to Models 1 and 2. Modified options, in which investments are deducted in full or in part and the rate of return is taken into account, bring it closer to the definition of rent. At the same time, the choice of normal profit as the rate of return is quite controversial. The fact that there are various sources of investment makes the matter more complicated. For example, as a rule, innovations are financed using companies’ funds, while prospecting and exploration are financed depending on the stage (search and assessment, prospecting, and exploration are financed using government sources, and additional exploration is financed through company funds). This is not of fundamental importance for the assessment of depletion at the macro level but it is significant for operators and license holders. This method can be recommended for calculating the specific indicator of depletion as the one that is more rent-oriented.



El-Serafy’s method develops the idea of the correct assessment of MRD at the macro level as it makes it possible to take into account the interests of not only the current but also future generations. All rent income that is calculated based on the net price is divided into savings and the share that is consumed, which corresponds with the SD concept. This division will depend on the mine life and the selected discount rate.



The stable price method is a new step in the development of the MRD concept as it links this kind of depletion with scientific and technological progress, innovative development, and the emergence of substitutes for minerals. It also uses the idea of income distribution over time depending on the existence of substitutes. However, apart from issues connected with rent, there are other methodological difficulties that lie in the selection of an adequate substitute and the calculation of its price for a variety of mineral resources. These circumstances indicate that this method is quite difficult to apply.



Among the economic factors of depletion are market conditions for products made from mineral resources, economic performance, price, and production costs. The resource and production factors of depletion include qualitative and quantitative characteristics of MAs (deposits), geological conditions, ore concentration properties, and the opportunity to use the latest mining and mineral processing technology. The institutional factors of depletion include the existence of government programs for the development of individual industries, tax incentives and preferences, and international regulation.



The depletion of complex ores is a particularly difficult issue because not all valuable components of such ores are used due to various reasons. Some mineral resources are fully consumed (for example, uranium, coal, and diamonds), while others are characterized by the opportunity to be partially recovered after consumption through recycling. For the first category of resources, depletion factors include changes in demand, new technologies, and the development of substitutes. For the second category, they include improvements in both the recycling process and the quantitative and qualitative characteristics of the components used in the production process after recycling. The key problem in this case is forecasting the characteristics of advances in science and technology [19].



The presented methods are based on and derive from classical economic profitability accounts. The calculations use four main economic parameters: price, cost, the volume of potential sales, and the rate of return. Despite the methodological and calculation differences, the common denominator of all the described methods is the search for an answer to the question: what is the scope of monetary losses in relation to depletion and the cessation of mining operations? Undoubtedly, this view is correct but it is focused on the goals of the mining company and its owners.



However, it does not take into account the perspective of sustainable development and, thus, other stakeholders’ goals. Therefore, the authors of the article propose a broader outlook on the problem of assessing MRD in the context of a cost–benefit analysis, which, by assumption, also allows for the estimation of environmental and social benefits and losses. It is also a long-term perspective that takes into account the aforementioned need to substitute non-renewable natural resources and their national and global economic importance.



MRD will occur if the cumulative negative results associated with restricting access to the resource outweigh the benefits of this restriction (for example, environmental ones), i.e., the losses caused by depletion and suffered by society will be greater than the benefits. In a reverse situation (when benefits exceed costs), the resource is likely to be devalued, i.e., the contribution of mining operations to social wellbeing is estimated to be lower than the benefits that can be brought to society by not using this resource.



It should also be noted that the influence of economic, environmental, and social factors of depletion causes not only economic consequences [65] but also other social and environmental effects [66,67] that cannot be measured using the rent calculation models that were analyzed.



As we view the economic depletion of mineral resources as the impossibility to obtain economic, social, and environmental results from the use of MRs, methods for assessing social wellbeing can be used to assess depletion [68,69]. This is especially relevant for countries with RBEs where the mining sector has an impact on many aspects of social and economic development.




5. Conclusions


The depletion of MRs should be understood as a decrease in the economic, social, and environmental effects that contribute to social wellbeing which is caused by the disposal of profitable MAs due to the influence of various factors.



The results of the analysis conducted in the course of the study show that the existing MRD assessment methods have significant drawbacks, which is confirmed by the example of calculating indicators for a tin deposit. The most popular depletion assessment methods and models that are based on the concept of rent do not consider the social and environmental consequences of depletion and its impact on social wellbeing as a whole, and neither do they cover many different conditions and factors that influence this process.



We believe that MRD assessment should take into account all possible consequences of MRD expressed in monetary terms, which is especially important for countries with RBEs. MRD assessment should be based on rent assessment methods, take into account the multiplier effect, and be supplemented by an assessment of social effects.
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Table 1. MRD assessment models and methods.






Table 1. MRD assessment models and methods.





	
Method

	
Equation

	
Variables






	
1. World Bank method (annual rent calculation; it is used to fix the values of indicators used to calculate net savings) [43,46]

	
   D p =     ∑   i = 0  T   R     (  1 + r  )   t     T    

	
Dp is MRD, R is natural rent, T is the time remaining until the resource is depleted, r is the discount rate.

  R =  (  P − C  )  · Q  

P is the resource price, C is the average costs of extracting the resource in the country, Q is production volume, t is the assessment interval (a year).




	
2. Method for finding the present value of future income [52]

	
   D p = N P V =  [    ∫  0 T   [   [   p t   q t  −  c t   q t   ]   e  − r t    ]   ]    d t  Q    

	
Dp—is MRD, NPV is the net present value from the use of MRs, p and c are the market price and production costs per unit, respectively, r is the discount rate, Q is the amount of reserves, q is the annual production volume, T is mine life (in this model, depletion is defined as the exponential decay demonstrated by natural reserves), t is the assessment interval (a year).




	
3. Net price method

	

	




	
3.1. Excluding return on investment [51]

	
   N P = R = p − c   

	
NP is the annual net profit, R is rent in the current period, p and c are the market price and production costs per unit, respectively.




	
3.2. Including the return on the total amount of investments associated with natural resource development [28]

	
   R =    (  p q − c q  )  − r  (   I D  +  I  E . D   − D e p  )   q    

	
R is rent in the current period, ID is investments in the fixed capital associated with mineral extraction, IE.D is investments in R&D and exploration, Dep is investment amortization, q is the annual production volume, p and c are the market price and production costs per unit, respectively, r is the discount rate equal to the minimum rate of return on investment.




	
3.3. Including return on investment without taking into account that associated with R&D and exploration [28]

	
   R =    (  p q − c q  )  − r  (   I D  − D e p  )   q    




	
4. El-Serafy’s method (net price method with the division of income into savings and the share that is consumed) [16]

	
   D p = N P  e  − r t     

   N P = Y + D p   

	
Dp is MRD, NP is the annual net profit, Y is the consumed income, r is the discount rate, t is the assessment interval (a year).




	
5. Stable price method [8]

	
   D p =  P s  − c   

     ∫  0 ∞   q t   P s   e  − r t   d t =   ∫  0 T   q t   c t   e  − r t   d t +   ∫  T ∞   q t   P u   e  − r t   d t   

	
Dp is MRD, Ps is the stable price, Pu is the price for the renewable substitute, q is the annual production volume, T is the time remaining until the resource is depleted, t is the assessment interval (a year), r is the discount rate, p and c are the market price and production costs per unit, respectively.




	
6. Replacement cost method [53]

	
   D p =  C m  − C   

	
Dp is MRD, Cm is marginal costs and C is unit costs for prospecting and exploration.




	
7. Transaction costs method [15,28]

	
   D p =  P  T r   − c   

	
Dp is MRD, PTr is transaction costs, c is the production costs per unit, respectively.




	
8. Method for share valuation in the mining sector [28]

	
   D p =   S p N − d  F a   Q    

	
Dp is MRD, Sp is the market price of a share, N is the number of shares on the market, d is the share of fixed assets (fixed capital) in the company’s assets, Fa is the value of the company’s fixed assets, Q is the annual amount of mined-out reserves.
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Table 2. Tin production indicators.






Table 2. Tin production indicators.





	
Indicator

	
Unit

	
Full Cycle

	
Concentrate Production






	
Production

	
Thousand tons per year

	
1000




	
Ore extraction costs

	
$/t

	
26.85




	
Concentration costs

	
$/t

	
3.18




	
Metallurgical processing costs

	
$/t

	
9.27

	
-




	
Concentrate transportation costs

	
$ mln

	
-

	
3.28




	
Payroll and insurance

(administration and management)

	
$ mln

	
3.26

	
2.47




	
Miscellaneous expenses

	
$ mln

	
5.73

	
4.15




	
Production costs

	
$ mln

	
54.42

	
44.39




	
Amortization

	
$ mln

	
7.48

	
5.43




	
Discount rate

	
%

	
15

	
15




	
Investments in ore production,

beneficiation, and processing

	
$ mln

	
104.8

	
76.1




	
Investments in prospecting and exploration

	
$ mln

	
No data available

	
No data available
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Table 3. Natural rent and total depletion of reserves at a tin deposit: calculation results.






Table 3. Natural rent and total depletion of reserves at a tin deposit: calculation results.





	Indicator
	Unit
	Full Cycle
	Concentrate Production





	Sales revenue
	$ mln
	84.65
	71.01



	Profit from sales
	$ mln
	30.22
	26.62



	Net profit
	$ mln
	24.54
	21.8



	Rent per one ton of reserves
	$/t
	(30.22 − 0.15 × 104.8)/1000 = 14.5
	(26.62 − 0.15 × 76.1)/1000 = 15.205



	Total depletion of MAs based on NPV
	$ mln
	35.57
	44.53



	Total depletion of MAs based on rent
	$ mln
	83.005
	87.041
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